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Abstract. We present a comprehensive review of keV-scale sterile neutrino Dark Matter, col-
lecting views and insights from all disciplines involved — cosmology, astrophysics, nuclear, and
particle physics — in each case viewed from both theoretical and experimental /observational
perspectives. After reviewing the role of active neutrinos in particle physics, astrophysics,
and cosmology, we focus on sterile neutrinos in the context of the Dark Matter puzzle. Here,
we first review the physics motivation for sterile neutrino Dark Matter, based on challenges
and tensions in purely cold Dark Matter scenarios. We then round out the discussion by
critically summarizing all known constraints on sterile neutrino Dark Matter arising from
astrophysical observations, laboratory experiments, and theoretical considerations. In this
context, we provide a balanced discourse on the possibly positive signal from X-ray observa-
tions. Another focus of the paper concerns the construction of particle physics models, aiming
to explain how sterile neutrinos of keV-scale masses could arise in concrete settings beyond
the Standard Model of elementary particle physics. The paper ends with an extensive review
of current and future astrophysical and laboratory searches, highlighting new ideas and their
experimental challenges, as well as future perspectives for the discovery of sterile neutrinos.
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Executive Summary

Despite decades of searching, the nature and origin of Dark Matter (DM) remains one of
the biggest mysteries in modern physics. Astrophysical observations over a vast range of
physical scales and epochs clearly show that the movement of celestial bodies, the gravitational
distortion of light and the formation of structures in the Universe cannot be explained by the
known laws of gravity and observed matter distribution [1-7]. They can, however, be brought
into very good agreement if one postulates the presence of large amounts of non-luminous DM
in and between the galaxies, a substance which is much more abundant in the Universe than
ordinary matter [1]. Generic ideas for what could be behind DM, such as Massive Compact
Halo Objects (MACHOs) [8-11] are largely ruled out [12, 13| or at least disfavored [14, 15].
Alternative explanations based on a modification of the law of gravity [16] have not been able
to match the observations on various different scales. Thus, the existence of one or several
new elementary particles appears to be the most attractive explanation.

As a first step, the suitability of known particles within the well-tested Standard Model
(SM) has been examined. Indeed, the neutral, weakly interacting, massive neutrino could in
principle be a DM candidate. However, neutrinos are so light that even with the upper limit
for their mass [17, 18] they could not make up all of the DM energy density [19]. Moreover,
neutrinos are produced with such large (relativistic) velocities that they would act as hot DM
(HDM), preventing the formation of structures such as galaxies or galaxy clusters [20].

Consequently, explaining DM in terms of a new elementary particle clearly requires
physics beyond the SM. There are multiple suggested extensions to the SM, providing a vari-
ety of suitable DM candidates, but to date there is no clear evidence telling us which of these
is correct. Typically, extensions of the SM are sought at high energies, resulting in DM candi-
dates with masses above the electroweak scale. In fact, there is a class of good DM candidates
available at those scales, which are called Weakly Interacting Massive Particles (WIMPs). If
these particles couple with a strength comparable to the SM weak interaction, they would
have been produced in the early Universe via thermal freeze-out in suitable amounts [21] !
WIMPs generically avoid the structure formation problem associated with SM neutrinos, as
they are much more massive and therefore non-relativistic at the time of galaxy formation,
because their velocities have been considerably redishifted.? That is, WIMPs act as cold DM
(CDM). Typical examples for WIMPs are neutralinos as predicted by supersymmetry [22-25]
or Kaluza-Klein bosons as predicted by models based on extra spatial dimensions [26-29].
More minimal extensions of the SM also predict WIMPs, e.g. an inert scalar doublet [30, 31].

One of the advantages of WIMPs is that there is a variety of ways to test their existence.
WIMPs could annihilate in regions of sufficiently high density, such as the center of a galaxy,
thereby producing detectable (indirect) signals [32] in e.g. photons, antimatter, or neutrinos.
The same interactions that are responsible for the annihilation of two WIMPs in outer space
can also be responsible for their production at colliders [33] or their scattering with ordinary
matter in direct search experiments [34].> While a lot of experiments are currently taking
data, no conclusive evidence for WIMPs has yet been found. Direct searches keep on pushing
the limit on DM-matter cross sections towards smaller and smaller values [35-37], indirect

!Note that this is true independently of the WIMP mass — up to logarithmic corrections — as long as they
freeze out cold, since the main dependence on the mass drops out in the formula for the DM abundance [22].

2NOte that, of course, also othe reasons can be responsible for DM having non-relativistic speed such as,
e.g., strong interactions of condensation.

3At the level of amplitudes, this relation between “break it”, “make it” and “shake it” can be visualized by
rotating the Feynman diagram in steps of 90 degrees.



searches yield some interesting but still inconclusive hints [38—40], and as of today the LHC
has not discovered a hint of a DM-like particle [41-44|. WIMPs are certainly not yet excluded,
nevertheless the current experimental results suggest the thorough exploration of alternative
DM candidates.

A seemingly unrelated issue arose recently in N-body simulations of cosmological struc-
ture formation. Advanced simulations [45] revealed some discrepancies between purely CDM
scenarios and observations at small scales (a few 10 kpc or smaller). For example, there seem
to be too few dwarf satellite galaxies observed compared to simulations (the missing satellite
problem) [46, 47|; the density profile of galaxies is observed to be cored, whereas simulations
predict a cusp profile (the cusp-core problem) [48, 49| and, finally, the observed dwarf satel-
lite galaxies seem to be less dense than expected. This could possibly be explained if larger
and very dense galaxies exist but are invisible due to a suppression of star formation [50-52].
However, no mechanism is known to suppress star formation in these types of galaxies: they
are too big to fail producing enough stars (too-big-to-fail problem) [53, 54].

While the discrepancy between simulation and observation is apparent, its origin is not
so clear. A natural possibility would be that earlier simulations did not include baryons,
although we clearly know they exist. The full inclusion of baryons and their interactions
is highly non-trivial and only recently has it been attempted [55, 56]. Another source for
the discrepancy could arise from astrophysical feedback effects [50, 51|. These include, for
example, relatively large supernova rates in dwarf galaxies which could wipe out all the visible
material so that many dwarfs are simply invisible [52]. Finally, it could also be that the DM
velocity spectrum is not as cold as assumed [57]. It has been shown that a warm DM (WDM)
spectrum can significantly affect structure formation and strongly reduce the build-up of small
objects [58]. Even more generally, the DM spectrum need not be thermal at all. It could have
various shapes depending on the production mechanism (see Sec. 5) and thereby influence
structure formation in non-trivial ways. Thus, DM may be not simply cold, warm, or hot, but
the spectra could be more complicated resembling, e.g., mixed scenarios [59]. In any case,
resolving the small-scale structure problem by modifying the DM spectrum would require a
new DM candidate.

The candidate particle discussed in this White Paper is a sterile neutrino with a keV-
scale mass. A sterile neutrino is a hypothetical particle which, however, is connected to and
can mix with the known active neutrinos. In SM language, sterile neutrinos are right-handed
fermions with zero hypercharge and no color, i.e., they are total singlets under the SM gauge
group and thus perfectly neutral. These properties allow sterile neutrinos to have a mass
that does not depend on the Higgs mechanism. This so-called Majorana mass [60] can exist
independently of electroweak symmetry breaking, unlike the fermion masses in the SM. In
particular, the Majorana mass can have an arbitrary scale that is very different from all other
fermion masses. Typically, it is assumed to be very large, but in fact it is just unrelated to the
electroweak scale and could also be comparatively small. Observationally and experimentally
the magnitude of the Majorana mass is almost unconstrained [61-74].

Depending on the choice of the Majorana mass, the implications for particle physics and
cosmology are very different, , see e.g. [67]. Two reasons motivate a keV mass scale for a
sterile neutrino DM candidate. First, fermionic DM can not have an arbitrarily small mass,
since in dense regions (e.g. in galaxy cores) it cannot be packed within an infinitely small
volume, due to the Pauli principle. This results in a lower bound on the mass, the so-called
Tremaine-Gunn bound [75]. Second, sterile neutrinos typically have a small mixing with the
active neutrinos, which would enable a DM particle to decay into an active neutrino and a



mono-energetic photon. Since the decay rate scales with the fifth power of the initial state
mass, a non-observation of the corresponding X-ray peak leads to an upper bound of a few
tens of keV.? It is these two constraints, the phase space and X-ray bounds, which enforce
keV-scale masses for sterile neutrinos acting as DM.

This White Paper attempts to shed light on sterile neutrino DM from all perspectives:
astrophysics, cosmology, nuclear, and particle physics, as well as experiments, observations,
and theory. Progress in the question of sterile neutrino DM requires expertise from all these
different areas. The goal of this document is thus to advance the field by stimulating fruitful
discussions between these communities. Furthermore, it should provide a comprehensive
compendium of the current knowledge of the topic, and serve as a future reference.® The list
of authors indicates that there is great interest in the subject among scientists from many
areas of physics.

This White Paper is laid out as follows. First, sterile neutrinos are introduced from the
particle physics (Sec. 1) and cosmology /astrophysics (Sec. 2) perspectives. Sec. 3 reviews the
current tensions of CDM simulations with small-scale structure observations, and discusses
attempts to tackle them. Sec. 4 gives a comprehensive summary of current constraints on keV
sterile neutrino DM, arising from all accessible observables. The different sterile neutrino DM
production mechanisms in the early Universe, and how they are constrained by astrophysical
observations, are treated in Sec. 5. Sec. 6 turns to particle physics by reviewing attempts
to explain or motivate the keV mass scale in various scenarios of physics beyond the SM.
Current and future astrophysical and laboratory searches are discussed in Secs. 7 and 8§,
respectively, highlighting new ideas, their experimental challenges, and future perspectives
for the discovery or exclusion of sterile neutrino DM. We end by giving an overall conclusion,
involving all the viewpoints discussed in this paper.

Let us now start our journey into the fascinating world of keV sterile neutrino DM and
address one of the biggest questions in modern science:

What is Dark Matter and where did it come from?

Note added Several sections in the White Paper make reference to Japan’s spaceborne
Astro-H/Hitomi X-ray observatory. The Japanese Space Agency (JAXA) successfully launched
the Astro-H satellite from Tanegashima Space Center in Japan on the 16th of February 2016,
but after an apparant break off of bigger parts of the satellite occuring on March 26th, it was
finally decided on April 28th to give up on the spacecraft. We give a short wrap-up of the
events in the paragraph right before Sec. 7.3. More detailed information can be found on the
JAXA webpage, http://global. jaxa.jp/projects/sat/astro_h/.

4This only holds if active-sterile mixing is not switched off or forbidden, which may be the case in certain
scenarios, see Sec. 6.

5The reader should be warned that the texts contributed to this work by the different authors cannot treat
the various topics in full detail. They should, however, serve as possible overview and we made a great effort
to ensure that they do contain all the relevant references, so that the present White Paper can guide the
inclined reader to more specific information.
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1 Neutrinos in the Standard Model of Particle Physics and Beyond

Section Editors:
Carlo Giunti, André de Gouvea

The existence of sterile neutrinos is an exciting possible manifestation of new physics
beyond the standard scenario of three-neutrino mixing, which has been established by the
observation of neutrino flavor oscillations in many solar, reactor, and accelerator experiments
(see the recent reviews in Refs. [76, 77]). Sterile neutrinos 78] are observable through their
mixing with the active neutrinos. In this Section we present a brief introduction to the
standard theory of three-neutrino mixing in Subsection 1.1 and a summary of its current phe-
nomenological status in Subsection 1.2. In Subsection 1.3 we summarize the open questions in
neutrino physics and in Subsection 1.4 we present a general introduction to sterile neutrinos.

1.1 Introduction: Massive Neutrinos and Lepton Mixing (Author: S. Parke)

In the Standard Model (SM), as constructed around 1970, the neutrinos, (ve, v, vr), are
massless and interact diagonally in flavor, as follows

Wt et +u,, W= = e + 1, Z — Ve + Ue,
wt —>;ﬁ+yu, W= = pu™ + 1, Z = vy + vy, (1.1)
Wt =1+, W= =17+ 0y, /A VH 7

Since they travel at the speed of light, their character cannot change from production to
detection. Therefore, in flavor terms, massless neutrinos are relatively uninteresting compared
to quarks.

Since then many experiments have seen neutrino flavor transitions, therefore neutrinos
must have a mass and, like the quarks, there is a mixing matrix relating the neutrino flavor
states, ve, v, V7, with the mass eigenstates, vy, v9, v3:

3
Va) =D Uajlvy) (@ =e,p,7), (1.2)
j=1

where the mixing matrix U is unitary and referred to as the PMNS® matrix. By convention,
the mass eigenstates are labeled such that |Ue|? > |Ue2|? > |Ues|?, which implies that

1 component of v, > 19 component of v, > 3 component of v,.

With this choice of labeling of the neutrino mass eigenstates, the solar neutrino oscilla-
tions/transformations are governed by Am3; = m3 — m2, as these two are electron neutrino
rich, and the atmospheric neutrino oscillations by Am32; and Am3,. The SNO experiment [83]
determined the mass ordering of the solar pair, v; and v, such that m3 > m?, i.e. Am3, > 0.

The atmospheric neutrino mass ordering,

mi >m3 or mi<m?, (1.3)

is still to be determined, see Fig. 1. If m3 > m32, the ordering is known as the normal ordering
(NO), whereas if m3 < m? the ordering is known as the inverted ordering (10).

Pontecorvo-Maki-Nakagawa-Sakata [79-82].
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Figure 1. What is known about the square of the neutrino masses for the two atmospheric mass
orderings.

The mass splittings of the neutrinos are approximately [84]:
Am3y ~ 425 x 107%eV?  and  Amd ~ +7.5 x 107%eV?, (1.4)

and the sum of the masses of the neutrinos satisfies

3
dm? ~ 0.05 eV < m; < 0.5 eV. 1.5
A
i=1

So the sum of neutrino masses ranges from 1077 to 107% times m., however the mass of
the lightest neutrino, m, could be very small. If m < ,/5m2® ~ 0.01 eV?, then this is an

additional scale to be explained by a theory of neutrino masses and mixings.
The standard representation [85] of the PMNS mixing matrix is given as follows:

Uei Ueo Ues 1 0 0 ci3 0 813€_i6 c1a2 S12 0 e 0 0
U= U,ul UMQ ng = 0 23 S923 0 1 0 —S812 C12 0 0 6m2 0
Url U7—2 UT3 0 —893 €23 —81361'(s 0 C13 0 01 0 0 1
€12€13 $12€13 size” % et 0 0
= | —s12c03 — c12513523€™ 12023 — S12813523€% 13523 0 e20], (1.6)
812823 — C12513C23€™ —C12823 — S12513C23€% 13023 0 01

where s;; = sinf);; and ¢;; = cosf);;. The Dirac phase, d, allows for the possibility of CP
violation in the neutrino oscillation appearance channels. The Majorana phases a; and as
are unobservable in oscillations since oscillations depend on U};Ug; but they have observable,
CP conserving effects, in neutrinoless double beta decay. If the neutrinos are Dirac, then
neutrinoless double beta decay will be absent and the Majorana phases in the PMNS matrix
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Figure 2. The flavor content of the neutrino mass eigenstates (figure similar to Fig. 1 in Ref. [87]).
The width of the lines is used to show how these fractions change as cosd varies from —1 to +1. Of
course, this figure must be the same for neutrinos and anti-neutrinos, if CPT is conserved.

are non-physical and can be set to zero. Note that there is some arbitrariness involved in
which parameter combinations are called the physical phases, which is the reason why the
“distribution” of the phases in eq. (1.6) looks a little asymmetric. This can be avoided when
using the symmetric parametrization instead [86].

The approximate values of the mixing parameters are as follows:

sin? 013 = |Ues|? ~ 0.02,

sin? 015 = |Ue)?/(1 — |Ues|?) = 1/3,

sin? o3 = |Uus)?/(1 — |Ues|?) =~ 1/2,
0< 6§ <2m. (1.

—_ o —
— = =
© o0

== L =

More precise values will be given in the next section. These mixing angles and mass splittings
are summarized in Fig. 2, which also shows the dependence of the flavor fractions on the CP
violating Dirac phase 9.

1.2 Current status of Three-Neutrino Masses and Mixings (Authors: M.C. Gonzalez-
Garcia, M. Maltoni, T. Schwetz, R. Shrock)

1.2.1 Neutrino oscillations

Thanks to remarkable discoveries by a number of neutrino oscillation experiments it is now
an established fact that neutrinos have mass and that leptonic flavors are not symmetries of
Nature |78, 88]. Historically neutrino oscillations were first observed in the disappearance of
solar v,’s and atmospheric v,,’s which could be interpreted as flavor oscillations with two very
different wavelengths. Over the last 15 years, these effects were confirmed also by terrestrial



experiments using man-made beams from accelerators and nuclear reactors (see ref. [89] for
an overview). In brief, at present we have observed neutrino oscillation effects in:

e atmospheric neutrinos, in particular in the high-statistics results of Super-Kamiokande [90];

e event rates of solar neutrino radiochemical experiments Chlorine [91], GALLEX/GNO [92],
and SAGE [93], as well as time- and energy-dependent rates from the four phases in
Super-Kamiokande [94-97], the three phases of SNO [98], and Borexino [99, 100];

e disappearance results from accelerator long-baseline (LBL) experiments in the form of
the energy distribution of v, and 7, events in MINOS [101] and T2K [102];

e LBL v, appearance results for both neutrino and antineutrino events in MINOS [103]
and v, appearance in T2K [104];

e reactor 7, disappearance at medium baselines in the form of the energy distribution
of the near/far ratio of events at Daya Bay [105] and RENO [106] and the energy
distribution of events in the near Daya Bay [107] and RENO [108] detectors and in the
far Daya Bay [107], RENO [108]| and Double Chooz [109, 110| detectors.

e the energy spectrum of reactor v, disappearance at LBL in KamLAND [111].

This wealth of data can be consistently described by assuming mixing among the three known
neutrinos (ve, vy, v7), which can be expressed as quantum superpositions of three massive
states v; (i = 1,2,3) with masses m;. As explained in the previous section this implies the
presence of a leptonic mixing matrix in the weak charged current interactions which can be
parametrized in the standard representation, see eq. (1.6).

In this convention, disappearance of solar v,’s and long-baseline reactor v.’s dominantly
proceed via oscillations with wavelength oc E/Am3; (Amgj =m? — m]2 and Am3, > 0 by
convention) and amplitudes controlled by 612, while disappearance of atmospheric and LBL
accelerator v,,’s dominantly proceed via oscillations with wavelength < E/|Am3,| < E/Am3,
and amplitudes controlled by 623. Generically 613 controls the amplitude of oscillations in-
volving v, flavor with E/ ]Am§1| wavelengths. So, given the observed hierarchy between the
solar and atmospheric wavelengths, there are two possible non-equivalent orderings for the
mass eigenvalues, which are conventionally chosen as:

my < mg <mz with Am3, < (Am2y, ~ Am3, >0), (1.11)
mg < my <my with Am3; < —(Am3; ~ Am2, <0). (1.12)

As it is customary, we refer to the first option, eq. (1.11), as normal ordering (NO), and to
the second one, eq. (1.12), as inverted ordering (IO); in this form they correspond to the two
possible choices of the sign of Am3,. In this convention the angles 6;; can be taken without
loss of generality to lie in the first quadrant, 6;; € [0,7/2], and the CP phase ¢ € [0,2n]. In
the following we adopt the (arbitrary) convention of reporting results for Am3; for NO and
Am%Q for IO, i.e., we always use the one which has the larger absolute value. Sometimes we
will generically denote such quantity as Amgf, with £ =1 for NO and ¢ = 2 for 10.

In summary, in total the 3v oscillation analysis of the existing data involves six param-
eters: 2 mass square differences (one of which can be positive or negative), 3 mixing angles,
and the Dirac CP phase §. For the sake of clarity we summarize in tab. 1 which experiment
contribute dominantly to the present determination of the different parameters.



Table 1. Experiments contributing to the present determination of the oscillation parameters.

Experiment Dominant Important

Solar Experiments 012 Am%l, 013

Reactor LBL (KamLAND) Am2, 612, 013

Reactor MBL (Daya-Bay, Reno, D-Chooz) 013 |Am?2,|
Atmospheric Experiments f23 |Am§£|, 013,0
Accelerator LBL v, Disapp. (Minos, T2K) |AmZ,|, 023

Accelerator LBL v, App. (Minos, T2K) ) 013, O3, sign(Am%E)

The consistent determination of these leptonic parameters requires a global analysis
of the data described above which, at present, is in the hands of a few phenomenological
groups [84, 112, 113]. Here we summarize the results from ref. [84]. We show in fig. 3 the
one-dimensional projections of the Ax? of the global analysis as a function of each of the six
parameters. The corresponding best-fit values and the derived ranges for the six parameters
at the 1o (30) level are given in tab. 2. For each parameter the curves and ranges are obtained
after marginalizing with respect to the other five parameters. The ranges presented in the
table are shown for three scenarios. In the first and second columns we assume that the
ordering of the neutrino mass states is known “a priori” to be normal or inverted, respectively,
so that the ranges of all parameters are defined with respect to the minimum in the given
scenario. In the third column we make no assumptions on the ordering, so in this case the
ranges of the parameters are defined with respect to the global minimum (which corresponds
to I0) and are obtained by marginalizing also over the ordering. For this third case we only
give the 30 ranges. Of course in this case the range of Amgﬁ is composed of two disconnected
intervals, one one containing the absolute minimum (IO) and the other the secondary local
minimum (NO).

As mentioned, all the data described above can be consistently interpreted as oscillations
of the three known active neutrinos. However, together with this data, several anomalies at
short baselines (SBL) have been observed which cannot be explained as oscillations in this
framework but could be interpreted as oscillations involving an O(eV) mass sterile state. They
will be discussed in Section 1.4. In what respect the results presented here the only SBL effect
which has to be treated in some form is the so-called reactor anomaly by which the most recent
reactor flux calculations [114-116], fall short at describing the results from reactor experiments
at baselines < 100 m from Bugey4 [117], ROVNO4 [118|, Bugey3 [119], Krasnoyarsk [120, 121],
ILL [122], Gosgen [123], SRP [124], and ROVNOS8 [125], to which we refer as reactor short-
baseline experiments (RSBL). We notice that these RSBL do not contribute to oscillation
physics in the 3v framework, but they play an important role in constraining the unoscillated
reactor neutrino flux if they are to be used instead of the theoretically calculated reactor
fluxes. Thus, to account for the possible effect of the reactor anomaly in the determined
ranges of neutrino parameters in the framework of 3 oscillations, the results in fig. 3 are
shown for two extreme choices. The first option is to leave the normalization of reactor fluxes
free and include the RSBL data, experiments (labeled “Free+RSBL”) The second option is not
to include short-baseline reactor data but assume reactor fluxes and uncertainties as predicted
in [115] (labeled “Huber”).

From the results in the figure and table we conclude that:

1. if we define the 30 relative precision of a parameter by 2(z" — 2!°%) /(2™ 4 zloW),
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Figure 3. Global 3v oscillation analysis. The orange (violet) curves are for NO (I0). For solid curves
the normalization of reactor fluxes is left free and data from short-baseline (less than 100 m) reactor
experiments are included. For dashed curves, short-baseline data are not included but reactor fluxes
as predicted in [115] are assumed. Note that we use Am3; for NO and Am3, for IO to denote the
mass square differences. (Figure similar to fig. 2 in ref. [84].)

where ' (2'°%) is the upper (lower) bound on z at the 3o level, from the numbers in
the table we find 30 relative precision of 14% (012), 32% (623), 15% (613), 14% (Am3,),
and 11% (JAm3,|) for the various oscillation parameters;

2. for either choice of the reactor fluxes the global best-fit corresponds to I0 with sin? a3 >
0.5, while the second local minimum is for NO and with sin? fa3 < 0.5;

3. the statistical significance of the preference for IO versus NO is quite small, Ay? < 1;

4. the present global analysis disfavors 613 = 0 with Ax? ~ 500. Such impressive result
is mostly driven by the reactor data from Daya Bay with secondary contributions from
RENO and Double Chooz;

5. the uncertainty on 6,3 associated with the choice of reactor fluxes is at the level of 0.5¢0
in the global analysis. This is so because the most precise results from Daya Bay, and
RENO are reactor flux normalization independent;

~10 -



Table 2. Three-flavor oscillation parameters from our fit to global data after the NOW 2014 con-
ference. The results are presented for the “Free Fluxes + RSBL” in which reactor fluxes have been
left free in the fit and short-baseline reactor data (RSBL) with L < 100 m are included. The num-
bers in the 1st (2nd) column are obtained assuming NO (IO), i.e., relative to the respective local
minimum, whereas in the 3rd column we minimize also with respect to the ordering. Note that
Am3, = Am}, > 0 for NO and Am3, = Am3, < 0 for 10.

Inverted ordering (best-fit) ‘

Any ordering

‘ Normal ordering (Ax? = 0.97) ‘

[ bfp +1o 3o range [ bfp +1o 3o range [ 3o range

sin? 012 0.30415:013 0.270 — 0.344 0.30415:013 0.270 — 0.344 0.270 — 0.344
612/° 33.4870 7% 31.29 — 35.91 33.4870 7% 31.29 — 35.91 31.29 — 35.91
sin? 03 0.45270 052 0.382 — 0.643 0.579700%5 0.389 — 0.644 0.385 — 0.644
023/° 42.373-0 38.2 — 53.3 49.5%15 38.6 — 53.3 38.3 — 53.3
sin? 013 0.021875-9010  0.0186 — 0.0250 | 0.021975:9915  0.0188 — 0.0251 0.0188 — 0.0251
613/° 8.5015:20 7.85 = 9.10 8.5170:30 7.87 = 9.11 7.87 = 9.11
§/° 306139 0 — 360 254153 0 — 360 0 — 360

Am§1 +0.19 +0.19
s o? 7507913 7.02 — 8.09 7507519 7.02 — 8.09 7.02 — 8.09

Amge 10.047 10.048 +2.325 — +2.599
Tos e | PRASTIONG  F2317 o 42607 | 24497000 2500 — ~2.307 |\ Toe TGy

6. a non-maximal value of the f23 mixing is slightly favored, at the level of ~ 1.4¢ for 10
at of ~ 1.00 for NO;

7. the statistical significance of the preference of the fit for the second (first) octant of fa3
is < 1.40 (< 1.00) for IO (NO);

8. the best-fit for § for all analyses and orderings occurs for § ~ 37 /2, and values around
7/2 are disfavored with Ax? ~ 6. Assigning a confidence level to this Ax? is non-
trivial, due to the non-Gaussian behavior of the involved x? function, see ref. [84] for a
discussion and a Monte Carlo study.

From this global analysis one can also derive the 30 ranges on the magnitude of the
elements of the leptonic mixing matrix to be:

0.801 — 0.845 0.514 — 0.580 0.137 — 0.158
|U| = | 0.225 — 0.517 0.441 — 0.699 0.614 — 0.793 (1.13)
0.246 — 0.529 0.464 — 0.713 0.590 — 0.776

The present status of the determination of leptonic CP violation is further illustrated
in fig. 4. On the left panel we show the dependence of the Ay? of the global analysis on
the Jarlskog invariant which gives a convention-independent measure of CP violation [126],
defined as:

max

Im [UaiU;jUEiUgj] = 08 12 sin 015 cos a3 sin Has cos® O13 sin H13 sin § = JEP¥ sing,  (1.14)

where in the second equality we have used the parametrization in eq. (1.6). Thus the deter-
mination of the mixing angles yields at present a maximum allowed CP violation

JE = 0.0329 + 0.0009 (& 0.0027) (1.15)

— 11 —



12

[ | LI | LI | LI LI ] FT T 11 LI LI | LI | T

- NO ] N U, U

el — o 1 osE U, U ]

8 — [ ]

(\lx - ] @ - .

o 1 E 'C ]

4 = B )

n ] 05 -

2 L/ 7 B i

0 C | ] 1 1 1 | 1 1 1 | 1 1 1 | N : 1 11 1 | 1 11 1 | 1 11 1 | 1 11 1 | I:
004 -002 0 002 004 1 05 0 0.5 1

Jp=Tgp sind, Re(z)

Figure 4. Left: dependence of the global Ay? function on the Jarlskog invariant. The orange (violet)
curves are for NO (I0). (Figure similar to fig. 3b in [84].) Right: leptonic unitarity triangle. After
scaling and rotating so that two of its vertices always coincide with (0,0) and (1,0) we plot the 1o,
20, 30 (2 dof) allowed regions of the third vertex. (Figure similar to fig. 4d in [84].)

at 1o (30) for both orderings. The preference of the present data for non-zero § implies a
best-fit of Jgff’t = —0.032, which is favored over CP conservation at the ~ 1.2¢0 level. These
numbers can be compared to the size of the Jarlskog invariant in the quark sector, which is
determined to be Jg;arks = (2.9670%2) x 107° [85].

On the right panel of fig. 4 we recast the allowed regions for the leptonic mixing matrix
in terms of one leptonic unitarity triangle. Since in the analysis U is unitary by construction,
any given pair of rows or columns can be used to define a triangle in the complex plane. In
the figure we show the triangle corresponding to the unitarity conditions on the first and third
columns which is the equivalent to the one usually shown for the quark sector. In this figure the
absence of CP violation implies a flat triangle, i.e., Im(z) = 0. As can be seen, the horizontal
axis marginally crosses the 1o allowed region, which for 2 dof corresponds to Ay? ~ 2.3. This
is consistent with the present preference for CP violation, x?(Jcp = 0) — x?(Jcp free) = 1.5.

1.2.2 Absolute Neutrino Mass Measurements

Oscillation experiments provide information on Am?j and on the leptonic mixing angles 0;;.
But they are insensitive to the absolute mass scale for the neutrinos. Of course, the re-

sults of an oscillation experiment do provide a lower bound on the heavier mass in Amfj,

|m;| > 1/Am12j for Am?j > 0, but there is no upper bound on this mass. In particular,
the corresponding neutrinos could be approximately degenerate at a mass scale that is much
higher than Am?j. Moreover, there is neither an upper nor a lower bound on the lighter
mass m;.

Information on the absolute neutrino masses, rather than mass differences, can be ex-
tracted from kinematic studies of reactions in which a neutrino or an anti-neutrino is involved.
In the presence of mixing the most relevant constraint comes from the study of the end point
(E ~ Ey) of the electron spectrum in tritium beta decay H — 3He + e~ + .. This spec-
trum can be effectively described by a single parameter m,, [127], if for all neutrino states
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Figure 5. 95% allowed regions (for 2 d.o.f.) in the planes (m,_, > m,) and (mee, Y. m,) obtain
from projecting the results of the global analysis of oscillation data.

Ey — E > m;. In this case:

dN
dE |Uez| \/EO_ - ) (1.16)

where R(F) contains all the m,-independent factors, and

2 2
m?|Uy;
m2 = 721 i|Ueil = E m?!l]eiP = cfgcfzm% + 0%33%2771% + s%m%, (1.17)

e XUl

where the second equality holds if unitarity is assumed. At present we only have a bound
my, < 2.2 eV at 95% CL [17, 128] which is expected to be superseded soon by KATRIN [129]
with about one order of magnitude improvement in sensitivity.

Direct information on neutrino masses can also be obtained from neutrinoless double
beta decay (A,Z) — (A,Z + 2) + e~ + e~. This process violates lepton number by two
units. Hence, in order to induce Ov3f decay, v’s must be Majorana particles [130, 131]. In
particular, for the case in which the only effective lepton number violation at low energies is
induced by the Majorana mass term for the neutrinos, the rate of Ov 35 decay is proportional
to the square of the effective Majorana mass of ve [132, 133]:

mee—‘g m;U, ei

which, unlike eq. (1.17), also depends on all three CP violating phases.

Recent searches carried out with "°Ge (GERDA experiment [134]) and 13Xe (KamLAND-
Zen [135] and EXO-200 [136] experiments) have established the lifetime of this decay to be
longer than 10%° yr, corresponding to a limit on the neutrino mass of me. < 0.2 — 0.4 ¢V at
90% C.L. A series of new experiments is planned with sensitivity of up to mee ~ 0.01 eV [137].

%

2 2 02
‘m1613612€Z a1 + m2013812€ 2 + m3513€ —i26 (118)
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Neutrino masses have also interesting cosmological effects and, as we will see in more
detail in Section 2, cosmological data mostly gives information on the sum of the neutrino
masses . = y_.m,. However, in particular when trying to derive conclusions on neutrino
parameters, it is very important to have all systematics under control [138].

Correlated information on these three probes of the neutrino mass scale can be obtained
by mapping the results from the global analysis of oscillations presented previously. We show
in fig. 5 the present status of this exercise. The relatively large width of the regions in the
right panel are due to the unknown Majorana phases. Thus from a positive determination of
two of these probes information can be obtained on the value of the Majorana phases and/or
the mass ordering.

1.3 Open questions in Neutrino Physics (Author: A. de Gouvéa)

The discovery of non-zero neutrino masses and mixing in the lepton sector invites several
fundamental particle physics questions. Searches for the answers to these open questions are
among the key driving forces behind current and future research in neutrino physics, both
experimentally and theoretically.

Some of these questions are related to the neutrino masses themselves. First and fore-
most, we do not know the exact values of the neutrino masses. While the oscillation data
measure, sometimes very precisely, the neutrino mass-squared differences, they are not at all
sensitive to the values of the masses themselves. As mentioned above, cosmological surveys
and precision measurements of the 8 spectrum of weak nuclear decays place complementary
upper bounds on different combinations of the neutrino masses. Some information on the
neutrino masses can also be extracted from searches for neutrinoless double beta decay if one
assumes that neutrinos are Majorana fermions.

The neutrino mass ordering — inverted or normal — is also unknown, as discussed ear-
lier. This is a question that can, and very likely will, be addressed by neutrino oscillation
experiments, including the current generation of long-baseline accelerator-based experiments,
NOvA [139] and T2K [140], along with near-future measurements of the atmospheric neu-
trino flux (see, for example, Ref. [141]). Very ambitious long-baseline reactor antineutrino
experiments, like JUNO [142], may also be able to determine the neutrino mass ordering by
measuring very precisely Am3; and Am3, (see, for example, Refs. [143, 144]).

The answers to the two questions above will reveal not only the values and ordering of
the masses, but they will also provide crucial information regarding the dynamical mechanism
behind the neutrino masses. Current data do not allow one to distinguish scenarios where
the lightest neutrino mass is zero from scenarios where all three neutrino masses are almost
degenerate, |m; —m;| < m;, m;. None of the electrically charged fermions — charged leptons
and quarks — have almost degenerate masses. Note also that, if the neutrino mass ordering
is inverted, m1 and my are guaranteed to be almost degenerate even for that case where the
lightest neutrino mass, ms, is very small.

The fact that the neutrinos are massive and neutral invites another question: are neutri-
nos Majorana fermions? While all known fundamental fermions are massive Dirac fermions,
i.e., the particles and antiparticles are distinct objects and all contain four degrees of free-
dom, the massive neutrinos might be Majorana fermions, i.e., the particle and antiparticle
are related and containing only two degrees of freedom. The answer to this question is in-
timately tied to whether or not baryon number minus lepton number, B — L, is an exact
symmetry. Majorana neutrinos imply that B — L is explicitly broken and one should be able
to observe that experimentally (see, for example, Refs. [145, 146], for recent overviews). The
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most precise probes of B — L violation are searches for neutrinoless double beta decay, which
are currently being pursued in earnest. In the next ten years we hope to learn much more
about the nature of the neutrino, especially if the neutrino mass ordering turns out to be
inverted [132].

Neutrino oscillations allow one to explore another important fundamental question: is
there CP violation in the leptonic sector? More concretely, we hope to address whether
neutrinos and antineutrinos oscillate differently. While the survival probabilities for neutri-
nos and antineutrinos are guaranteed to be the same, the transition probabilities need not
be. If P(va — vg) # P(Ua — 1), o, = e,pu, 7, a # [, CP is violated. In the three-
flavor paradigm discussed above, CP violation is governed by the CP-odd parameter §. If
0 # 0,7, CP-invariance is violated in neutrino oscillations. Given what is currently known
about the neutrino oscillation parameters, it is clear that the current generation of neutrino
experiments is not very sensitive to potential CP-invariance violation in neutrino oscillations.
Next-generation experiments, especially the long-baseline proposals LBNF/DUNE (see, for
example, Ref. [147]) and T2HK [148], are designed to significantly challenge CP-invariance in
the leptonic sector. We currently understand very little about the phenomenon of CP viola-
tion. We do know that it is necessary in order to dynamically generate a matter—antimatter
asymmetry in the early Universe [149] — a mechanism dubbed baryogenesis, see e.g. [150] for
a general discussion. Since we know that the CP violation observed in the quark sector is
insufficient to explain the baryon-asymmetry, the community is eagerly awaiting information
on leptonic CP violation so that it can make progress on understanding baryogenesis.

Precision neutrino experiments, especially precision neutrino oscillation experiments,
allow one to ask other fundamental physics questions. For example, are there more than
three neutrinos? While we know that there are three families of SM fermions, including
the three active neutrinos v, vy, V7, there could be more neutral fermionic states. Collider
data, especially those from LEP, restrict the number of active neutrinos to three [85]. New
fermions that do not couple to the W- and Z-bosons with SM strength — usually referred
to as sterile neutrinos — are not severely constrained and their existence might be revealed
via neutrino oscillation experiments. While these sterile neutrinos do not necessarily couple
to SM particles, they mix with the active neutrinos in such a way that neutrino oscillation
experiments might depend on more mixing parameters and more oscillation frequencies. If
the new neutrinos are light enough, they can only be probed experimentally in neutrino
oscillation experiments. There are many current neutrino oscillation experiments dedicated
to the search for sterile neutrinos.

Neutrino oscillation experiments are also sensitive to new “weaker-than-weak” neutrino
interactions with matter. These modify neutrinos production and detection and, often more
significantly, they lead to non-standard matter effects. Long-baseline experiments, especially
NOvA [139] and LBNF/DUNE (see, for example, Ref. [147]), are particularly sensitive to
non-standard neutrino interactions.

Finally, neutrino oscillations are very special phenomena. They are a consequence of
quantum mechanical interference, and the associated coherence lengths are of the order of
several kilometers (or significantly more). This provides a unique sensitivity to more ex-
otic physics, including the violation of Lorentz invariance and tests of the CPT-theorem, or
departures from the basic laws of quantum mechanics.
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1.4 Sterile Neutrinos — General Introduction (Author: P. Langacker)

Sterile neutrinos, also known as singlet or right-handed neutrinos, are SU(2) x U(1)-singlet
leptons. They therefore have no ordinary charged or neutral current weak interactions except
those induced by mixing. Most extensions of the original standard model involve one or
more sterile neutrinos, with model-dependent masses which can vary from zero to extremely
large. One usually defines the right-chiral component of a sterile neutrino field as vy, i.e., vg
annihilates a right-chiral state, where chirality coincides with helicity in the massless limit.
The CP-conjugate field is then

(vr) = CrR', (1.19)

where we are following the notation in ref. [67]. In Eq. (1.19), C is the charge conjugation
matrix, given by = iyeyo in the Weyl representation, and 7z = (vz)'7° is the Dirac adjoint.
Note that the CP conjugate in Eq. (1.19) is always well-defined, independent of whether CP
is violated, and that (vg)¢ is the field which annihilates a left-chiral antineutrino.”

In contrast, an active (or doublet or ordinary) neutrino is in an SU(2) doublet with a
charged lepton, and it has conventional weak interactions. There are three known left-chiral
active neutrinos vy, o, where the flavor index o = e, i1, 7 denotes the associated charged lepton.
The CP-conjugate (v1)¢ = C ! (suppressing the flavor index) is the field associated with a
right-chiral antineutrino. The number n of right chiral neutrinos is unknown (and could even
be zero, as there are alternative explanations of neutrino masses, see section 1.5.1). In the
remainder of this subsections we use an illustrative toy model with only one LH and one RH
neutrino flavour.

vy, <> (vp)¢ and vg <> (vgr)¢ each describe two degrees of freedom and are known as
Weyl spinors. Fermion mass terms describe transitions between left and right-chiral states.
There are two possible types for neutrinos. A Dirac mass term connects the left and right
components of two different Weyl spinors. These are typically active and sterile, such as

Lp=—-—mp (ﬁl/R + ﬁl/[,) R (1.20)

where we have chosen the phases of the fields so that mp is real. L£p allows a conserved lepton
number L, but violates weak isospin by 1/2 unit. It can be generated by the Higgs mechanism,
as in fig. 6, and it is analogous to the quark and charged lepton masses. That is, mp = ypv,®
where v = 174 GeV is the expectation value of the neutral Higgs field. If eq. (1.20) is the
only neutrino mass term, then vz and vg can be combined to form a four-component Dirac
spinor vp = v, + vg, with CP conjugate (vp)¢ = (v1.)¢ + (vr)©.

Unlike quarks and charged leptons, neutrinos are not charged under any unbroken gauge
symmetries. They may therefore have Majorana mass terms, which connect a Weyl spinor
with its own CP conjugate. These could be present for either active or sterile neutrinos,

1 — 1 — 1 1
Ly = —gmr (ﬁl/i + Z/EI/L) —5ms (ﬁl/ﬁ + Z/IC%I/R) =-—5mr (Tava) — gms (Tsvs), (1.21)

where v, = v + (7)€ and vs = vg + (vR)© are active (a) and sterile (s) Majorana two-
component spinors. They are self-conjugate, i.e., v, = C 75! and vy = C 75! . Both mp and
ms violate lepton number by two units. The mass my also violates weak isospin by one unit.
It can be generated by the expectation value of a Higgs triplet ¢ = (6%, 7, o7 )7, ie.,

"Some authors use alternative notations, such as vg g, for Corit.
®In the minimal seesaw model, (1.25), the number yp is to be identified with the matrix F.
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Figure 6. Left: Dirac mass from the vacuum expectation value of the neutral component ¢° of a
Higgs doublet. yp is a Yukawa coupling. Center: a Majorana mass for an active neutrino due to a
Higgs triplet ¢J with the Yukawa coupling y7. An analogous diagram can generate a Majorana mass
for a sterile neutrino, with ¢% replaced by a Higgs singlet (or bare mass). Right: Majorana mass for
vy, generated by a higher-dimensional operator involving two Higgs doublets. (Figure similar to fig. 1
in Ref. [151].)

mr = yr (¢%), where yr is a Yukawa coupling, as illustrated in fig. 6. It can also be due to
a higher-dimensional operator involving two Higgs doublets with coefficient C'/ M, with C' a
dimensionless constant and M a new physics scale. For mass dimension 5, the only operator
of this kind is given by (1.26). The singlet mass mg does not violate weak isospin and could
in principle be due to a bare mass. However, in many extensions of the standard model a bare
mass is forbidden by new broken symmetries, so that mg = yg (¢g), where yg is a Yukawa
coupling and ¢g is a standard model singlet.

Dirac and Majorana mass terms” can be present simultaneously and can be generalized
to three or more active neutrinos, to an arbitrary number of sterile neutrinos, and to non-
standard assignments such as additional sterile neutrinos in which the left-chiral component
carries lepton number L = —+1.

Sterile neutrino masses can have almost any value, but here we mention a number of
important special cases. For simplicity we focus on mp = 0 except when it induced by the
seesaw mechanism, but generalization is straightforward. We also take mp and mg real and
nonnegative.

e mg = 0: This is the pure Dirac case. vy and vg are the left and right-chiral com-
ponents of a Dirac neutrino with conserved lepton number L. vgr has no standard
model interactions except for the extremely weak Higgs-Yukawa coupling yp ~ 3 X
1073 mp/(0.05 eV). This small value could occur via fine-tuning, or more likely be-
cause it is strongly suppressed by new symmetries or extra-dimensional effects, see e.g.
ref. [151].

e mp = 0: This is the pure Majorana case. The sterile Majorana neutrino can have
arbitrary mass, but it has no standard model interactions, and there is no active-sterile
mixing.

e mg < mp: This pseudo-Dirac limit is a perturbation on the Dirac case. The four
components of the Dirac neutrino split into two Majorana neutrinos, with masses
|m1 2| ~ mpEmg/2 and left-chiral components ~ [v;,4(vg)¢]/v/2. The non-observation
of solar oscillations into the sterile state requires mg < O(107? eV), see ref. [152].

90ff-diagonal mass terms are generally defined as Majorana if the mass eigenstates are.
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e mg > mp with mp = 0: This is the (minimal type-I) seesaw limit [153-158]. There
are two Majorana mass eigenstates, with one light mainly-active neutrino and a heavier
mainly-sterile state, with respective masses:

[ma| ~ 7mD, mz ~ Mg, (1.22)
mgs
and the active-sterile mixing angle
1/2
mp my _3 ( my )1/2 6 keV
Ol ~ — ~ | — ~ 3 x 10 _— . 1.23
101 mg mo % 0.05 eV mg ( )
The Higgs Yukawa coupling required is
=10 () (G
=+—~10 : 1.24
vb v 0.05 eV /) \6 keV (1.24)

The mass mg is often directly associated with a new physics scale, especially for mg > v.
In that limit, the sterile state is often integrated out, so that mj plays the role of my in
the low-energy effective theory. These results are generalized to three families in section
1.5.2. An important phenomenological difference in the case of several families is that
there may be cancellations in the neutrino mass matrix that allow individual entries of
the mixing matrix 6 to be much bigger than the estimate (1.23). This is in particular
the case in models with an approximate B — L symmetry.

We now mention several special cases:

— mg = O(eV): Oscillations of active into eV-scale sterile neutrinos have been sug-

gested by the LSND and MiniBooNE 7, — 7, (and to a lesser extent v, — v.)
results, by possible v, disappearance in short-baseline reactor experiments, and
by radioactive source calibrations carried out by the SAGE and GALLEX experi-
ments, e.g., ref. [159-161]. There is, however, tension with a number of other v,,,
Uy, Ve, and v, disappearance or appearance results in longer-baseline reactor and
accelerator experiments and in atmospheric and solar neutrinos, especially for a
single eV-scale sterile state, ref. [161-163]. There was some suggestion of addi-
tional radiation in the early Universe from CMB experiments, e.g., ref. [164], but
the number density of even one eV-scale neutrino with large mixing would have to
be suppressed compared to the expectations of an oscillation-induced thermalized
species [165].
The LSND and other positive results present a challenge to theory, because they
would require mixing between active and sterile states with the same chirality. This
does not occur for the pure Dirac or pure Majorana cases, or in the conventional
seesaw with large mg. They would require that both Dirac and Majorana mass
terms are tiny.! A promising possibility is the minimal mini-seesaw (mp = 0
and mp < mg ~ O(eV), e.g., ref. [166, 167]), which yields a reasonable relation
between mixing angles and masses, as seen in eq. (1.23). The tiny values for the
masses would suggest that they are suppressed by some new symmetry, ref. [168,
169].

100\ ore generally, two distinct types of mass terms, such as active-sterile Dirac, and sterile-sterile Dirac in
the presence of extra sterile states, would be necessary.
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Sterile neutrinos in the eV range (and higher, up to kinematic limits) could lead to
observable kinks or lines in § decay and other weak decay spectra, ref. [127, 170~
173]. Both eV-scale, ref. [174], and heavier sterile neutrinos up to the TeV range,
ref. [175], could also significantly affect neutrinoless double 8 decay [176].

— mg = O(keV): The keV range is especially interesting because the sterile neutrino
would be a viable DM candidate. It could be warm or cold depending on the
cosmological production mechanisms, e.g., produced by oscillations between active
and sterile neutrinos, ref. [177]. In particular, warm or moderately cold dark
matter could describe the low-scale structure observations better than cold dark
matter candidates such as WIMPs or axions (see section 3 and e.g. [178-185]). The
keV neutrinos would not be absolutely stable, but could decay by mixing into a
photon and light neutrino with a cosmologically-long lifetime. There are stringent
astrophysical and cosmological constraints on sterile neutrinos in the keV and other
mass ranges, as reviewed in refs. [66, 171, 186]. The observational limits on X-ray
emission by the radiative decays are especially stringent, but they are consistent
with sterile DM for mg = O(keV). There is some tentative evidence for a
3.5 keV X-ray line, which could possibly be due to a decaying sterile neutrino, see
refs. [190, 191]. A keV-scale sterile could also explain the observed pulsar velocities,
ref. [171]. However, they are very difficult to detect in a lab, see e.g. refs. [192-194]
for investigations of neutrinoless double beta decay and Sec. 8 for direct detection
attempts.

The neutrino minimal standard model (vMSM) [188, 189 is a minimal extension
of the SM, with no new physics other than three sterile neutrinos up to the Planck
scale. One is at the keV scale, to account for DM. Two heavier sterile neutrinos
can account for the observed light neutrino masses by a seesaw mechanism. If they
are nearly degenerate and in the range 150 MeV—-100 GeV they can account for the
baryon asymmetry through oscillation-induced leptogenesis. General theoretical
models for keV steriles are reviewed in ref. [66].

— mg = O(MeV-TeV): There are a variety of constraints from astrophysics, ref. [171],
from weak decays (e.g., spectral lines or from lepton violation such as 6; —
G MYM™T or Ml+ — M, ¢+ where ¢ and M represent leptons and mesons,
respectively), and from same-sign dilepton production at the LHC or Tevatron,
e.g., ref [71, 170]. These results are typically sensitive to mixings larger than those
suggested by eq. (1.23).

— mg > TeV: This is the canonical minimal type-1 seesaw range, in which yp is
comparable to the quark and charged-lepton Yukawas (i.e., mp ~ m, for mg ~
several TeV, while mp ~ my for mg ~ 10 GeV). The only direct observational
consequence other than the mixing-induced active neutrino masses is the possibility
of leptogenesis, usually by heavy sterile decay. There may also be model-dependent
associated signatures, such as p — ey by sneutrino exchange for mg = O(TeV) in
supersymmetric models. A very large mg may be associated with a grand unified
theory, with implications for proton decay. For example, mg = 10'* GeV is about
two orders of magnitude below the scale of supersymmetric gauge unification.

"The relevant mixing angle, |0] = O(107® — 10™*) would lead to a very small m; using the seesaw formula
eq. (1.23), which however would still be applicable [187]. The observed solar and atmospheric scales could,
however, be associated with heavier steriles, as in the YMSM [188, 189].
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— mg ~ Mp: For completeness we mention the possibility that mg is compara-
ble to the Planck scale, Mp ~ 10" GeV. This would imply m; < 1075 eV for
yp ~ 1. This is the typical mazimum value of m; expected from gravitational
mechanisms,'? unless there are large extra dimensions or multiple contributions.

1.5 The seesaw mechanism (Author: M. Drewes)
1.5.1 Possible origins of neutrino mass

Any model of neutrino masses should explain the fact that they are orders of magnitude
smaller than any other fermion masses in the SM (“mass puzzle”). It is convenient to classify
the most popular models according to the way how this mass hierarchy is realized.

e Small coupling constant: If the light neutrino masses m; are generated via sponta-
neous symmetry breaking, then their smallness could simply be due to a tiny coupling
constant. For instance, in the model (1.25), Dirac masses can be generated via the
standard Higgs mechanism with F ~ 10712 and Mj; = 0.

e Seesaw mechanism: If the neutrino masses m; are generated at classical level, they
may be suppressed by the new heavy scale M. The most studied version is the type-I
seesaw [153, 155-158, 195] discussed below in 1.5.2, the two other possibilities [196] are
the type-II [158, 197-200] and type-III [201] seesaw.

e Flavor (“horizontal”) symmetry: Individual entries of the light neutrino mass matrix
m, may be much larger than the m; if there is a symmetry that leads to approximate
lepton number conservation and cancellations in m,m;. Prominent realizations of this
idea are Froggatt-Nielsen type models [202] and models with approximate lepton number
conservation, e.g. [203-209.

e Radiative masses: Neutrinos could be massless in the classical limit, with their masses
being generated by quantum corrections. The suppression due to the “loop factor” (47)?
is usually not sufficient to explain the smallness of the m;, but the new particles in
the loop couple to v;, with some small coupling constants that lead to an additional
suppression. Flavor symmetries or an additional seesaw-like suppression can help to
make such models more “natural”, see e.g. [210-218].

Of course, any combination of these ideas may be realized in nature. In addition to the
smallness of the neutrino masses, it is desirable to find an explanation for the observed mix-
ing pattern of neutrinos (“flavor puzzle”). While the quark mass matrix is approximately
diagonal in the weak interaction basis, there is no obvious symmetry or structure in m,. Nu-
merous attempts have been made to identify discrete or continuous symmetries, see e.g. [219]
and Sec. 6.13. The basic problem is that the reservoir of possible symmetries is practically
unlimited; for any possible observed pattern of neutrino masses and mixings one could find
a symmetry that “predicts” it. In this situation, models can only be convincing if they
either predict observables that have not been measured, such as mass [219, 223-226| or mix-
ing [219, 227-229| sum rules, or are “simple” and aesthetically appealing from some viewpoint.
Prior to the measurement of #13, models predicting #13 = 0 seemed well-motivated, such as
those leading to tri/bi-maximal mixing [230-234]. The observed ;3 # 0, however, requires an

12Tn this case, ms might correspond, e.g., to a string excitation rather than a particle.
133ee Refs. [220-222] for some seesaw implementations not covered in Sec. 6.
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additional symmetry-breaking sector in these models. That makes it difficult to explain m, in
terms of a simple symmetry and a small number of parameters, and interest in anarchic mod-
els [235] with random values has grown. A more detailed overview of models that incorporate
sterile neutrinos with keV masses that could act as DM candidates is given in section 6. In
the following we briefly review the main features of the probably minimal and most studied
mechanism for neutrino masses, the (type I) seesaw mechanism. Is particularly important in
the present context because i) it predicts the existence of heavy sterile neutrinos, ii) these
heavy particles mix with ordinary neutrinos (which is the basis for many experimental and
astrophysical searches) ans 7i7) the type I seesaw is implemented in many theories of particle
physics, such as grand unified theories based on SO(10) or any other theories that involve a
(spontaneously broken) gauged B — L symmetry.

1.5.2 The seesaw mechanism

The type-I seesaw model is defined by adding n RH neutrinos vr to the SM, i.e.; singlet
fermions with RH chirality to the SM that couple to the SM neutrinos vy in the same way
as the RH and LH components of the charged leptons. The Lagrangian reads

_ - - 1
L = Lsy + iRdvg — (L Frp® — TogFTl, — 5 WVRMuvr + vEMI %), (1.25)

Here, flavor and isospin indices have been suppressed. Lgy is the Lagrangian of the SM,
¢r, = (vp,er)” are the LH lepton doublets, ® is the Higgs doublet and d = ¢d*, where €
is the antisymmetric SU(2)-invariant tensor, and F' is a matrix of Yukawa interactions. An
explicit Majorana mass term M is allowed for vg because the vi are gauge singlets. This is
a specific realization of the term mg in (1.21). It is often assumed that the eigenvalues M of
My are far above the electroweak scale. Then the vg are experimentally unobservable. The
only effect they have on low energy physics is mediated by the dimension-5 operator [236]:

1 - - -
Leg = Loy + §€L<I>FMJ\7[1FT¢)T ‘s, (1.26)

as obtained by integrating out the fields v instead of (1.25). The Higgs mechanism generates
a Majorana mass term vpm, v, with m, is given by

m, = —v*F M, FT, (1.27)

where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy vg are too short-lived to be DM candidates.
However, experimentally the magnitude of the M7 is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. |67, 159]. There are several scenarios that predict eigenvalues of My, at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ¥MSM [239,
240], low-scale seesaw (e.g. [220-222]), or Coleman-Weinberg type models [216], see also
section 6. The full neutrino mass term after electroweak symmetry breaking reads

1 — c 1 __ c
5 7L U%)?ﬁ( Zg >+h.c.5 ~(vg y}g)< 0. mp ) ( YL >~|—h.c., (1.28)

2 mp MM VR

where mp = Fv and v = 174 is the Higgs field vacuum expectation value. For M7 > 1 eV
there is a hierarchy mp < M}, and one observes two distinct sets of mass eigenstates: one
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set of “active” light neutrinos that are mostly SU(2) doublets and one set of “sterile” heavy
neutrinos that are mostly gauge singlets. Mixing between the active and sterile neutrinos is
suppressed by elements of the mixing matrix

0= mDM]\_/[l. (129)
This allows to rewrite (1.27) as
my = —v FM} F' = —mpM;'mb5 = —0M 0" (1.30)

The fact that heavier M; imply lighter m; motivates the name “seesaw mechanism”. An
important implication of this relation is that one RH neutrino with non-vanishing mixing is
needed for each non-zero light neutrino mass. That is, if the minimal seesaw mechanism is
the only source of light neutrino masses, there must be at least n = 2 RH neutrinos because
two mass splittings (“solar” and “atmospheric”) have been observed. If the lightest neutrino is
massive, i.e. Mijghtest = Min(ms, ma, m3) # 0, then n > 3 is required. A heavy neutrino that
is a DM candidate would not count in this context - to ensure its longevity, the three mixing
angles 0,7 must be so tiny that the effect of the DM candidate on light neutrino masses is
negligible. This has an interesting consequence for the scenario with n = 3, in which the
number of sterile flavors equals that of active flavors: If one of the heavy neutrinos composes
the DM, then the lightest neutrino is effectively massless (mhghtest ~ 0). If, on the other hand,
the absolute neutrino mass scale Mmjjghtest is larger than 1073 eV, then all My are expected to
be larger than 100 MeV due to cosmological constraints [68]. These conclusions can of course
be avoided for n > 3 or if there is another source of neutrino mass. The matrix

U= [( 1—_%@ 1_%% > + 0[93]} ( Uv o ) (1.31)

diagonalizes the full 6 x 6 neutrino mass matrix 90 to second order in the small expansion
parameters |07

Urmu* =

_i,
< Uvm, Uy (1.32)

ULMNU ) '

The unitary matrices U, and Uy diagonalize the mass matrices m, defined in (1.30) and
My = My + 5 (010M + ME076%),

m,, = U,m3®eul = My = U My*U]L, (1.33)
M]c\l;ag = diag(My, My, M3) , md#8 = diag(my, ma, m3). (1.34)

The eigenvalues of Mj; and My coincide in very good approximation; we do not distinguish
them in what follows and use the notation M; for both. The free (quadratic) part of the
neutrino Lagrangian reads 1 N (i — M]C\l,iag)N +iv(id - my#€)y. These relations hold at tree
level. Phenomenological implications of quantum corrections are e.g. discussed in [69, 71],
but are not relevant if the sterile neutrinos are DM because 6, are too small. The mass terms
m, and My are not exactly identical to the terms mz and mg in (1.21) because the latter
are mass terms for the chiral fields v;, and vg, while the former involve the mass eigenstates
v and N. These can only be identified with each other if there is no Dirac mass term (1.20),

which in the minimal seesaw model (1.25) means F' = © = 0 and massless active neutrinos.
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In other models, however, my can be generated without a Dirac mass term and mixing with
VR.

All six mass eigenstates are Majorana fermions and can be represented by the elements
of the flavor vectors

v =V, —Ulov$ +c.c.and N = V]I,VR + 07§ +ce. (1.35)

Here, “c.c.” stands for the charge conjugation defined in eq. (1.19). The observed light mass
eigenstates v; are related to the active flavor eigenstates by the matrix

V,=(1- %HHT)UV. (1.36)

V, is the usual light neutrino neutrino mixing matrix and U, its unitary part, Vy and Uy
are their equivalents in the sterile sector. Unfortunately, unitarity violation due to heavy
neutrinos does not appear to be able to resolve the long-standing issues of short-baseline
anomalies [161]. The active-sterile mixing is determined by the matrix

O = 0Uy. (1.37)

In summary, one can express the interaction eigenstates (singlets vz and doublet component

vy) as
(Z?L%):PLu(]‘\’]). (1.38)

The interactions of neutrinos in the SM are described by the Lagrangian term

- %ﬁv"eLW; - %av“uLW; = mﬁw%%, (1.39)
The interactions of light and heavy neutrinos can be determined by inserting vy, = Pp(V,v +
ON) from eq. (1.38) into eq. (1.39). The unitarity violation in (1.36) implies a flavor-
dependent suppression of the weak interactions of the light mass eigenstates v; in eq. (1.35).
The doublet component ©F v§ + @J} oVLa of N1 in (1.35) implies that the heavy states have
f-suppressed weak interactions: If kinematically allowed, they appear in any process in which
VLo appears, but with an amplitude suppressed by ©,;. The N; also interact with Higgs
particles and vy, directly via the Yukawa coupling. This makes various different direct and
indirect searches for heavy neutrinos possible [127, 172, 173|, see e.g. [67, 71, 170, 241] and
references therein for a recent summary.
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2 Neutrinos in The Standard Model of Cosmology and Beyond

Section Editors:
Julien Lesgourgues, Alessandro Mirizzi

2.1 The standard model of cosmology (Author: J. Hamann)

Over the past fifteen years, we have seen the emergence of a theoretical description of the
Universe often dubbed the “standard model of cosmology”.!4

Unlike its namesake and distant relative, the SM, the cosmological standard model
is of a more empirical nature. Many of its aspects are not so much fixed by the cold hard
requirements imposed by fundamental symmetries, but rather driven by the desire to describe
the measurements in a maximally economical way. While this approach might imply a certain
degree of arbitrariness and lack of predictivity, it is even more remarkable that it has up to
now defied countless attempts to challenge its position and has been left virtually untouched
by the avalanche of new information that has accompanied the evolution of cosmology into a
precision science.

In this section we will briefly summarize the broad features of this model. During the
history of the Universe, all known interactions were relevant, at least during a given range of
time. The basic framework of the cosmological standard model is thus given by the theory of
General Relativity for gravity, and by the SM for the weak, strong and electromagnetic inter-
actions. The properties of the model can roughly be categorised in terms of its assumptions
regarding the geometry and the energy content of the Universe.

2.1.1 Geometry

The cosmological standard model does have one symmetry condition, known as the cosmo-
logical principle, which stipulates that at leading order, the Universe is homogeneous and
isotropic. This assumption is very constraining: the most general metric satisfying it is
the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, in spherical coordinates given

by ds? = dt? — a?(t) (ﬁfjg + dQQ), with a freedom of a one-parameter function, the scale
factor a(t), and one discrete curvature parameter k € {—1,0,1}, corresponding to a spatially
open, flat, and closed geometry, respectively. In base ACDM however, space is taken to be
flat (i.e., Kk = 0). The time evolution of the scale factor is governed by Einstein’s equations
and determined by the energy content up to a boundary condition, e.g., today’s expansion
rate, the Hubble parameter Hy = é%‘ ity

The fact that today’s Universe contains objects such as stars, galaxies, and galaxy clus-
ters requires small deviations from exact isotropy and homogeneity at early times. Actually,
initial density fluctuations of the order of dp/p ~ 10, which eventually start growing under
the influence of gravity, are sufficient to seed the rich phenomenology of structures we observe
in our neighborhood today. The FLRW metric thus ought to be interpreted as a background
solution, with perturbations around it described by statistically isotropic and homogeneous
random fields.

In the cosmological standard model, the state of these initial perturbations is a particu-

larly simple one: they are taken to be Gaussian and adiabatic curvature perturbations, with

YIn the following we shall also refer to it as the “base ACDM” model.
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an amplitude only weakly dependent on their wavenumber k, and described by a power-law
power spectrum,

Pr(k) = As <:>n_l (2.1)

where k, is an arbitrary pivot scale, A the amplitude of the spectrum at k = k,, and ng the
spectral index. Coincidentally, perturbations with these properties are a generic prediction
of the simplest models of slow-roll single-field inflation — which also explain the flat spatial
geometry.

2.1.2 Energy content

Whereas there is no evidence for interactions not described by the SM or by general relativity,
the particle content of the SM turns out to be insufficient to explain cosmological observations.
The base ACDM model requires the presence of five constituents:

e Baryonic matter (also including charged leptons) with an energy density parameter-
ized by wy,. During the process of Big Bang Nucleosynthesis (discussed in section 2.3),
light elements are formed; astrophysical measurements of their abundances have tra-
ditionally been one of the observational cornerstones in support of the cosmological
standard model.

e Photons making up the relic radiation of the Big Bang, the Cosmic Microwave Back-
ground (CMB). This is easily the most well-measured ingredient of the cosmic recipe.
Not only has its blackbody nature been impressively confirmed [242] and its mean
temperature been determined to high precision [243], but the measurement of its tem-
perature fluctuations and polarization [244| makes it by far the most powerful source of
information for cosmology to date.

e Neutrinos: the Cosmic Neutrino Background (CNB) is the neutrino equivalent of the
CMB, but has not yet been directly detected. In base ACDM, it is assumed to consist
of the three standard model neutrino flavors. The physics of the CNB is covered in
more detail in section 2.2.1.

e Dark Matter (DM): this component with energy density parameter w. cannot be
identified with any standard model particle, and is characterized by its lack of electro-
magnetic interaction. In base ACDM, its velocity dispersion is zero, thereby making it
cold Dark Matter (CDM).

e Dark energy: in base ACDM, this takes the form of a cosmological constant A, i.e., a
non-vanishing vacuum energy, whose value is fixed by the requirement of spatial flatness.

2.1.3 Parameters of base ACDM

On top of the five free parameters introduced above, a sixth one needs to be taken into

account: the optical depth to reionization, 7, which should be derivable from first principles.

In practice, however, such a calculation would prove to be extremely complicated, due to the

highly non-linear nature of the problem. In any case this simple parametrization is sufficient,

since current CMB data are not very sensitive to the exact details of the reionization process.
This completes the parameter space of the base ACDM model:

GACDM — {wbameOaAS)nS?T}‘ (22)
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Table 3. Constraints on the base ACDM parameters from Planck temperature and polarization
data [1].

Qph? 0.02225 + 0.00016
Qch? 0.1198 £ 0.0015
Hy 67.27 &+ 0.66
T 0.079 £ 0.017
In(10%° Ay) 3.094 +0.034
N 0.9645 £ 0.0049

Note that this is only one possible parametrization; there exist equivalent ones that are related
by parameter transformations. Also, when inferring the values of these parameters from data,
one may in addition have to vary extra “nuisance” parameters, depending on the data sets
being considered.

2.1.4 The cosmological standard model vs. observations

In terms of cosmological observations, a special role is played by the anisotropies of the CMB.
The physics of CMB anisotropies is very well understood, so they can be predicted very
accurately, leaving no significant theoretical ambiguity. In addition, CMB data are the only
single observable able to constrain all parameters of the base ACDM model simultaneously.
The state-of-the-art is provided by the Planck collaboration, who recently released their full
mission temperature and polarization data [244]|, with a further re-analysis that has been
announced and is to be expected by 2017.

When faced with observational data, any model claiming the title of a “standard model”
needs at the very least fulfill the following criteria: firstly, it ought to give a reasonably good
fit to individual observations (internal consistency). Secondly, the parameter values inferred
from different observables should be consistent with each other (external consistency). And
finally, it should pass the Occam’s razor test, i.e., not be unnecessarily complex. Let us now
turn to addressing these three criteria.

2.1.5 Internal consistency

Does the base ACDM model fit current CMB data well? For the Planck data, the goodness-
of-fit with respect to base ACDM is discussed in ref. [1]: for the best fit of the ACDM model
to the Planck temperature plus large-scale polarization data, the ¢ > 30 T7T-data have a
reduced x? of 1.03, corresponding to a p-value of p ~ 0.17. The analogous p-values for the
TE- and FE-data are p ~ 0.10 and p ~ 0.37, respectively. In other words, if the true
underlying model is indeed the best-fit of base ACDM, the observed goodness-of-fit lies well
within the expected range and the effective y? is not anomalously large. In addition, the
analysis of higher order correlations of the Planck temperature shows no signs of departure
from Gaussianity [245]. With internal consistency thus established, it makes sense to infer
estimates of the free parameters from the data; we list current constraints in table 3.

2.1.6 External consistency

Besides the CMB, there are a number of other observables sensitive to subsets of @ cpm. If
these observables happened to prefer different parameter regions within base ACDM, such
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discrepancies could be a sign for new physics, but they might as well indicate insufficient
understanding of experimental or theoretical systematic uncertainties in any of the data sets.

Most cosmologically interesting observables broadly fall into one of two classes: those
sensitive to properties of the homogeneous Universe (geometric observables or measurements
of primordial element abundances, the latter of which will be discussed in section 2.3), and
those constraining properties of its inhomogeneities (shape measurements).

Geometric observables These observables make use of standard rulers or standard can-
dles to relate a known distance to an observed scale. Examples include the baryon acoustic
oscillation (BAQO) scale, the luminosity distances of high-redshift type Ia supernovae (SNe Ia),
or the determination of the Hubble parameter from low-redshift SNe Ia. Combining these
measurements with CMB data can help breaking the geometric degeneracy [246] which, al-
though not relevant anymore for the base ACDM, can reappear in extended models (with, e.g.,
a free curvature parameter, additional radiation, or hot Dark Matter (HDM) components).

While all of the recent galaxy-based BAO scale measurements, as well as the latest
SN Ia data show excellent agreement with Planck data, there do remain two occurrences
of slight discrepancies of ~ 2.50 with geometric observables. (i) The BAO scale extracted
from measurements of the Lyman-« forest at high redshifts [247]. (ii) The Hubble parameter
reported by Riess et al. [248] based on SNe Ia measurements.

Whereas the reason for the discrepancy in (i) remains unclear, a re-analysis of the
SNe Ia data [249] finds a value within one standard deviation of the Planck value, pointing
to systematic issues as a more likely explanation for this tension. On the other hand, even in
a more recent analysis, the tension seems to remain present [250].

Shape measurements Even though the CMB power spectra are exquisitely sensitive to
the structure of the Universe and the physics around the time of recombination (at a redshift
z /2 1100), much of the later evolution of cosmic structures only weakly affects the temperature
and polarization power spectra. It may thus be helpful to combine CMB data with lower-
redshift tracers of the cosmic structure, particularly with regard to models in which the growth
of perturbations at late times is affected (e.g., HDM or dark energy models). Information
about the late-time structure of the Universe can for instance be extracted from galaxy surveys
(2-/3-dimensional power spectra of the galaxy distribution, redshift space distortions, weak
gravitational lensing of galaxies), quasar spectra (1-dimensional power spectrum of hydrogen
gas from measurements of the Lyman-« forest), and even from the CMB maps (weak lensing
of the CMB, cluster counts). Compared to the CMB power spectra, the interpretation of most
of these observations tends not to be as straightforward, due to complications introduced by,
e.g., non-linear structure growth and complicated astrophysical processes.

Of particular note here is a mild tension concerning the amplitude of matter perturba-
tions on small scales. Assuming base ACDM, Planck CMB data prefer somewhat more power
than has been inferred from galaxy weak lensing [251], cluster counts [252], and redshift space
distortions [253]. It has been suggested that this could potentially be a sign of an additional
HDM component [162, 254-256|, but this interpretation is not fully compelling either, as it
is not statistically required by the data [257]. Lyman-a data, on the other hand, appear
perfectly consistent with CMB data [258] in base ACDM.

2.1.7 Occam’s razor

Following the detection of the CMB’s B-polarization on intermediate scales by the BICEP2
collaboration [259], it seemed for a while that the base ACDM model might have to be
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extended to include primordial tensor perturbations. However, a more thorough analysis
using Planck polarization data to estimate the contribution of polarized emission from galactic
dust showed that the signal is consistent with foreground emission [260)].

The Planck data themselves have been fitted to many classes of extended models, in a
large number of combinations with other data sets.'® None of these extended models improve
the fit by a sufficient amount to warrant the introduction of extra parameters though. This in
turn implies that for the time being, there does not seem to be any convincing evidence against
the base ACDM model. With ongoing experimental efforts on many fronts of observational
cosmology however, this situation may eventually change.

2.2 Active neutrinos in Cosmology (Authors: J. Lesgourgues, S. Pastor)
2.2.1 The cosmic neutrino background

The existence of a relic sea of neutrinos is a generic feature of the standard hot Big Bang
model, in number only slightly below that of relic photons. This cosmic neutrino background
(CNB) has not been detected yet, but its presence is indirectly established by the accurate
agreement between the calculated and observed primordial abundances of light elements, as
well as from the analysis of other cosmological observables, such as CMB anisotropies.

Produced at large temperatures by frequent weak interactions, flavor neutrinos (ve, )
were kept in equilibrium with the rest of the primeval relativistic plasma (electrons, positrons,
and photons). Neutrinos had a momentum spectrum with an equilibrium Fermi-Dirac phase-
space distribution with temperature T foq(p,T) = [exp(E42) + 1]7!, where we included a
neutrino chemical potential p, that would exist in the presence of a neutrino-antineutrino
asymmetry. It has been shown that, even if u, is non-zero, the contribution of the chemical
potential cannot be very relevant [261].

As the Universe cools, the weak interaction rate falls below the expansion rate of the
Universe and neutrinos decouple from the rest of the plasma. An estimate of the decoupling
temperature Tyec can be found by equating the thermally averaged value of the weak interac-
tion rate '), = (0, ny), where g, x G% is the cross section of the electron-neutrino processes
and n,, is the neutrino number density, to the expansion rate given by the Hubble parameter
H = (87p/3M3)'/2. 1f we approximate the numerical factors to unity, with T', ~ GZT° and
H ~ T? /Mp, we obtain the rough estimate Tyo. ~ 1 MeV. Neutrinos were ultra-relativistic
at decoupling, because they cannot possess masses much larger than 1 eV.

Although neutrino decoupling is not described by a unique Tyec, it can be approximated
as an instantaneous process. In this simple but reasonably accurate approximation, the spec-
trum is preserved after decoupling, because the number density of non-interacting neutrinos
has remained constant in any co-moving volume since decoupling. Shortly after neutrino
decoupling the temperature drops below the electron mass, favoring e annihilations into
photons over their production. If one assumes that this entropy transfer did not affect the
neutrinos because they were already completely decoupled, it is easy to find that the ratio
between the temperatures of relic photons and neutrinos is 7, /T, = (11/4)"/? ~ 1.40102. Tt
turns out that neutrino decoupling and e* annihilations are sufficiently close in time so that
some relic electron-neutrino interactions exist. These processes are more efficient for larger
neutrino energies, leading to non-thermal distortions in the neutrino spectra at the per cent
level, and to a smaller increase of the co-moving photon temperature [262]. These changes
slightly enhance the contribution of relic neutrinos to the total energy density. In practice,

Yhttp://www.cosmos.esa.int/web/planck/pla
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these distortions only have small consequences on the evolution of cosmological perturbations,
and for many purposes they can be safely neglected.

The neutrino number density, inferred from the Fermi-Dirac spectrum and T}, is equal
today to 113 neutrinos and antineutrinos of each flavor per cm®. The energy density for mas-
sive neutrinos must be calculated numerically at each time, because they contribute initially
to radiation, but they behave as matter after the non-relativistic transition. In units of the
critical value, the present energy density of neutrinos is Q, = p,/p = Y. m,/93.14h? eV
(i.e. of order unity for eV masses), where ) m, includes the mass of all the neutrino states
that are non-relativistic today.'® Taking into account the results of neutrino oscillation ex-
periments, as well as the bounds from neutrinoless double beta decay and tritium beta de-
cay experiments, the possible present values of €2, are restricted to the approximate range
0.0013(0.0022) < ©, < 0.13 for NO (IO), where we already included that h ~ 0.7.

2.2.2 The effective number of neutrinos

In the base ACDM model, together with photons, neutrinos fix the expansion rate while the
Universe is dominated by radiation. Their contribution to the total radiation content can be
parametrized in terms of the effective number of neutrinos Neg, defined as

74\
1+ 3 <11> Neff] Py - (2.3)

Here, we have normalized p, to the photon energy density because its value today is known
from the measurement of the CMB temperature. This equation is valid when neutrino de-
coupling is complete and holds as long as all neutrinos are relativistic.

We know that the number of light neutrinos sensitive to weak interactions (i.e., flavor
or active neutrinos) equals three from the analysis of the invisible Z-boson width at LEP,
N, = 2.98440.008 [85]. The effect of the small distortions in the CNB spectra from relic e*
annihilations leads to Neg ~ 3.046 [262| (disregarding neutrino oscillations, one may obtain
the slightly higher value of Neg ~ 3.052 [263]|). Any departure of Neg from this last value
would be due to non-standard neutrino features or additional relativistic relics. A detailed
discussion of cosmological scenarios where Neg is not fixed to three can be found in [264—
266]. We will see in section 2.3 that the theory of Big Bang Nucleosynthesis (BBN) and the
measurement of light element abundances provide interesting bounds on Ng.

Pr = py+py=

2.2.3 Massive neutrinos as Dark Matter

A priori, massive neutrinos are excellent DM candidates, in particular because we are certain
that they exist, in contrast to other candidate particles. DM particles with a large velocity
dispersion such as that of neutrinos are called HDM.

The role of neutrinos as HDM particles has been widely discussed since the 1970s (see
e.g. [267]). It was realized in the mid-1980s that HDM affects the evolution of cosmological
perturbations in a particular way: it erases the density contrasts on wavelengths smaller
than a mass-dependent free-streaming scale. As we will see, in a Universe dominated by
HDM, this suppression contradicts various observations, so the attention then turned to
CDM candidates, i.e. particles which were non-relativistic at the epoch when the Universe

16 Alternatively, one could state Q, = S m, /94.10 h* €V for exactly N, = 3 neutrino flavours, which may
be more appropriate given that the true value of Neg, to be defined in the next subsection, is not unknown.
See Ref. [263] for more detailed explanations.
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became matter-dominated. Still in the mid-1990s, it appeared that a small admixture of
HDM in a Universe dominated by CDM fitted the observational data on density fluctuations
at small scales better than a pure CDM model. However, within the presently favored ACDM
model, dominated at late times by a cosmological constant (or some form of dark energy), a
significant contribution of HDM is not needed. Instead, one can use the available cosmological
data to find how large the neutrino contribution can be to constrain the possible values of
neutrino masses.

2.2.4 Effects of standard neutrinos on cosmology

The physical effect of standard neutrinos on cosmological observables is described briefly
in [268], and in further details in sections 5.3.3 and 6.1.4 of [264]. In few words, the most
crucial point is that at least two out of the three neutrino masses are such that neutrinos
become non-relativistic at some time between photon decoupling and today. This has two
important consequences, explaining why standard neutrinos can be probed with cosmology.
First, they provide a non-trivial background density and pressure, behaving initially as radia-
tion and later as non-relativistic matter. Second, since neutrinos entered the non-relativistic
regime only very recently, they still have considerable velocities compared to CDM particles,
which prevents them from clustering on small scales: their velocity is greater than the escape
velocity from gravitational potential wells on those scales. These two points have important
implications for the matter and CMB power spectra in the Universe.

Matter power spectrum. The quantity P(k,2) = (|0pm/pm|*), measurable through
several types of astrophysical observations, characterizes the amount of clustering of total
matter on different wavenumbers k and redhsifts z. Since total matter includes non-relativistic
neutrinos at late times, the absence of neutrino clustering on small scales is expected to
reduce the power spectrum by (1 — f,)?, where f, is the fraction of total matter in the
form of neutrinos, proportional to the total neutrino mass »_ m,. In reality, however, the
effect is larger than that, because the presence of a non-clustering component contributing
nevertheless to the background expansion rate also changes the growth rate of the CDM
fluctuations themselves. Hence, on small scales, the matter power spectrum suppression is
close to 1 — 8f, according to linear perturbation theory. N-body simulations show that the
effect is even further enhanced to about 1—10f, through the non-linear clustering happening
at a slightly later epoch [269].

While f, only depends on the sum ) m, of all light neutrino masses, second-order
effects on the growth of structure do depend on individual neutrino masses (which govern the
individual value of free-streaming scales at a given time). Mass-splitting effects have been
shown to be so small that it is unlikely that they can be measured one day (see e.g. [264, 268,
270]).

CMB anisotropies. For masses smaller than 0.6 eV, neutrinos are still relativistic
at the time of photon decoupling, and their mass cannot impact the evolution of acoustic
oscillations. However, the presence of relativistic neutrinos is felt by the CMB perturbations:
(i) through the neutrino contribution to the background radiation density and expansion
history, that depends on Neg; (ii) through gravitational forces between photon/baryon clumps
and neutrino overdensities, important on Hubble-crossing scales during radiation domination:
the existence of such forces can be tested by measuring effective parameters with the CMB,
like the sound speed and viscosity speed (czﬁ, c%is) of non-photon radiation.

An effect of neutrino masses on the CMB can only appear at two levels: that of the
background evolution around and after the non-relativistic transition; and that of secondary
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anisotropies (related to the behavior of photons after decoupling: Integrated Sachs Wolfe
(ISW) effect, weak lensing by large scale structure, etc. [264]).

Since the CMB is very sensitive to the redshift z., of equality between matter and
radiation, the effect of neutrino masses is best discussed for a fixed zeq, and in particular
when the density of baryons and CDM in the early Universe is kept fixed. In that case,
playing with the neutrino mass still changes a bit the expansion history of the Universe at
late times, when neutrinos become non-relativistic. This shows up in the angular distance
to recombination (controlling the angle under which we see CMB peaks), and in the time of
matter-to-cosmological-constant equality (controlling the late ISW effect). While the second
effect is hard to observe due to cosmic variance, the first effect is important. It explains in
particular why the CMB tends to constrain the particular combination of Y m, and Hy that
fixes the angular peak scale.

Soon after the photon decoupling, at least one neutrino eigenstate is expected to become
non-relativstic. This impacts the evolution of metric fluctuations at high redshift. Through
the early ISW effect, this non-relativistic transition produces a depletion in the CMB power
spectrum of the order of (AC;/C;) ~ —(>_m,/0.3eV)% on multipoles 20 < [ < 500. This
effect is roughly thirty times smaller than the depletion in the small-scale matter power
spectrum, AP (k)/P(k) ~ —(>_m,/0.01eV)%, and hence difficult to observe.

Finally, since neutrino masses reduce the amplitude of matter fluctuations on small
scales, they also result in a weaker lensing of CMB anisotropy patterns. This shows up directly
in the temperature and polarization spectra: less lensing means less smoothing and sharper
contrasts between maxima and minima, and also a larger spectrum tail at high multipoles.
This effect can be seen even better in the reconstruction of the CMB lensing spectrum, that
can be inferred from high-order statistics in CMB maps.

2.2.5 Current cosmological bounds on standard neutrinos

Recent results from the Planck satellite strongly support the existence of the standard neutrino
background, through measurements of the background density and of gravitational effects
of neutrinos. The previously defined parameters (Neg,cgﬁ,cg,is) are expected to be equal
to (3.046,1/3,1/3) in a Universe with no relativistic relics beyond standard neutrinos. The
Planck 2015 release [1] gives (2.9940.20, 0.324040.0060, 0.327+0.037) at 68% C.L., assuming
the minimal cosmological model with neutrino masses close to their smallest possible values in
the normal hierarchy scenario. These results are well compatible with theoretical expectations.

The neutrino mass bound coming from CMB temperature/polarization spectrais Y m, <
0.49 eV (95% C.L.) for the Planck 2015 data [1]. We recall that this bound comes mainly from
the angular diameter distance and lensing effects. The first effect can be better constrained by
adding information on the Baryon Acoustic Oscillation (BAO) scale at redshifts 0.1 < z < 0.8,
in order to reduce parameter degeneracies. This gives > m, < 0.17 ¢V (95% C.L.) for Planck
2015 + BAO data [1].

It is important to know that the observed CMB temperature/polarization spectra present
a low contrast betwen maxima and minima, already slightly smaller than what would be
expected in the base ACDM model with negligible neutrino masses. Any parameter predicting
less lensing (like Y m,) is hence disfavored by the data. This “slight lensing excess” is
statistically compatible with the minimal ACDM model at the 20 level, and it could be
due to a statistical fluke. However one cannot totally exclude that it may be induced by
unkown systematics or by new physics; in that case, the previous upper bound on > m,
would be relaxed.
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Instead of looking at the smoothing of the temperature/polarization spectra, one can
extract from CMB maps the lensing potential spectrum, to probe CMB lensing more directly.
In that case, no “slight lensing excess” is observed: on the contrary, the lensing potential
spectrum is a bit low on small scales. Hence lensing extraction does not strengthen the
neutrino mass bound, and even makes it slightly weaker: Y m, < 0.23 eV (95% C.L.) for
Planck 2015 + BAO + lensing [1].

To improve these bounds, one needs to use information from Large Scale Structure (LSS),
to probe the neutrino free-streaming effect and the reduction of the matter power spectrum
on small scales. These measurements usually suffer from high systematics and modeling
uncertainties. They actually give results on neutrino masses that are in moderate tension
with each other. The problem is that any LSS data returning a high amplitude of fluctuations
on inter-galactic scales will automatically lead to a strong neutrino mass bound, and vice-
versa. However a high/low amplitude could easily be the result of unknown systematics. This
problem should be solved with future LSS surveys, which will have much better sensitivity,
better control on systematics, and — even more importantly — a wide coverage of scales and
redhsifts, allowing to probe the actual scale-dependent and time-dependent effect of neutrino
masses on the growth of structures, without trivial degeneracies with the global amplitude of
fluctuations.

Hence the following list of neutrino mass bounds from current LSS data should be taken
with a grain of salt. The measurement of the one-dimensional flux power spectrum from
Lyman-a forests in BOSS quasars gives > m, < 0.15 eV (95% C.L.) for Planck 2015 +
Lyman-« [258]. A slightly tighter bound, > m, < 0.13 eV (95% C.L.), is found by combining
Planck 2015 with a compilation of baryon acoustic oscillation data, and with the galaxy
correlation spectrum of the Sloan Digital Sky Survey (SDSS) [271]. The measurement of
the structure formation rate through redshift space distorsions (RSD) in the BOSS galaxy
survey gives > m, < 0.23 eV (95% C.L.) for Planck 2015 + RSD [272|. Instead, various
measurements of galaxy weak lensing (GWL) and of the cluster mass function (CMF) are in
tension with Planck: they would prefer a higher neutrino mass, of the order of 0.4 eV (see,
e.g., Refs. [1, 273|), but at the cost of adopting values of the Hubble rate in tension with
Planck. It is not clear at the moment whether these tensions will be resolved by a better
understanding of systematics, or by a change of the physical paradigm. What is clear is that
the tension between CMB data and GWL/CMF data cannot be resolved by simply playing
with neutrino parameters [1]: extra ingredients would be needed (like for instance a departure
from Einstein gravity).

In the future, we expect a sensitivity o(>_ m, ) close to 0.02 eV around the year 2025 for
a LSS survey like Euclid combined with Planck [274]; or 0.015 eV for a CMB satellite of next
generation like Core+ combined with Euclid [275]; or, under very optimistic assumptions,
even 0.0075 eV for a futuristic 21cm survey like FFFT [276]. Possibilities to detect the CMB
polarization, such as CMB-S4 [277], and observations aiming at dark energy, like DESI [278],
will further improve the situation. Hence there are very good prospects to detect the absolute
neutrino mass scale with cosmology, and even to exclude the IO scenario if the range > m, >
0.12 eV is found to be incompatible with the data at several ¢’s. If instead the total mass
is found close to Y m, ~ 0.12 €V, cosmological data will probably never reach the required
sensitivity to discriminate between NO and IO.
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2.3 Big Bang Nucleosynthesis (Author: G. Mangano)
2.3.1 What it is and how it works

Big Bang Nucleosynthesis (BBN) is the epoch in the evolution history of the Universe when
light nuclei, basically 2H, 3H, 3He, *He, and "Li, were produced out of the initial plasma
of protons and neutrons. This happened via weak, electromagnetic, and strong interactions.
The whole phase started about one second after the Bang and lasted for approximately 15
minutes. In terms of the photon temperature this corresponds to the range from 1 MeV
(1019K) to 20-30 keV (108 K).

The basic picture of BBN was understood in the decade after the seminal a8y pa-
per [279], and since then it became one of the main observational pillars of the hot Big Bang
cosmological scenario. Furthermore, since the abundances produced of nuclear species are
quite sensitive to the expansion rate during BBN, as well as to other key parameters such as
the baryon density, BBN is a robust probe of the early Universe, and of exotic physics that
could be relevant at these stages (extra particle species, new interactions, etc.).

The dynamics of BBN can be summarized as follows:

e [nitial conditions. At high temperatures (T" > MeV) the Universe is filled by free protons
and neutrons, which are maintained in mutual chemical equilibrium by charged current
weak interactions with e* and electron neutrinos/antineutrinos. These enforce their
number density ratio to follow the standard equilibrium result, usually referred to as

the Saha equation:
N, Am
- = 2.4
2 o (-5) (24)

with Am ~ 1.29 MeV being the neutron-proton mass difference. In this early phase
there is no room for formation of bound nuclei, since there are too many photons per
baryon. As soon as, say, 2H is formed, it is immediately photodissociated by the inverse
process,

Y+ H—=n+p. (2.5)

This is again the effect of chemical equilibrium now applied to the electromagnetic
process of eq. (2.5). Defining the baryon to photon number density ratio n, = ny,/n-,

the Saha equation gives
3/2
n2y T B2H
~ 2.6
no b <mN> exp< T > ’ ( )

with Bz ~ 2.2 MeV being the deuterium binding energy and my the mean nucleon

mass.

o Weak interaction freeze-out. As it has been already discussed, at Tgec ~ MeV weak
interaction rates become slower than expansion rate of the Universe. At this scale,
charged current processes freeze out, and the number of neutrons per co-moving volume
is only reduced via neutron S-decays. Using eq. (2.4), for T' < Tye. we have

o). e

where #(T) o (M&Y)2s is the time-temperature relation during radiation domination,

and 7, = (880.3 £ 1.1) sec is the neutron lifetime [85].
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Notice that the time-temperature relation is sensitive to the total radiation energy
density, which means that the number of neutrons available at the onset of BBN, which
eventually get almost entirely bound in *He nuclei, strongly depends on Neg-.

e Deuterium formation. The baryon to photon number density ratio is related to the
current energy density of baryons through ny, ~ 274 - 10719 wy,. The latter is accurately
measured by CMB anisotropy data, leading to n, ~ 6-10719. From eq. (2.6), we see that
for nag;/np to become of order one it is necessary to wait until the photon temperature
decreases well below Bzpy. In particular, at Tgpy ~ 70 keV, the photodissociation
process become ineffective and the deuterium abundance starts raising. This is the
deuterium bottleneck.

e The nuclear chain. After 2H formation, a complicated network of nuclear processes
starts. They take place in a rapidly cooling environment with low nucleon density,
resulting in a peculiar out-of-equilibrium nuclear chain. Deuterium is rapidly burned
into *He, which is the main BBN outcome, since it has the highest binding energy per
nucleon among light nuclei. Its final density fraction, Y, = 4nay,/ny, is weakly sensitive
to the details of the nuclear network, and can be computed in good approximation under
the assumption that all neutrons are eventually bound in helium nuclei

Nn, 1 2

Y. o~ 4 —
P 1 + exp(Am/Tyec) exp(t(TBBN)/Tn)

~0.25 (2.8)

2 np +ny Tonx

which is in very good agreement with experimental results, see the next section. A
more accurate determination of Y}, and in particular of other nuclides, which are much
less abundant,'” can only be obtained numerically, by solving a set of coupled kinetic
equations along with the Einstein equations, the constraint of conservation of baryon
and electric charge, and the covariant conservation of the total stress-energy tensor, as
in [280-282]. The reader interested in this issue or in the details of the nuclear reaction
network can refer e.g. to [264, 283, 284].

2.3.2 Constraints on the baryon density and N.g

In the standard (minimal) model of BBN, the only free parameter is the baryon-to-photon
number density 7y, or equivalently the present baryon energy density parameter wy. In fact,
already in the late sixties it was understood that comparing experimental observations of
primordial light nuclei abundances with theoretical BBN results was a powerful method to
constrain the cosmological baryon density [280]. Today the value of wy, is measured with an
exquisite precision by CMB temperature and polarization maps, and found to be in the same
range required by BBN. Let us discuss this point in more details. The most recent and precise
determination by the Planck satellite, reported in Table 3, is in agreement with previous
results of several earlier CMB experiments. With this value and a standard relativistic energy
density at BBN, Neg = 3.046, one obtains from the numerical code of [282]:8

Y, = 0.2467 £ 0.0006 , (2.9)
H/H = (2.61 £0.13) - 1075, (2.10)

7for instance, *H/H and *He/H are expected to be of order 1075, while “Li/H is of order 107°.
18For the still controversial primordial origin of "Li observations see e.g. the BIG-BANG NUCLEOSYN-
THESIS review in [85].
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where the 95% C.L. errors are mainly due to uncertainties in the neutron lifetime (for “He)
and in nuclear rates like d(p,v)*He (for deuterium). The error coming from uncertainties on
wy, is strongly sub-dominant for 4He, and slight sub-dominant for deuterium. These values are
in very good agreement with the most recent experimental determinations of these primordial
nuclei ratio from [285, 286 (with 68% C.L.),

Y, = 0.2465 + 0.0097 , (2.11)
H/H = (2.53 £0.04) - 1075 . (2.12)

As Planck scientists comment in [1|: “This is a remarkable success for the standard theory of
BBN.”. Indeed, it is a remarkable success of the standard cosmological model.

Because the baryon density is basically fixed by the CMB, while BBN can be exploited
to constrain non-minimal cosmological models. For instance, nuclei abundances could be
affected by a non-standard value of N.g, active neutrino chemical potentials, extra sterile
neutrino states, exotic properties of neutrinos and of their phase space distribution, or non-
standard neutrino interactions. For a review on these issues see e.g. [264, 284|. Here we only
briefly consider how Ncg can be bounded by combining the Planck results with Y, and ’H
experimental determinations, still assuming standard BBN, but with an arbitrary number of
relativistic degrees of freedom.

As we mentioned, relativistic particles, such as neutrinos, fix the expansion rate during
BBN, which in turn fixes the produced abundances of light elements, and in particular that
of “He. This is why BBN gave the first constraints on the number of neutrino species, even
before accelerators. The Planck collaboration [1]| found that the joint constraints on (wp, Neg)
obtained either from CMB data alone or from *He and deuterium abundances nicely agree
with each other, showing once more the remarkable consistency of the simplest cosmological
models. After marginalizing over the baryon density, the CMB+BBN joint constraint on Neg
at 95% C.L. is

Neg = 2.99 £ 0.39, (2.13)

using the *He abundance estimation of [285], and
Nog = 2.91 4 0.37 (2.14)
if the 2H/H value of [286] is assumed.

2.4 Sterile neutrinos in Cosmology

The role of sterile neutrinos in cosmology strongly depends on the magnitude of their mass.
For different choices of the mass scale, they can be responsible for various phenomena. In
this White Paper we are primarily intersted in sterile neutinos with keV masses. However,
in the following we briefly sketch other well-motivated mass scales and their phenomenolgical
implications. More details are e.g. given in the reviews [67, 159].

2.4.1 eV-scale (Authors: M. Archidiacono, N. Saviano)

In recent years, light sterile neutrinos (m ~ 1 eV) have been introduced in order to explain
intriguing but controversial anomalies in laboratory oscillation experiments. Global analy-
ses [161, 162, 287, based on different scenarios with one (dubbed “3+17) or two (“3+2”) eV
sterile neutrinos, have been performed; however there is still no consensus on a preferred
model and the search for sterile neutrinos in laboratory experiments is presently open.
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Given the systematic uncertainties of any experimental measurement, it is important to
use as many observations as possible to corner sterile neutrinos. In this context, cosmological
observations represent a valid complementary tool to probe these scenarios, being sensitive
to the number of neutrinos and to the sum of their masses. Indeed, sterile neutrinos can
be produced by oscillations with the active neutrinos in the early Universe, contributing — if
sufficiently light — to the radiation content (parametrized in terms of the effective number of
relativistic degrees of freedom Neg) in addition to photons and ordinary neutrinos and leaving
possible traces on different cosmological observables. Moreover, once sterile neutrinos become
non-relativistic, they contribute to the matter density and, as well as active neutrinos, they
damp density perturbations on scales smaller than the characteristic mass-dependent free-
streaming scale, leaving a peculiar imprint on structure formation. Therefore cosmology can
reveal sterile neutrinos in two ways: constraining both Neg (if the steriles are still relativistic)
and the effective sterile neutrino mass, meg, which is defined as the physical mass weighted
by the sterile abundance.

The first cosmological observable able to constrain N.g is Big Bang Nucleosynthesis
(BBN). Indeed if these additional states are produced before the active-neutrino decoupling
(Tq ~ 1 MeV), they would acquire quasi-thermal distributions (depending on their tempera-
ture) and behave as extra degrees of freedom at the time of primordial nucleosynthesis. This
would anticipate weak interaction decoupling leading to a larger neutron-to-proton ratio and
eventually resulting into a larger *He fraction. Furthermore, sterile neutrinos, can distort the
Ve phase space distribution via flavor oscillations with the active ones, leading to a possible
effect on the helium and deuterium abundances. However several and independent investi-
gations [286, 288, 289] showed that one fully thermalized sterile neutrino is still marginally
allowed.

Concerning Cosmic Microwave Background (CMB), the basic effect induced by a varia-
tion in Neg is related to the impact on the expansion rate of the Universe at recombination
and it is detectable at small scales, as it is explained in refs. [290, 291]. Furthermore the CMB
angular power spectrum is also affected both by the background variation due to the sterile
neutrino mass and by the early Integrated Sachs-Wolfe effect due to their non-relativistic tran-
sition close to the recombination epoch. The combined analysis of Nog and meg performed by
the Planck collaboration, using the up-to-date cosmological data [1] including Planck temper-
ature power spectrum, lensing data, and baryonic acoustic oscillations, lead to the following
95% C.L. upper bounds (for massive sterile neutrinos):

Neg < 3.7 and  meg < 0.52 €V, (2.15)
Neg <37 and  meg < 0.38 6V, (2.16)

where the former set is computed in presence of the prior cutoff of m!{i" < 10 eV, while the
latter restricting to the region where mther < 2 eV,

The tension with the eV sterile neutrinos, as hinted by laboratory experiments, is
twofold [165, 292, 293|: on one hand the constraint on Neg rules out one fully thermalized
sterile neutrino at high significance (more than 99% C.L.), on the other hand eV sterile neutri-
nos are too heavy to be consistent with the cosmological mass bounds. However, it has been
noticed in [254] that massive sterile neutrinos might partially alleviate the tension between
Planck and local Universe observations. Compared to the base-ACDM model, adding sterile
neutrinos increases the value of the Hubble constant, making it compatible with the measure-
ments of the Hubble Space Telescope; at the same time additional massive neutrinos lower
og (the rm.s. of density fluctuations on a sphere of 8 h™'Mpc), consistently with the value
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preferred by lensing and clusters measurements. Finally we note here that lensing and clus-
ters measurements may provide a detection of a non-zero effective mass meg = (0.67 £ 0.18)
eV [273].

Given this partially contradictory situation and the existence of the laboratory anoma-

lies, it is necessary to study the physical conditions under which the sterile neutrino production
can occur in the early Universe. As already mentioned, sterile neutrinos are produced in the
primordial plasma by mixing with the active species. Therefore, in order to assess their abun-
dance, it is necessary to solve the quantum kinetic equations for the flavor evolution of the
active-sterile neutrino ensemble.
Flavor evolution for the active-sterile system. It is commonly assumed that ster-
ile neutrinos v are produced in the early Universe via mixing with the other neutrino
species Ve, v, v, in presence of collisions. Considering only one additional sterile state,
the flavor eigenstates v, are related to the mass eigenstates v; via a unitary matrix U =
U(012, 013,023,014, 024, 634) [294].

The neutrino (antineutrino) ensemble, simultaneously mixing and scattering in the uni-
versal plasma, is described in terms of a 4 x 4 momentum-dependent density matrix op (0p),
in which the diagonal components represent the flavor contents while the off-diagonal ones
encode the phase information and vanish in the absence of mixing. The general evolution
equation for the density matrix op (0p) is the following [295-298]:

dt = [0+ Clp], (2.17)

and a similar expression holds for the antineutrino matrix p. The evolution in terms of
the comoving observer proper time ¢ can be easily recast in function of the temperature
T (see [297] for a detailed treatment). The first term on the right-hand side of eq. (2.17)
describes the flavor oscillations Hamiltonian,

M2 1 E E,
Q= 7*+\/>GF [ < ; +2> +NV:| , (2.18)
my Mgz

where M? = Ut M2 is the neutrino mass matrix, while the terms proportional to the Fermi
constant G encode the matter effects in the neutrino oscillations. At the temperatures of
interest, the primordial plasma is composed almost only by e® pairs. The E, term is related
to the energy density of e pairs and describes their refractive effect. Moreover, since the
neutrino gas is very dense, the neutrinos themselves form a background medium; as a conse-
quence, we must consider neutrino self-interactions, which make the flavor evolution equations
non-linear. Neutrino self-interactions are described by a first order term N,,, proportional to
the difference of the density matrices for v and ©, namely a primordial v asymmetry, which
has a negligible contribution in a standard scenario, and by a second order term E,, which is
proportional to the energy density of v and v. Finally, the last term on the right-hand side
of eq. (2.17) is the collisional term, which is proportional to G% and describes pair processes,
annihilations, and any momentum exchange process. Concerning the mass and mixing pa-
rameters involved in the equations of motion, they can be fixed at the best-fit values obtained
from the global analysis in the active sector [112]| and in the sterile sector [162]. In particular
the active-sterile mixing angle turns out to be O(10°), while the active-sterile mass splitting
is Am2 ~ O (1) V2, much larger than the solar and atmospheric ones.

Production of sterile neutrinos and cosmological implications. For the mass and
mixing parameters preferred by laboratory anomalies, sterile neutrinos are copiously produced

— 37 —



0.8 |

0.6 |

pSS

0.2 |

1 10 10
T (MeV)

Figure 7. Evolution of the sterile abundance pg¢ in function of the temperature 7.

2

by oscillations with the active species [165] and they represent one extra degree of freedom.
Fig. 7 shows the behavior of the sterile component of the density matrix as a function of the
temperature of the Universe T: at T" ~ 30 MeV the active-sterile flavor conversions start and
the sterile neutrino production reaches pss = 1 (which translates into ANeg = 1), in tension
with the cosmological bounds, see egs. (2.15)—(2.16). Furthermore, fixing ANgg to 1 leads
to a strong cosmological bound on meg (see fig. 2 of ref. [255]), which results in a severe
tension with the mass range suggested by laboratory experiments. However cosmological
analyses show a negative correlation between Neg and meg. This anti-correlation suggests
the possibility of reconciling eV sterile neutrinos with cosmology. Indeed, if the production of
sterile neutrinos is suppressed in the early Universe, they do not thermalize and their physical
mass is weighted by a lower abundance. Several mechanisms have been proposed in order
to achieve this suppression. The first one is represented by the introduction of a primordial
neutrino-antineutrino asymmetry term (299, 300] in the equations for the flavor evolution (see
egs. (2.17) and (2.18)). This new term, acting as a type of matter effect, would suppress the
flavor conversions and by that the sterile production. However, in order to accommodate the
cosmological bounds, a very large primordial asymmetry is required, L ~ O(1072). In the
presence of such a large asymmetry, the flavor conversions occur at lower temperature (a few
MeV) around the neutrino decoupling time. Therefore active neutrinos are not repopulated
anymore by collisions and their abundances are depleted. This causes distortions in the
electron (anti-)neutrino spectra which directly participate in the weak interactions ruling the
neutron-proton interconversion. The observable consequence is an alteration to the primordial
abundances of light nuclei predicted by BBN. Recently a different model has been proposed by
several authors [301, 302] in order to achieve an analogous suppression of the flavor evolution
through a new matter term in the equations of motion. This model is based on new secret

— 38 —



interactions among sterile neutrinos only,'” mediated by a new gauge boson. In the presence of
the new interactions, flavor conversions are shifted at lower temperature and sterile neutrinos
are produced resonantly by collisions. BBN and mass bounds strongly constrain the model,
disfavoring values of the mass of the new gauge boson Mx > 1 MeV [304, 305|. Interestingly,
if the new light boson (Myx < 1 MeV) also couples to DM [302, 306-308], secret interactions
will be able to solve the small-scale problems of the CDM scenario. Finally, we mention that
new interactions mediated by a very light (or even massless) pseudoscalar might represent an
escape route to the cosmological mass bounds [309].

2.4.2 keV-scale (Authors: A. Boyarsky, O. Ruchaisky)

It is the keV mass scale sterile neutrinos that could play a very prominent role in cosmology.
A sterile neutrino is a neutral, massive particle and its lifetime can be very long (see the
discussion below). Therefore it is a viable DM candidate. However, to constitute 100% of the
DM its mass should be above 0.4 keV. Indeed, as sterile neutrinos are fermions, they satisfy the
so-called Tremaine-Gunn bound [75], i.e., their phase space distribution in a galaxy cannot
exceed that of the degenerate Fermi gas. This bound is very robust as it makes no assumption
about possible distribution of DM particles inside a galaxy or even in the early Universe. One
can simply estimate the total mass of a galaxy, its size, and the volume in velocity space,
defined by escape velocity and then define the average phase space density within the object.
These quantities are very robust and close to the direct observables. The phase space density
appears to be the largest for dwarf satellite galaxies of the Milky Way (for review see e.g. [310]),
so that these objects provide the strongest bounds. At the same time, dwarf galaxies are
the most DM dominated objects which also reduces the uncertainty in the determination
of the DM mass. Still, there are appreciable astronomical uncertainties in deducing phase-
space density from astronomical observations, and under reasonable assumptions they can be
changed by a factor ~ 2, which has already been taken into account when quoting the above
bound, see e.g. [311-313].

To be a DM candidate, keV sterile neutrinos need to be produced efficiently in the early
Universe. Since they cannot thermalize easily, the simplest production mechanism is via mix-
ing with the active neutrinos in the primordial plasma [177]. What is important, however,
is that sterile neutrino DM is practically always produced out of thermal equilibrium, and
therefore its primordial momentum distribution is in general not given by a Fermi-Dirac dis-
tribution. Indeed, sterile neutrinos in equilibrium have the same number density as ordinary
neutrinos, i.e., 112 cm™3. With the lower bound on the sterile neutrino mass being 0.4 keV,
this would lead to the energy density today psterile,cq = 45 keV/ cm?, which significantly ex-
ceeds the critical density of the Universe periy = 10.5 h? keV/ cm?®. Therefore, sterile neutrino
DM cannot be a thermal relic (unless entropy dilution is exploited, see Section 5), and its
primordial properties are in general different from such a particle.

Assuming the validity of Big Bang theory already below 7' ~ 1 GeV,?° one can re-
late the sterile neutrino mass my and the mixing angle 62 needed to produce the correct
DM abundance. This relation depends on one additional parameter, namely the level of
lepton—anti-lepton asymmetry present in the plasma at the epoch of production. If the lepton
asymmetry is significantly larger than the baryon asymmetry, i.e. if n, = ng/n, = 105,

~

19The cosmological impact of secret interactions among active neutrinos has been discussed, see e.g. [303].
29This hypothesis has never been rigorously proven by any observation. Strictly speaking, the hot Big Bang
model is only valid for temperatures below few MeV, corresponding to Big Bang Nucleosynthesis.
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(M = np/ny = 6 X 10719 is the baryon asymmetry of the Universe),?! the mixing of ster-
ile neutrino with active neutrinos can occur resonantly [314-317| (similar to the MSW ef-
fect [318, 319]). Otherwise, non-resonant production [177, 320] takes place. The non-resonant
production defines a smallest amount of DM that can be produced for given my and 62, while
the resonance may (significantly) enhance it depending on the lepton asymmetry present in
plasma.

The lower bound on the DM mass becomes stronger once a particular production mech-
anism is specified and the corresponding primordial distribution of sterile neutrinos is taken
into account. As the DM particles obey dissipationless Liouville dynamics (neglecting the
baryonic feedback for a moment), the maximum of their phase-space distribution remains
constant. The coarse-grained distribution (i.e., the only one that can be inferred from the
astronomical observations) can only decrease this maximum, see sec. 4.1. This gives a bound
on the mass of the sterile neutrino DM that is stronger by a factor of few than that of a
degenerate Fermi gas, bringing the lower bound to ~ 1 keV or above.

A keV sterile neutrino mixes with ordinary neutrinos. In the presence of sterile neutrinos,
the leptonic weak neutral current is nondiagonal in mass eigenstates [321], so the N can
decay at tree-level via Z-exchange, as N — v;0;v;, where v; and v; are mass eigenstates. The
necessary and sufficient condition for the leptonic weak neutral current to be diagonal in mass
eigenstates is that all leptons of the same chirality and charge must have the same weak T and
T3, which is violated in the presence of sterile neutrinos [321]. Its keV-scale mass makes the
decay N — v,1g0g possible (here a, 3 are neutrino flavors and all possible combinations of
flavors are allowed, including charge conjugated decay channels as N is a Majorana particle).
The total decay width for N — 3v is given by [321-323|:

Tn gy = LN in2 g = (s ) sin?0, (2.19)

9673 4.7 x 1010 sec \50 keV

and one requires that the corresponding lifetime should be much longer than the age of the
Universe. This imposes a bound on the mixing angle 62 [324]:

50 keV
my

5
6? <1.1x10°7 < ) — lifetime longer than the age of the Universe. (2.20)

Already this bound tells us that the contribution of the DM sterile neutrino to neutrino
oscillations driven by dm, ~ mn6? becomes much smaller than the solar neutrino mass

difference y/Am?2 ~ 10~% eV) [189, 325]. Therefore, at least two more sterile neutrinos are

required to explain to observed mass differences if the neutrino masses are due to exactly two
sterile neutrinos, and the lightest active mass is (almost) zero — a non-trivial prediction that
can be checked by the Euclid space mission [274], by CMB-S4 [277|, or by DESI [278].

A further bound on the mixing angle, much stronger than (2.20) comes from a one loop
mediated radiative decay N — v+ that leads to a monochromatic X-ray line signal. If sterile
neutrinos are produced via mixing (whether resonantly, or not) with ordinary neutrinos, their
mass should be below about 50 keV [186, 316|, both to yield the correct DM abundance and
not to produce a too strong decay line. Therefore, in the minimal setting, the mass of DM
sterile neutrinos should be in the range of 0.4 — 50 keV. Note that the lower bound is fairly

21Usually n, and 7y, are thought to be of the same order of magnitude. However, the observational con-
straints on 7z, are very weak (see e.g. [150] and references therein) and allow for asymmetries that are many
orders of magnitude larger than .
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Figure 8. Left panel: Characteristic form of the resonantly produced (RP) sterile neutrino
distribution function for my = 3 keV and various values of the lepton asymmetry parameter
Le = 105(n, — n,)/s. The spectrum for Lg = 16 (red solid line) is shown together with its reso-
nant (dashed) and non-resonant (dot-dashed) components. All these spectra have the same shape for
q 2 3. Right panel: Transfer functions for the spectrum with my = 3 keV and Lg = 16 together
with a CWDM spectrum for my = 3 keV and Fypy ~ 0.2 (blue dashed-dotted line). Vertical lines

res

mark the free-streaming horizon of non-resonant (kgsy, left line) and resonant (kig, right line) compo-
nents. The green dashed line shows the transfer function for non-resonantly produced sterile neutrino
with my = 3 keV. Reproduced from [330].

universal (if 100% of DM is made of this particle) and does not depend on the production
mechanism, however, taking into account more specific information about the details of the
DM production may be used to derive much stronger bounds from structure formation data.

If (part of) the DM particles are born relativistic, they stream out of the smallest
overdensities, erasing structure on scales below their free-streaming horizon Aps (see e.g. [59]
for a definition). This means that the power spectrum of sterile neutrino DM is suppressed
at scales below Apg (as compared to a CDM power spectrum with the same cosmological
parameters). For example, the suppression of the power spectrum of density perturbations due
to the non-zero masses of active neutrinos (that were relativistic and cooled down during the
matter-dominated epoch) is at the few per cent level (see e.g. [268]). The situation is different
if particles were born relativistically, but cooled down and became non-relativistic while deeply
in the radiation dominated. Such DM candidates are called warm DM (WDM), although their
spectrum may not even necessarily be thermal. The free-streaming of WDM particles modifies
the primordial spectrum of density perturbations in the epoch when these perturbations are
still linear. Once the WDM particles became non-relativistic, their evolution is governed by
the same dynamics as that of conventional CDM. The suppression of power for WDM particles
however occurs on smaller scales than for the massive active neutrinos (below a comoving Mpc
or similar). These scales are significantly less constrained by the current cosmological data.
Currently two major methods are used: (1) the Lyman-« forest (see e.g. [59, 326-332|) and
(2) studying the properties of sub-structures in the Local Group [58, 313, 333-342]. These
methods are subject to large statistical and systematic uncertainties [59]. Based on the current
observational limits, the scales of interest for WDM range from 1 Mpc (comoving scale) to
tens of kpc. At the Mpc scales the suppression of the power spectrum as compared to the
standard (ACDM) prediction cannot be more than tens of per cent, but at smaller scales
(order 100 kpc or below) the suppression can be stronger. Current constraints are discussed
in a recent review [343].

The production of the DM sterile neutrino via mixing becomes most efficient at tem-
peratures T ~ 150 — 500 MeV [177, 315, 320, 324| resulting in the population of “warm”
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DM particles. Resonant production, in turn, results into an efficient conversion of an excess
of ve(7e) into DM neutrinos N [314, 316]. While non-resonant (NRP) oscillations result in
(quasi-) thermal momentum distribution [320, 344], resonantly produced (RP) sterile neutri-
nos are typically much colder and the dispersion of their momentum distribution is also much
smaller than thermal (see fig. 8, left panel). Therefore, resonantly produced sterile neutrinos
behave in some sense like a mizture of a cold and warm DM (CWDM) over some range of scales
(see fig. 8, right panel). As resonant production does practically not depend on the coupling
constant between active and sterile neutrinos (that is why it is so efficient), for DM particles
produced in that way this coupling is not fixed by the DM abundance (as opposed to the non-
resonant case) and it could even be smaller. The expected flux of X-ray photons, produced by
decays of DM particles in galaxies and clusters is, on the contrary, always proportional to this
coupling constant. Therefore, the bounds from X-ray observations are relaxed for resonantly
produced sterile neutrinos. It has been demonstrated in [58, 59, 330, 345-347| that resonantly
produced sterile neutrino DM is fully compatible with all existing astrophysical and cosmo-
logical observations but, at the same time, it is “warm” enough to suppresses sub-structures
in Milky-Way-size galaxies, consistent with observations [58]. Therefore, the value of lepton
asymmetry present in the plasma at these temperatures is an important parameter for such
type of DM. It defines the fraction of CDM (when the spectra are approximated as CWDM
mixture) and also the lifetime of the DM particles.

2.4.3 MeV-scale (Authors: S. Pascoli, N. Saviano)

Heavy sterile neutrinos N;, ¢ = 4,5, ..., with masses M; in the range O(1 — 100) MeV and
mixing with active neutrinos (with |Uy,;| < 1) emerge in low scale seesaw models in order to
explain neutrino masses, as for instance in the ¥MSM (Neutrino Minimal Standard Model —
see [186] for a review). They have many possible experimental signatures depending on their
masses and mixing angles.

Bounds on these heavy sterile neutrinos are obtained from several terrestrial exper-
iments (as first obtained in [127, 172, 173, 348|; for detailed reviews see ref. [170] and
also [64, 71, 349]). For masses up to ~ 3 MeV, kink searches [127] pose model-independent
bounds on U.4 down to ]Ue4\2 < 1073 and for heavier masses the strongest limits are due to
peak searches, looking for the spectrum of electrons in pion and kaon decays, as strong as
|Ues]? < few x 1078 around (60-100) MeV [85, 127, 172, 173, 348, 350]. For heavier masses,
constraints are obtained from looking for the decay products of these sterile neutrinos in
accelerator experiments. If of Majorana nature, they would also induce neutrinoless double
beta decay which currently provides the strongest bound, |Ug4|? < 1078 at 100 MeV. It should
be pointed out that this latter limit could be evaded if a cancellation of the sterile neutrino
contributions to the decay takes places, for instance due to the interplay among different
sterile neutrinos or due to additional lepton number violating processes. For mixing with
muons, peak searches [127, 172, 173| provide the most stringent bounds on |U,4|* using pion
decays, |Uy|? < few x 1072, and kaon decays, |Uy4|? < 10741079, depending on the heavy
neutrino mass [85, 351]. Mixing with tau neutrinos is significantly less known, with bounds
coming only from searches of decays of heavy neutrinos, |U,4|> < 10~* at 100 MeV. Further-
more, since N; mix with active neutrinos, they can, in principle be emitted by core-collpase
supernovae. In this context limits have been placed from the SN 1987A observation, requiring
that the SN core should not emit too much energy in the IN; channels, since this additional
energy-loss would shorten the observed neutrino burst [352, 353]. Furthermore, in [354] the
possible role of heavy sterile neutrinos in enhancing supernova explosions has been discussed.
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In this section, we focus on the constraints on N; that can be placed from cosmological
arguments. The basic idea is that N; can be produced in the Early Universe by the mixing with
active neutrinos, and then decay into lighter species. For sufficiently large mixing angles, they
would reach equilibrium and decouple at a temperature higher than that of active neutrinos
by a factor ]Uai|2/ 3. For smaller mixing, they would be produced by decoherence in the
active neutrino processes, and even a small fraction could lead to very significant effects. In
particular, for masses in the range 1 MeV < M; < M, ~ 140 MeV, the main decay channels
are N; — 3v and N; — vete™ with a decay rate of [322]:

1 a\2 2
oo LRI o (2.21)
where we have considered the neutral current contribution, and ¢§ = 1/2 + sin? Oy, g7 =
-1/ 2+sin? Oy, gr = sin® Oy If N; mix with electron neutrinos, the decay N; — vete™ would
receive an additional contribution from the charged current interactions. The decay products
of the sterile neutrinos are injected into the primordial plasma, increasing its temperature and
shifting the chemical equilibrium. Depending on their mass and mixing, the IN; would decay
in different cosmological epochs affecting different observables. For masses heavier than that
of the pion additional decay channels are kinematically allowed, e.g. N; — 7v, N; — n¥e(p).
They dominate with a much faster decay rate. Here, however, we restrict our discussion to
heavy neutrino masses below the pion threshold.

The decay of N; into active neutrinos and other particles, occurring during or shortly be-
fore BBN, would influence the abundances of light elements through indirect and direct effects.
The decays into electrons and positrons will inject more energy into the electromagnetic part
of the primeval plasma, thereby slowing down the cooling of the Universe and affecting the
neutron-to-proton ratio which rules the abundance of the primordial yields [62, 71, 352, 353].
Concerning the decay into neutrinos, the injection can modify the spectra of the active species
which directly participate in the charged current interaction governing the proton-neutron in-
terconvention, and consequently the BBN products. Moreover, the decay products could
directly dissociate nuclei that have already formed. The most updated bounds from BBN
have been discussed in [62] where it has been shown that, in the region of masses 1 MeV
< M; < 140 MeV, primordial nucleosynthesis restricts the lifetime of sterile neutrinos to be
well below 1 sec. For higher values of the mass of N; the bounds would relax since ster-
ile neutrinos can decay also into heaver species, and the branching ratio into 3v becomes
sub-dominant.

If N; decay after BBN, one can make use of the Hubble constant, of Supernovae Ia lu-
minosity distances, of the Cosmic Microwave Background shift parameter, as well as of mea-
surements of the Baryon Acoustic Oscillation scale to set bounds on the mixing parameters.
Indeed, the decay of additional heavy neutrino species can modify the Universe expansion rate
between BBN and recombination, thereby causing entropy production diluting the density
of ordinary neutrinos and producing extra radiation affecting the value of N.g. Specifically,
they would produce a highly non-thermal component of active neutrinos whose distribution is
dictated by the kinematics of the heavy neutrino decay and which is severely constrained by
the amount of dark radiation allowed at recombination. Information on the early expansion
rate, e.g. from Baryon Acoustic Oscillations, essentially imposes that the decay time needs
to be faster than 0.1 s. A very detailed recent analysis in [355] finds that the bounds are as
strong as |Uas|? < 1071410717 for M; ~ 1 MeV-100 MeV.
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These bounds are much stronger than those which can be obtained in terrestrial experi-
ments, discussed briefly above. However, they can be evaded in nonstandard particle physics
and/or cosmological scenarios. A possibility would be to consider a low-reheating model in
which the temperature at the end of inflation, the so-called reheating temperature Try, is
low enough < 100 MeV [356]. The abundance of sterile neutrinos becomes very suppressed
with respect to that obtained within the standard framework, allowing to relax the previous
bounds. For M; > 1 MeV, another option is to consider heavy sterile neutrinos which have
additional interactions so that they decay much faster than in the standard case, I';” l<i1s,
and their decay products become thermalised before BBN.

2.4.4 GeV-TeV-scale (Authors: A. Ibarra)

The stringent limits on the mixing angle of sterile neutrinos with mass in the keV-MeV range
reviewed in the previous section from Big Bang Nucleosynthesis or from the Cosmic Mi-
crowave Background totally disappear when the mass is larger than ~ 1 GeV. Nevertheless,
heavy sterile neutrinos can still play an important role in cosmology. If the sterile neutrino
is short lived on cosmological time scales, its out-of-equilibrium decay generates a cosmic
lepton asymmetry provided C' and C' P are violated which requires the existence of more than
one sterile neutrino state in Nature. Moreover, if the decays occur earlier than ~ 10712 s
after the Big Bang, when the sphalerons are still in thermal equilibrium, the lepton asym-
metry can be efficiently converted into a baryon asymmetry, thus providing an explanation
for the matter-antimatter asymmetry observed in our Universe [150]. This is the renowned
leptogenesis mechanism [357], which will be reviewed in the next subsection. On the other
hand, if the sterile neutrino is very long-lived on cosmological time scales, it contributes to
the DM of our Universe. The longevity of the DM particle implies that the mixing angle
with the active neutrinos must be tiny, which in turn implies that DM thermal production
via active-sterile oscillations is highly inefficient. Thus, other mechanisms must then be at
work in order to generate the observed DM abundance Qpyh? ~ 0.12, as measured by the
Planck satellite [164]. Regardless of how the DM particle was produced, this scenario has
phenomenological interest since the decay of the DM particles could lead to experimental sig-
natures through the observation of an excess in the fluxes of cosmic antimatter, gamma-rays,
or neutrinos with respect to the expected astrophysical backgrounds (for a review, see [358]).

The most distinctive signal of sterile neutrino decay is the gamma-ray line at £ = My /2
produced in the one-loop decay N — ~yv. The predicted partial decay width reads [322, 359|:
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where agy = 1/137 and G = 1.166 x 107° GeV 2. Gamma-ray lines have been searched for
using data collected by the Fermi-LAT [39], as well as by the H.E.S.S. [360] and MAGIC tele-
scopes [361]. The strongest limits on the inverse decay width read F;,} > 10% s for a DM mass
in the range of 10-600 GeV [39] and I';,} = 4x 10%7 s for my = 1—-30 TeV [358], with practically
no sensitivity to the choice of the DM halo profile. These limits in turn translate, respectively,
into sin @ < 1.4 x 10-24 (M /100 GeV) ™2 and sin 6 < 2.2 x 10726 (My /1 TeV) /2,
Complementary limits on the mixing angle can be obtained from the tree-level decays
N — W*T, Zv, when kinematically accessible, which produce a continuum flux of gamma-
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rays, antimatter particles, and neutrinos.. The decay widths of these processes read [362]:
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Numerically, for My > My, Mz, we have:
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Limits on the DM decay width with gauge bosons in the final state were derived in [363]
from an analysis of the diffuse gamma-ray emission using Fermi-LAT data, in [361] from
observations of the dwarf galaxy Segue 1 using the MAGIC telescopes, and in [364] from
Fermi-LAT observations of several nearby galaxies and clusters. Besides, limits from antipro-
tons were derived in [365, 366] from the non-observation of an excess in the antiproton-to-
proton fraction measured by the PAMELA experiment [367|. Lastly, limits from positrons
were derived in [368]| from the AMS-02 measurements of the positron fraction [369] and
the positron flux [370]. All these different observations typically require ng > 10%6s for
my < 10TeV, which translates into an upper limit on the mixing angle sinf < 1.2 x
10726 (M /500 GeV){)’/ %, Tree level decays into weak gauge bosons then provide, for My <
5 TeV, the strongest limits on this scenario, due to the larger branching fraction.

For larger masses, the strongest limits stem from the non-observation of the neutrinos
produced in the two body decay N — Zv. More specifically, limits on the high energy neutrino
flux from AMANDA between 16 TeV and 2.5 x 103 TeV [371], from IceCube between 340 TeV
and 6.3 x 106 TeV [372, 373], from Auger between 10° TeV and 108 TeV [374] and from
ANITA between 106 TeV and 3.2 x 10! TeV [375] typically require I';}, , > 10% —10%" s
for masses between ~ 10 TeV and the Grand Unification scale [376] , which translates into

~3/2
sinf <1.4x 10728 (1(%1;{\, . Clearly, this scenario requires a very strong suppression of

the mixing angle, assuming that the sterile neutrino constitutes to totality of the DM of the
Universe. If the sterile neutrino contributes only to a fraction f of the total DM density, the
previous limits on the mixing angle should be scaled by a factor f/2.

2.4.5 Leptogenesis (Author: P. Di Bari)

The same minimal extension of the SM that can account for neutrino masses and mixing, the
(type I) seesaw mechanism [153-156, 377], can also elegantly explain the observed matter-
antimatter asymmetry of the Universe [150] with leptogenesis [357]. The out-of-equilibrium
decays of heavy RH neutrinos at temperatures above the electroweak symmetry breaking
temperature Tgw ~ 100 GeV, can produce a sizeable B — L asymmetry that, first injected
in the form of a lepton asymmetry, is then partly reprocessed by sphaleron processes into a
baryon asymmetry able to reproduce the observed baryon-to-photon number ratio n, ~ (6.1+
0.1) x 10719 [164]. In the absence of strong mass degeneracies or fine tuned cancellations in
the seesaw formula, the mechanism requires very high masses for the RH neutrinos producing
the asymmetry, M; > 10° GeV [378]. These can be either the lightest RH neutrinos, as in
the original proposal [357], or the next-to-lightest RH neutrinos [379-381], or both [382-385].
In any case this lower bound, even with flavor effects [386, 387| included [388], also implies
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a similar lower bound on the reheating temperature Try > 10° GeV. It is also interesting
that there is an upper bound on the lightest neutrino mass m; < (0.1)eV [381, 389-391]
an upper bound that now cosmological observations, in particular the new results from the
Planck satellite, indicate to be respected.

Within a minimal extension of the SM the scale of leptogenesis can be lowered to the
TeV scale thanks to a resonant enhancement of the CP asymmetries if at least two RH
neutrino masses are quasi-degenerate [392]. In recent years, in the LHC era, much attention
has been devoted to scenarios of resonant leptogenesis that might produce signals at colliders
(e.g. [393]) or large lepton flavor violating rates [394]. These scenarios can be motivated and
embedded within extensions of the SM beyond the minimal type I seesaw scenario such as
the inverse seesaw [237].

An interesting alternative scenario of leptogenesis is offered by the possibility that the
matter-antimatter asymmetry is generated by RH neutrino oscillations [395] instead of decays.
This is realized within a different region of the seesaw parameter space with RH neutrino
masses of a few GeV. The key point of leptogenesis from RH neutrino oscillations is that RH
neutrinos also carry (chiral) asymmetries. These can be generated by RH neutrino oscillations
and then transferred to the active sector by the Yukawa couplings in a way that the total
asymmetry the sum of those in the RH and LH sector vanishes. The violation of total
B — L (involving both chiralities) is suppressed because the asymmetries are generated at
temperatures that are much larger than the B — L-violating Majorana masses, but sphalerons
only “see” the left chiral charges and therefore generate a net B-charge. In this regard, the
scenario is similar to Dirac leptogenesis [396]. In the original proposal [395] it is essential
that one of the two oscillating RH neutrinos thermalizes after sphaleron processes become
inoperative. In this way, RH neutrino mixing can generate opposite asymmetries in the two
RH neutrino species but only that in the thermalized RH neutrino is communicated to the
active sector and then reprocessed into a baryon asymmetry. CP violation in the RH neutrino
mixing, requiring a non-vanishing value of the Jarlskog invariant for RH neutrino mixing, is
a necessary ingredient.

However, in [188] it was noticed that the same coupling between the LH and the RH
neutrino sectors provides an additional source of CP violation that has to be taken into
account. This source — and not CP violation in the RH neutrino mixing — can be responsible
for a generation of an asymmetry able to explain the observed one within the so called
vMSM [189], where the mixing between the two heavier RH neutrinos generate the asymmetry
and the lightest RH neutrino, with mass M; ~ keV, can play the role of (warm) DM. In
this way the model provided a picture where neutrino masses, mixing, DM and matter-
antimatter asymmetry are all explained within just the minimal type I seesaw extension of
the SM [397, 398|.

The scenario requires RH neutrino masses M3 ~ (1-80) GeV and highly degenerate
(|M3 — M| ~ 1075 Ms). Leptogenesis occurs when the oscillating RH neutrinos are ultra-
relativistic at Tp, ~ 10* GeV. In the vMSM, the Dirac neutrino masses are below the keV scale
and, therefore, neutrino Yukawa couplings are all smaller than ~ 1078, reintroducing somehow
the problem of the smallness of neutrino Yukawa couplings that the seesaw mechanism was
supposed to solve. However, despite this price to be paid, the intriguing feature is that the
seesaw formula and the neutrino data enforce a mixing of the RH with LH neutrinos that is
exactly what is needed in order to produce the correct amount of DM in the early Universe.
This would happen at temperatures above MeV, and thus prior to the onset of Big Bang
Nucleosynthesis. On the other hand a sufficient production also requires the presence of a
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large lepton asymmetry resonantly enhancing the active-sterile neutrino mixing. This can
be generated by the leptogenesis mechanism itself, though in this case even more fine tuned
conditions are required in order to have a much smaller baryon asymmetry reproducing the
observed one [399].

If one does not require the lightest RH neutrino to be the DM particle, then the pos-
sibility to reproduce the correct asymmetry with leptogenesis from RH neutrino oscillations
(together with correct light neutrino masses and mixing parameters) occurs for a larger pa-
rameter space. In particular RH neutrino masses can be much heavier than a few GeV [400]
and there is no need for a degeneray in the heavy neutrino masses [401]. This opens up the
possibility to find the heavy neutrinos that generated the BAU at existing experiments [401] or
at the proposed SHiP experiment [402|. In principle, even the relevant source of CP-violation
may be probed [398, 403|, allowing to unveil the origin of matter in experiments. However, it
has also been noticed that in this case a fine tuning in the seesaw formula is then necessarily
required anyway [404].

An alternative possibility to combine DM and Leptogenesis is to fully decouple one of
the RH neutrinos that would then play the role of DM. This has to be induced through
physics beyond a minimal type I seesaw extension, for example from inflation or introducing
the 5-dim effective operator [405, 406]:

AAB

0= Aeff

@[> N§ N, (2.26)

where ® is the SM Higgs field, A4p are dimensionless couplings, and A.g is the scale of new
physics, a simple example being a Higgs portal operator. Leptogenesis could then proceed
within a 2 RH neutrino mixing scenario [385].

Many leptogenesis models relying on extensions of the minimal type I scenarios have
been also proposed (for a recent review see [407]). In some cases these models also offer new
possibilities to explain simultaneously DM the and matter-antimatter asymmetry.

As we discussed, leptogenesis scenarios at low scale, as in the inverse seesaw or in the
vMSM, have the advantage that they can be probed with direct experimental tests that are
already producing important constraints on the parameters of the models. In this respect the
LHC14 stage will be extremely exciting.

It should be said, however, that also high energy scale leptogenesis scenarios might be
testable with low energy neutrino experiments within some specific frameworks. An inter-
esting example is provided by SO(10)-inspired leptogenesis [380, 408-411], which produces
interesting testable constraints on low energy neutrino parameters, especially when a condition
of independence of the initial conditions is imposed (strong thermal leptogenesis) [412-414].

In conclusion we have fully entered an exciting stage where finally we are starting to
test phenomenological consequences from leptogenesis scenarios.
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3 Dark Matter at Galactic Scales: Observational Constraints and Simula-
tions

Section Editors:
Aurel Schneider, Francesco Shankar, Oleg Ruchayskiy

Dark Matter particles were created (or have decoupled from the primordial plasma)
deeply in the radiation-dominated era. Current constraints extracted from cosmological obser-
vations of, e.g., galaxy clustering or the Cosmic Microwave Background (CMB) anisotropies,
rule out the possibility that a significant fraction of Dark Matter particles remained relativistic
up until the matter-radiation equality time. These observations, however, still allow for Dark
Matter to possibly retain significant primordial velocities deeply in the radiation-dominated
epoch. Such Dark Matter models, often labeled as Warm Dark Matter, WDM as opposed to
its non-relativistic counterpart “cold” Dark Matter CDM, are still allowed by current data on
CMB at least at large scales, where they are about indistinguishable.

The difference between cold and warm Dark Matter particles would appear at approxi-
mately galactic scales (co-moving Mpc or below) and it is only recently that such small-scale
effects are starting to be resolvable both observationally and numerically.

The power spectrum at (sub)-Mpc scales can be probed indirectly by the Lyman-« forest
method (see Sec. 4.2). A number of other astronomical observables of both the local and the
high redshift Universe can be sensitive to modifications of the primordial power spectrum.
Examples are the abundance and internal structure of dwarf galaxies, the formation of first
stars, or the process of reionization. Some of these observations have been claimed to be in
tension with the ACDM “concordance” model, and WDM scenarios have been proposed as
promising alternatives.

In this section we will critically discuss some of the main issues around the nature of
Dark Matter and how this can be probed via a variety of astrophysical and cosmological tests.
Our aim is to go through the main “challenger” of small scale structure formation, providing
an overview of the current state of research and discussing how sterile neutrino DM could
alter this picture.

In particular, we will first provide in Sec. 3.1 an overview of the state-of-the-art in this
field, giving a brief but complete framework of the main features of warm versus cold DM
and their validation via galactic observables. We will then move on to discuss the specifics
of each of the topics of current interest to the community. We will start in Sec. 3.2 by
analyzing the so-called “missing satellite problem”; in light of the most recent discoveries and
theoretical approaches. We will continue in Sec. 3.3 by emphasizing the role of CDM and
WDM in shaping the inner regions of galactic and host halo structures. Sec. 3.4 will instead
be specifically devoted to a thorough examination of one of the most recent and puzzling
problems, the so-called “Too-big-to-fail” problem, also in light of the most recent available
data on the rotation curves and number densities of dwarf galaxies in different environments.
We then conclude our journey in Sec. 3.5 in which we consider the kinematics and formation
of subhaloes in WDM cosmologies.

3.1 Astrophysical clues to the identity of the Dark Matter (Author: C. Frenk)

Cold, collisionless particles are the most popular candidates for the DM. There are sound
reasons for this, both from the points of view of astrophysics and particle physics. The
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current standard model of cosmology, ACDM (where A stands for Einstein’s cosmological
constant and CDM for cold DM), is based on this idea. ACDM accounts for an impressive
array of data on the structure of the Universe on large scales, from a few gigaparsecs down
to a few megaparsecs, where the cosmic microwave background (CMB) radiation and the
clustering of galaxies provide clean and well-understood diagnostics. Particle physics provides
well-motivated CDM candidates, most famously the lightest supersymmetric particle, which
would have the relic abundance required to provide the measured DM content of our Universe.

In recent years, an altogether different kind of elementary particle, a sterile neutrino, has
emerged as alternative plausible candidate for the Dark Matter. These particles are predicted
in a simple extension of the Standard Model of particle physics and, if they occur as three,
could explain the observed neutrino oscillation rates as well as baryogenesis. In the neutrino
Minimal Standard Model one of them would have a mass in the keV range and behave as
warm WDM. These particles would be relativistic at the time of decoupling, and subsequent
free streaming would damp primordial density fluctuations below some critical cutoff scale
which varies inversely with the particle mass and, for keV-mass thermal relics, corresponds
to a dwarf galaxy mass.

CDM and WDM models produce very similar large-scale structure and are thus indis-
tinguishable by standard CMB and galaxy clustering tests. However, as is clearly shown in
Fig. 9, they produce completely different structures on scales smaller than dwarf galaxies,
where the WDM primordial power spectrum is cut off whereas the CDM power spectrum
continues to increase (logarithmically).

The search for the identity of the Dark Matter is currently at a very exciting stage, with
tentative, mutually exclusive, claims for detections of CDM [415] and WDM [190]. While
eagerly awaiting developments on the Dark Matter particle detection front, it is incumbent
upon astrophysicists to develop tests that could distinguish between the two frontrunner
candidates. A glance at the figure suggests that such a test should not be too difficult: the
two simulated galactic Dark Matter haloes look completely different. In CDM, there is a very
large number of small subhaloes whereas in WDM only a handful of the most massive ones
are present. Surely, it cannot be beyond the ingenuity of observational astronomers to tell us
whether the Milky Way resides in a halo like that on the left or in one like that on the right
of the figure!

It turns out that distinguishing CDM from WDM merely by counting the number of small
satellites orbiting the Milky Way (or similar galaxies) is not possible once galaxy formation is
taken into account. This is because there are two physical processes that inhibit the formation
of galaxies in small haloes: the reionization of hydrogen in the early Universe heats up gas
to a temperature higher than the virial temperature of small haloes (a few kilometers per
second) and, in slightly larger haloes where gas can cool, the first supernovae explosions expel
the remaining gas. Models of galaxy formation going back over 10 years, see e.g. [416, 417]
and more recent simulations, confirm this conclusion. In fact, if anything, requiring that a
galactic halo should contain at least as many subhaloes as there are observed satellites in the
Milky Way sets a lower limit on the mass of WDM particle candidates [340]. A similar limit
can be placed from the degree of inhomogeneity in the density distribution at early times as
measured by the clustering of Lyman-a clouds [331].

Other tests based on the observed properties of Milky Way satellites also fail to dis-
tinguish CDM from WDM. In CDM, haloes and subhaloes have cuspy “NFW” [418| density
profiles, while in WDM one would expect cores to form in their inner regions. However,
detailed calculations show that such cores would be much too small to be astrophysically rel-
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Figure 9. N-body simulations of galactic haloes in universes dominated by CDM (left) and WDM
(right; for a particle mass of 2 keV). Intensity indicates the line-of-sight projected square of the density,
and hue the projected density-weighted velocity dispersion. (Figure similar to Fig. 3 in Ref. [58].)

evant [342]. Another test is offered by the “too-big-to-fail” argument [53] that CDM N-body
simulations predict a population of massive, dense subhaloes whose structure is incompatible
with the observed kinematics of stars in the brightest Milky Way satellites. WDM models
neatly avoid this problem because the inner densities of subhaloes are slightly less dense
that those of their cold Dark Matter counterparts, on account of their more recent formation
epoch [58] (which has also shown in connection to the 3.5 keV hint [419]). However, baryon
physics produce similar effects in CDM subhaloes [420)]

At present, the best strategy for distinguishing CDM from WDM would seem to be the
use of gravitational lensing. There are two complementary techniques that could reveal the
presence of the myriad small subhaloes predicted to exist in the haloes of galaxies by CDM
simulations: flux ratio anomalies and distortions of giant arcs. Whether these techniques will
work in practice is still an open question.

3.2 Missing dwarf galaxies (Author: N. Menci)

The abundance and the properties of low-mass galaxies and in particular of satellites have
long been constituting a challenging issue for CDM galaxy formation models. The latter
connect the physical processes involving gas and star formation to the merging histories (and
hence to the power spectrum of density perturbations) of Dark Matter haloes [421-428|.

The large amplitude of the CDM spectrum on small mass scales M < 5 x 107 My, a
characteristic of dwarf galaxies, results into the following critical issues for galaxy formation
models:

(a) The predicted abundance of local low-luminosity dwarfs exceeds the observed values
unless a strong energy feedback — heating the gas and suppressing star formation — is
assumed , see e.g. [429-431]. However, at high redshifts the larger escape velocities
of galaxies (due to their larger densities) make the feedback inefficient in suppressing
star formation even in low-mass objects. This results into an over-prediction (of factors
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~ 5) of faint galaxies increasing with redshift when compared, e.g., to the evolution of
the K-band luminosity function for 1 < z < 3 [see 432, and Fig. 10| or with the faint
Lyman-break galaxies [433] at z = 3; the excess of star-forming low-mass galaxies at
z 2 3 reflects into an excess of red low-mass galaxies at z ~ 0 [427, 434].

The number of galaxies with stellar mass M, < 10'°M, in the Universe is systematically
overpredicted (by a similar factor) by all theoretical CDM models [435-438| in the whole
redshift range 1 < z < 3 [439).

The local distribution of galaxy rotation velocities (velocity function) predicted by CDM
models is characterized by an excess of galaxies in the low-velocity end [440]. Since the
rotation velocity directly probes the depth of the potential wells rather than the their gas
or stellar content, the velocity distribution is less prone to the effect of energy feedback
(which enters only in selection effects or in determining the shape of the velocity curve),
this is considered as a challenging issue for solutions based on feedback effects.

As for satellite galaxies, long standing problems of CDM scenario (or, at least, points that
require the improvement in the implementation of thedifferent baryonic processes) include:

(d)

The mass and luminosity distributions of satellite galaxies predicted by simulations and
by semi-analytic models tend to exceed the observed abundances [46, 339, 441]. The
improved implementation of processes involving baryons — such as heating or winds
caused by Supernovae explosions or by the UV background — may be effective in sup-
pressing star formation (SF) in the low-mass haloes of satellite galaxies at low redshifts
z < 1[50, 417, 442-445] thus reducing the discrepancy. However, recent observational
results for larger samples of central galaxies are still in tension with the predictions of
CDM models [446]. In addition, reducing the number of detectable satellites through
feedback processes results in hosts that are too massive to be accommodated within
measured galactic rotation curves [447|, and it still does not avoid over-producing low-
mass galaxies at redshifts z 2 1.

CDM models predict most (in fact, more than 80% [448]) of satellite galaxies to be
quiescent, with low specific star formation rates, SSFR < 10~!! yr~! while observa-
tions indicate a much lower fraction ~ 30% [449-453] for satellite galaxies with stellar
mass in the range 108 My < M, < 10'° M, as shown in Fig. 10 (right). The dis-
crepancy is generally ascribed to the implementation of the various baryonic processes
contributing to the quenching of star formation in satellites, like the stripping of hot
gas [430, 454-457] due to the pressure of the gas in the host halo. However the persis-
tence of such a problem in the most recent semi-analytic models [458-460] and N-body
hydrodynamical simulations [460-462| indicates that it constitutes a major challenge
for all CDM galaxy formation models, and a fundamental problem in understanding
the evolution of low-mass galaxies [460]. A solution has been recently sought in the
implementation of star formation [463], in reincorporation time-scales of the hot gas
ejected by SNae winds [464], or in a delayed and gradual stripping of hot gas from satel-
lites [438, 465, 466], but none of the proposals proved to be completely successful. This
is because a gentle mode of strangulation should be at work in order to support cooling
and star formation in satellite galaxies for several Gyr. Phenomenological estimates of
the quenching time scales required to comply with the observed quiescent fraction of
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satellites yield values in the range 3—6 Gyr [450, 467-469], and is not easy to obtain such
a delayed and gentle quenching time scale from a physical modelling of gas stripping.

On the other hand, Ref. [470] has shown that the long quenching time scales may be
understood in terms of a starvation scenario. However, this paper mainly deals with
the satellites in the local group and it is meant to explain the small values of the
quiescent fraction in such a group, while the problem is that — when all the host haloes
are considered — the CDM quiescent fraction is instead too high. Still they show that
starvation can actually be relevant for satellites with masses larger than 10%M, while
for smaller galaxies the authors suggest ram-pressure stripping to be more efficient in
getting — however — short quenching times (i.e., still below 2 Gyr).

While a solution in terms of refined treatment of baryonic processes is still possible,
several authors have considered the possibility that the problem is rooted in the CDM power
spectrum, and explored the effects of suppressed small-scale perturbations. Alternative DM
models such as warm and mixed DM would naturally lead to a suppression of the power
spectrum at small scales, resulting in a reduced dwarf galaxy abundances [471, 472]. This
could be in better agreement with observations [335, 337, 473|, as shown in Fig. 10 (left
panels) for the case of a WDM spectrum corresponding to a thermal relic particle mx = 1
keV. Assuming a WDM spectrum also yields a quiescent fraction of satellite dwarf galaxies
in agreement with observations. In fact, the delay in the average collapse time of the first
structures in WDM scenarios results into a prolonged star formation history in small mass
objects, thus yielding a larger fraction of star-forming low-mass satellites at low redshifts
compared to the CDM case [474], as shown in the right panel of Fig. 10.22

The improvement in the dwarf and satellite abundances and passive fraction compared
to the CDM case illustrated in the figure requires a WDM suppression of the CDM power
spectrum corresponding to thermal relics 1 < myx < 3 keV [334, 473, 474, 479|. Indeed, a
thermal relic mass mx = 1.5 keV, corresponds to that produced by (non-thermal) sterile
neutrinos with mass my =~ 6 — 7 keV (depending on the production mechanism). These
constitute the simplest candidates, see e.g. [480] for a Dark Matter interpretation of the origin
of the recent unidentified X-ray line reported in stacked observations of X-ray clusters with
the XMM-Newton X-ray Space telescope with both CCD instruments aboard the telescope,
and the Perseus cluster with the Chandra X-ray Space Telescope [190, 191]. Such a value
is consistent with lower limits (mx > 1 keV for thermal relics at 20 level [481]) derived
from the density of high-redshift galaxies set by the two objects already detected at z ~ 10
by the Cluster Lensing And Supernova survey with Hubble (CLASH). However the thermal
relic equivalent mass of sterile neutrinos inferred from X-ray observations is only marginally
consistent with the limits set by different authors (mx > 2.3 keV [482]; mx > 1.5, [341];
mx > 1.8, [313]) from the abundance of ultra-faint Milky Way satellites measured in the
Sloan Digital Sky Survey, see e.g. [483], and definitely in tension with the constraint derived
by comparing small scale structure in the Lyman-a forest of high-resolution (z > 4) quasar
spectra with hydrodynamical N-body simulations which yield bounds ranging from myx = 1.8
tomx 2 3.3 keV [327, 329, 331, 332|. Note however that various uncertainties may still affect
the constraints (see discussions in [484-486]): the comparison of subhaloes to Milky Way
dwarfs assumes a factor ~ 4 correction for the number of dwarfs being missed by current

2ZNote that the result on the right panel has not been published, but the quiescent fraction for this case
was instead computed specifically for this White Paper. However, the model adopted is exactly that used to
compute the results in ref. [474]. All details on the model can be found therein.
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Figure 10. Top Left Panel: The evolution of the K-band luminosity functions in the WDM cosmology
(solid line) is compared with data from [432]. Dashed line refer to the standard CDM case. Bottom Left
Panel: The evolution of the stellar mass function in the WDM cosmology (solid line) is compared with
the standard CDM case (dashed); data are from [475] (squares), [435], and [439]. In both the upper
and the lower left panels, the arrows show the range of magnitudes and stellar masses corresponding
to the free streaming mass. Right Panel: Satellite quiescent fraction at different stellar masses. Data
are from [450], red triangles; [451], green squares; Ref. [449] and [453], blue dots; [448], yellow crosses.
These are compared with predictions from a WDM model [474] and from different CDM models in
the literature: the MORGANA model [476, grey dot-dashed line]; the Millenium-based SAM [477,
blue short-dashed line|; the [478] code (purple dashed line); the Millenium-based model [438], petrol
solid line (taken from [451]); the Rome model [474], solid line.

surveys, and lower correction factors would appreciably weaken the constraints; Lyman-c« is
also a challenging tool, as it requires disentangling the effects of pressure support and thermal
broadening from those caused by DM spectrum, as well as assumptions on the thermal history
of the intergalactic medium and of the ionizing background.

3.3 Inner density profiles of small galaxies and the cusp-core problem (Author:
W. Evans)

Cosmological ACDM simulations provide galaxy-scale structures that are too compact. One
manifestation of this is that the inner density profiles of simulated haloes follow a power-law
cusp p ~ r~® with o ~ 1. This result was first obtained by [418, henceforth NFW], and it has
survived the mammoth increases in computing power and resolution over the two succeeding
decades, see e.g. [339, 487]. Cusps are a fundamental feature of dissipationless simulations,
arising from the intrinsic coldness of the velocity distributions.

As this is an unambiguous prediction of ACDM, much effort has been expended on
testing it. Large galaxies like the Milky Way are dominated by baryons in the center [488, 489].
The uncertain effects of the growth of baryonic disks, bars, and bulges may have altered and
homogenized the Dark Matter distribution, possibly erasing any cusps. So, the best testing
ground are dwarf and low surface brightness galaxies, as here any effects of baryonic feedback
are smaller.
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Dwarf spirals and low surface brightness galaxies are usually endowed with abundant
neutral hydrogen. Here, the gas rotation curve can be directly linked to the matter distribu-
tion, dominated by Dark Matter. Possible problems may include non-circular motions, the
ambiguous position of the center and the resolution of the data [490]. However, high resolution
Ha rotation curves, where available, show excellent consistency with gas rotation curves [491],
suggesting beam smearing is not a significant obstacle. Recent surveys like THINGS (“The
HI Nearby Galaxies Survey”) have acquired very high spectral and spatial resolution data
form the VLA (Very Large Array) on 34 galaxies. The quality of this data has overcome most
of the problems and led to robust conclusions. For example, [492] studied the dIrr galaxies
IC 2574 and NGC 2366, correcting for non-circular motions, and concluded that both are best
described by dark halo models with a kpc sized density core. Ref. [493] looked at seven dwarf
galaxies in the THINGS sample and showed that the rotation curves are gently rising in the
inner parts, consistent with core-like models with a = —0.29 £ 0.07, significantly different
from the o = —1 value from dissipationless simulations. This situation seems to persist in
low surface brightness (LSB) galaxies as well. This is a particularly important regime to
study as the large extent and low stellar density of LSB galaxies does not readily permit the
Dark Matter to be re-distributed via feedback from star formation. Ref. [494] presented 30
high resolution HI rotation curves for LSB galaxies. They fitted the data with both cored
pseudo-isothermal and cusped models, and found the former to be preferred. Even for the
cusped fits, the distribution of concentrations has too low a mean to match the predictions
of simulations.

Dwarf spheroidal (dSph) galaxies have also been studied intensively. These galaxies are
highly DM-dominated, but have little or no HI gas, and so the mass profile must be deduced
from stellar dynamical modelling. This procedure is susceptible to well-known difficulties,
such as the mass-anisotropy degeneracy [495]. However, dSphs have the advantage that
they are some of the closest galaxies to the Milky Way, and so samples of radial velocities
of bright giant stars can be easily gathered. The size of such samples has increased from
hundreds to thousands in recent years [496, 497|. It was soon realized that, for a single stellar
population, only the mass within the half-light radius is well-constrained [498|, and the data
cannot discriminate between cores and cusps [499]. However, many dSphs are built from
multiple populations of stars, typically at least metal-rich and metal-poor ones. If the surface
brightness and line-of-sight kinematics of two or more populations can be measured, then the
degeneracy in the data is broken. Ref. [500] used statistical techniques to separate the metal-
rich and metal-poor populations in the Fornax and Sculptor dSphs. Using a simple estimator
for the mass enclosed within the half-light radius of each population, they demonstrated that
the central density slopes were shallower than NFW and consistent with cores of size several
hundred kpc. Ref. [501] used full phase space distribution functions to model the multiple
populations in Sculptor and demonstrated that cored halo models are very strongly preferred
over cusped ones. Subsequently, Ref. [502] found a way of recasting the arguments in terms
of the virial theorem, which has the benefit of robustness and generality. Ref. [503] applied
the virial method to Fornax and found a core size of lfgzi kpc. At least for two of the
largest dSphs around the Milky Way, therefore, the data point unambiguously towards cores.
Although [504] did construct fits to Sculptor using NFW haloes, this work remains open to
the objection that the data are not well matched in the center, where the velocity dispersions
of the two populations are too high (a typical failing of all cusped models).

Given the unambiguous results from observations, a number of investigators have used
simulations to explore whether baryonic feedback could erase a cusp and generate a core. Early
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calculations [505], assuming a single burst of star formation which generates a baryonic wind,
showed that the energetic requirements are formidable. However, simulations of multiple
bursts of star-formation demonstrated that cusps could be smoothed away [506]. For example,
Ref. [507]| presented SPH and N-body simulations including star formation and supernova
driven outflows. They showed that repeated gas outflows and bursty star formation can cause
the central density of the Dark Matter to become cored. The rapidly changing potential in
simulations, caused by outflows of expanding gas from bursts of star formation, can transfer
energy into the collisionless Dark Matter particles and generate a Dark Matter core [508]. It
now seems clear that this process can operate in simulations, but it is not yet evident that
the simulations do accurately reproduce the difficult physics of star formation and supernova
driven winds. Feedback problems are most acute for LSB galaxies, as star formation is minimal
and inefficient when gas density is low. LSBs are typically metal-poor and dust-free, both
implying that they form comparatively few stars over a Hubble time. Additionally, supernova
winds cannot expel gas from the high mass end of the LSB galaxy sequence. It is therefore
a substantial challenge to use feedback to erase cusps in all LSB galaxies, even if the process
can be made to work for dwarfs [509].

WDM (such as sterile neutrinos) does naturally produce cores. The Dark Matter phase
space density is finite if the Dark Matter temperature is finite. If the Dark Matter is col-
lisionless, then Liouville’s theorem guarantees that the phase space density cannot increase.
So, haloes are expected to have cores if the Dark Matter is not cold |75, though the cores do
not appear to be large enough to satisfy the data on LSB galaxies [335, 342, 510]. WDM also
delays the collapse of dwarf-sized haloes and their associated star formation to later epochs.
It remains unclear whether WDM is more successful than CDM in reproducing the intrinsic
properties of dwarf galaxies.

3.4 Too-big-to-fail (Author: E. Papastergis)
3.4.1 Introduction and background

The too-big-to-fail (TBTF) problem is a small-scale cosmological challenge to the ACDM
paradigm. It posits the issue that it may not be possible to simultaneously reproduce the
observed number density and internal kinematics of dwarf galaxies within the ACDM model.
The TBTF problem is closely related to the “missing satellites” and “cusp-core” problems,
since it is formulated in terms of both the abundance of galaxies as well as their kinematic
properties (see Secs. 3.2 and 3.3). At the same time, the TBTF challenge represents a stronger
theoretical issue for ACDM than either of the two aforementioned problems on their own. This
is why the TBTF problem has become one of the most active topics of research in extragalactic
astronomy today.

The TBTF problem was first identified in the population of Milky Way (MW) satel-
lites [53, 54]. In particular, it is natural to expect that the bright (or “classical”’) MW satellites
would be hosted by the most massive subhaloes of the MW. Boylan-Kolchin et al. used the
Aquarius [511] and Via Lactea II [512]| simulations to show that the largest subhaloes of a
MW-sized halo are “too massive”?? to accommodate the observed kinematics of the bright
MW satellites (Fig. 11). Following the initial formulation of the TBTF problem in the con-
text of the MW, several non-cosmological solutions were quickly identified. For example,
the TBTF problem would likely not occur if the virial mass of the MW was relatively low
(Myirmw S 1% 1012 M), or if the MW was a statistical outlier [513-515].

23To be more precise, the massive subhaloes in the Aquarius and VL II simulations were found to be “too
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Figure 11. The solid curves represent the rotation curves of massive subhaloes of a MW-sized halo in
the Aquarius DM simulation. The datapoints correspond to measurements of the rotational velocity
of bright MW satellites at the half-light radius, Viet(71/2). Note how most of the expected hosts of
the bright MW satellites are “too massive” to be accomodated within the measured kinematics of the
satellites. (Reproduced with permission from [54].)

However, the MW does not seem to be a unique case. Ref. [516] showed that the same
TBTF problem is encountered in the satellite population of the Andromeda galaxy (M31). In
addition, [517] and [518| have argued based on SDSS data that the MW’s satellite population
is typical for a galaxy of its size. Overall, it seems that a comprehensive solution of the
TBTF problem should be applicable to the satellite population of any MW-like galaxy. Such
a solution has recently been put forward by [55, 519, 520]. In particular, they showed that
subhaloes in hydrodynamic simulations are more vulnerable to tidal stripping than their
DM-only counterparts. Efficient stripping can lower the DM density in the inner parts of
massive subhaloes compared to the DM-only case, resulting in kinematics that agree with the
measurements for MW satellites, see Fig. 3 in [55].

This baryonic solution to the satellite TBTF problem has been well received by the
community, because it is physically well-motivated and broadly applicable. At the same
time, it relies on satellite-specific environmental processes that are not expected to operate
on isolated galaxies. As a result, it is of key scientific importance to test whether the TBTF
problem is encountered also for dwarf galaxies in the field. To this end, Ref. [521] measured
the stellar kinematics of a sample of seven non-satellite dwarfs in the Local Group (LG;
within ~1.5 Mpc from the MW). They found that their kinematics do not differ from the
kinematics of MW satellites of the same luminosity. This constitutes indirect evidence against
the Zolotov & Brooks mechanism, which requires the massive subhaloes of the MW to be
heavily stripped. Furthermore, [522] compared the stellar kinematics of the Kirby et al. [521]
dwarfs with the kinematics of the largest haloes present in a simulated LG analog (ELVIS
simulation [523]). They found once again that the expected hosts of the LG dwarfs were

dense” to accommodate the kinematics of the bright MW satellites. That is, the dynamical mass enclosed
by the half-light radii of the MW satellites is too low to be compatible with the mass profiles of the largest
subhaloes in a MW-sized system.
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Figure 12. The upper gray band represents the typical range for the rotation curves of haloes with
My, = 10'° M. These haloes are the least massive haloes that are expected to host detectable
galaxies in a ACDM universe, according to AM. The colored points represent the rotational velocity
of a sample of dwarf galaxies, measured at the outermost point of their HI rotation curve (Vo (Rout))-
Similarly to what seen in Fig. 11, the expected ACDM hosts of dwarf galaxies are “too massive” to be
compatible with the galaxies’ observed kinematics. Unlike Fig. 11, most of the dwarfs plotted here
are fairly isolated galaxies in the field. (Reproduced with permission from [524].)

to massive to be compatible with the measured dwarf kinematics, see Fig. 7 in [522|. Their
finding demonstrated that the TBTF problem is relevant for both satellites and non-satellite
galaxies in the LG.

Even earlier, [524] obtained compelling evidence that the TBTF problem is also present
for dwarf galaxies in the field. Ferrero et al. [524] assigned ACDM haloes to galaxies such that
the number density of galaxies in SDSS as a function of their stellar mass is reproduced. A
quantitative galaxy-halo connection under this constraint can be derived statistically, using
the technique of abundance matching [AM; 525|. In a ACDM universe, AM predicts that all
detectable field galaxies (M, > 106 — 107 M) should be hosted by relatively massive haloes
(Vi max2, 45 km s1). This result is a straightforward consequence of the fact that the mass
function of haloes in ACDM rises much faster than the stellar mass function of galaxies. In
simpler terms, ACDM predicts that the abundance of haloes rises quickly with decreasing
halo mass. Galaxy formation must therefore be restricted to relatively massive haloes with
Vh,max2, 45 km s~!, because lower mass haloes are too numerous compared to the number of
observed dwarf galaxies.

They then set out to test this theoretical expectation, by compiling a literature sample
of dwarf galaxies with measured rotation curves in the 21cm emission line of atomic hydrogen
(HI). Surprisingly, they found that the HI rotation curves of a large fraction of field dwarfs
suggested that their host haloes have masses well below the expected “threshold” for galaxy
formation (Fig. 12). The result of Ferrero et al. was subsequently confirmed and strengthened
by the work of [447]. They combined an up-to-date literature sample of galaxies with HI
rotation curves and a census of low-mass galaxies from the ALFALFA 21cm survey [526], to
convincingly show that the TBTF problem is also present in the field [447, Figs. 6 & B1].
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Unlike previous analyses, the work of Papastergis et al. [447] is based exclusively on HI data,
and so it can circumvent many observational uncertainties related to optical measurements
present in previous works.

3.4.2 Possible solutions of the TBTF problem within ACDM

There is now extensive evidence that the TBTF problem concerns not just satellites, but
low-mass dwarf galaxies in general. Accordingly, a generic solution to the problem must be
applicable to both the satellite and the field context. The most plausible solutions to the
problem within ACDM are “baryonic”, in the sense that they invoke modifications to the
abundance and internal structure of DM haloes due to baryonic processes:

(a) Baryonic effects on the abundance of haloes: There are two baryonic effects that can
alter the number density of haloes compared to the DM-only case. First, haloes
with Vi maxS 70 km s7! can lose the majority of their baryonic content to galactic
outflows powered by supernova feedback [527|. This effect is not captured by DM-
only simulations, because the latter treat the total matter density of the Universe
(Qmat = QoM + O = 0.32) as a dissipationless fluid. As a result, haloes in this mass
range are expected to have about 20% lower mass than their DM-only counterparts.
Second, haloes with V}, maxS 25 km s~! are subject to cosmic reionization feedback.
These lower mass haloes are unable to accrete gas after the Universe became reionized
(z 2 6 —8), and are therefore expected to be “dark” in most cases. The combined
consequence of these two effects is to alter the abundance of detectable low-mass haloes
compared to the result of a DM-only simulation, see Fig. 2 in [420]. The baryonic mod-
ification of the abundance of haloes can alleviate the TBTF problem, because the host
haloes assigned through AM to dwarf galaxies are less massive than in the case of a
DM-only simulation, see Fig. 3 in [420].

(b) Baryonic effects on the rotation curves of haloes: Hydrodynamic simulations have shown
that the repeated blow-out of gas form the central regions of dwarf galaxies can create
shallow “cores” in the DM profile of their host haloes [508, 528|. This effect can alleviate
the TBTF problem, because the rotation velocity in the inner parts of a cored halo is
lower compared to its “cuspy” DM-only counterpart of the same total mass. Core
creation through baryonic feedback has two properties that are important in the context
of the TBTF problem: (i) The efficiency of core creation has a characteristic dependence
on galaxy mass [529]. In particular, core formation is most efficient in dwarf galaxies
with Viot~ 50 kms™!, but the efficiency drops for higher and lower mass galaxies [see
530, Fig. 6]. (ii) Core creation is only effective over the region where the bulk of star
formation takes place, typically R < 1 kpc for dwarf galaxies in the field [507]. This
means that the rotational velocity of a dwarf galaxy can be significantly lower than
the DM-only value when measured at a small galactocentric radius, but the difference
becomes small at radii R 2 2 kpc.

Overall, it is still not entirely clear whether the baryonic effects described above can
fully resolve the TBTF problem. For example, Ref. [420] shows that the effect (a) can explain
the observed kinematics of faint MW and M31 satellites, since most low-mass haloes with
Vhmax S 25 km s~ ! are expected to be dark (see their Fig. 4). However, this mechanism alone
does not seem to be able to resolve the field TBTF problem, which is encountered at a larger
mass scale (Vi max> 35 — 40 kms™!; see [447], Figs. 9 & B1). On the other hand, [531] have
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argued that effect (b) can be used to explain the kinematics of low-mass dwarfs, both in the
case of satellites and isolated objects in the LG (their Fig. 2). At the same time, Ref. [447]
has used the results of a set of hydrodynamic simulations with efficient feedback [55, 507, 532]
to argue that core creation cannot fully resolve the TBTF problem for field dwarfs (see their
Fig. 10).
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Figure 13. Panel (a): The cumulative velocity function of galaxies measured by the ALFALFA
survey (green dotted line; [447]), compared to the cumulative velocity function of haloes in four
cosmological models: CDM and WDM with mwpum= 1,2, & 4 keV (blue, red, orange, and yellow
lines respectively; Ref. [334]). Panel (b)—(e): The solid line in each panel represents the AM relation
between the measured HI rotational velocity of a galaxy, Viot,m1, and the maximum rotational velocity
of the host halo, V4 max. The gray datapoints represent a sample of field dwarfs with resolved HI
kinematics. Their y-axis position is determined by the width of their HI emission line, while their
r-axis position represents the most massive halo that can be accommodated within their HI rotation
curve. Note how the upper limits on Vj, max set by the kinematics of dwarfs shift upwards as mwpm
decreases, due to effect (b). Cosmological models where the AM relation (solid line) is inconsistent
with the upper limits set by individual galaxies are expected to overestimate the number density of
dwarf galaxies detected in the field. (Reproduced with permission from [447].)

3.4.3 Can Warm Dark Matter solve the TBTF problem?

Warm Dark Matter (WDM) has been regarded as a promising solution to the small-scale
challenges of ACDM. The reason is that small-scale power in suppressed in a WDM universe,
and as a consequence, structure formation at the mass scales of dwarf galaxies is curbed [334,
341, 482, 533, 534]. In the context of the TBTF problem, WDM has two advantageous
features:

(1) There are fewer low-mass haloes in a WDM universe. The mass (or velocity)
function of haloes in a WDM universe is suppressed with respect to a CDM universe.
As far as the TBTF problem is concerned, this means that observed galaxies can be as-
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signed to lower mass haloes than in CDM, without overestimating the galaxies’ number
densities.

(2) WDM haloes have low concentrations. At fixed total mass, a WDM halo has a
lower concentration than its CDM counterpart [e.g, 337, 535]. As a result, the rotation
curve of a WDM halo rises more slowly than in CDM, lowering the rotational velocity
measured at small galactocentric radii.

Fig. 13 provides a graphic representation of how effects (1) and (2) can alleviate the field
TBTF problem. Panels b-e show that both effects become more pronounced as the mass®* of
the WDM particle decreases. In fact, for WDM models with relatively large particle masses,
mwpm=> 4 keV, there is no difference between the CDM and WDM case as far as the TBTF
problem is concerned. Even in a 2 keV WDM model the TBTF problem is still present, even
though somewhat less severe. According to Fig. 13, it takes a thermal relic WDM model with
a particle mass as low as ~1 keV (and certainly below 2 keV [536]) to fully resolve the issue.
The resonantly produce sterile neutrino dark matter models, on the other hand, can achieve
good agreement with the observations for large range of masses [537].

Fig. 13 therefore illustrates the main challenge that WDM faces as a successful solution
to the TBTF problem: the required particle mass is quite low, mwpmS 2 keV. It is unclear
whether WDM models with such low particle masses are viable in view of the constraints
posed by other astrophysical probes. For example, current constraints from measurements
of the small-scale power spectrum of the Ly-a forest [538] put a lower bound at 2.1 keV if
one does not impose any bias on the temperature of the intergalactic medium at redshifts
z = 5—6. However, this bound becomes much stronger, mwpnm > 3.3 keV at 95% confidence,
if one assumes powerlaw scaling of temperature with redshift, [331].?> The suppression of
small-scale power in a WDM model with mwpmS 2 keV may be “too much of a good thing”.
More specifically, for sufficiently low values of mwpym a MW-sized halo may not possess
enough subhaloes to host the number of known ultrafaint satellites in the MW. Based on the
consideration above, the authors of [482] derive a lower limit of mwpy> 2.3 keV, while [341]
obtains a value of mwpy> 1.5 keV; see also Ref. [313] for an alternative limit from satellite
counts. The difference in results is partially due to different realizations of the MW-sized
halo in simulations (as discussed e.g. in [535]). Furthermore, [334] and [539] have argued that
the same is true in the field; WDM models with mwpnm< 2 keV severely underestimate the
number density of the smallest field dwarfs with VoA 10 — 20 kms™! (their Figs. 2 and 6,
respectively). On the other hand, non-thermal DM settings could provide a game-change, see
e.g. [535, 537|.

3.5 The kinematics and formation of subhaloes in Warm Dark Matter simula-
tions (Authors: M. Wang, L. Strigari)

There is debate as to whether the central densities of DM-dominated galaxies are less dense
than the haloes that are predicted in DM-only simulations [500, 504]. This issue along with
the lack of observed satellites around the Milky Way can be ameliorated by considering
alternative Dark Matter models. One particularly intriguing scenario is Warm Dark Matter
(WDM), which differs from CDM in that the Dark Matter has a non-negligible velocity

2For all WDM particle masses quoted in this section, mwpn, refer to thermal relic particles.
25Exclusion limits are quoted in this article as published in the original reference, and may be subject to
limitations (observational or theoretical) of the specific method used to derive them.
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dispersion. Generally, these WDM models come with two distinct observational signatures.
First, there is a reduction in clustering and a delay in collapse times for structures on linear
scales approximately smaller than the free-streaming scale of the WDM particle. Second, the
velocity dispersion of WDM imposes an upper limit on the Dark Matter phase-space density.

Numerical simulations are now rapidly improving, allowing for more precise predictions
for Dark Matter halo formation in a WDM universe. Understanding the predictions of these
simulations, along with other alternative to ACDM models, might provide clues to discrimi-
nating between different particle Dark Matter models. For example, it is found that WDM
models with thermal relic mass ~ keV can generate a truncation on matter power spectrum
at scale ~ a few Mpc. This results in a suppression of the formation of small structure
below the free-streaming scale of WDM and thus result in delayed formation of haloes. As
a result these simulations generally indicate that WDM haloes are less concentrated on ac-
count of their typically later formation epochs [58, 341]. These models also imply a different
reionization history [486] or star formation history at early times [540]. At present time at
subgalactic scales, the stellar abundance and metallicity can thus be quite different from the
CDM predictions [541].

WDM simulations also predict different properties for Galactic substructure than in
ACDM simulations. It is thus pressing to understand how these predictions can be translated
into tests of observations of Milky Way substructure in the form of dwarf satellite galaxies.
Here we briefly address this question from the perspective of the kinematics and formation of
subhaloes in WDM scenarios using N-body numerical simulations.

To address this question, in [542] we map subhaloes in WDM simulations to dwarf
spheriodal (dSph) galaxies, using kinematic observations of the dSphs. A similar approach was
taken in [543| for ACDM simulations. With the simple assumptions that these are spherical
dynamically equilibrated systems, there is a strong degeneracy between the statistics of stellar
orbits (i.e. whether velocity dispersions are isotropic, or are radially or tangentially biased) and
the shape of the stellar and Dark Matter density profiles. Additional observational constraints
like the measurement of stellar proper motion will be necessary to break these degeneracies.
Nevertheless, we find that in WDM cosmology the subhaloes that host dSphs satellite galaxies
exhibit different properties due to their shallower potential and late formation history.

In Fig. 14 we show the subhalo properties that provide good-fits to the Fornax galaxy
kinematic data [542]. Here we show the maximum circular velocity Viax at present time,
and mass of the subhalo Mg,,. We find that the distribution of these parameters from WDM
simulations can be quite different than those from ACDM simulations.

We also find that the mass distributions of the WDM haloes that host the dSphs are
different from those that host the dSphs in ACDM simulations. The results are that WDM
models tend to reside in more massive subhaloes than in ACDM because its less concentrated
profiles. In the case of Fornax, which is the brightest Milky Way dSph with high-quality
stellar kinematic data, in ACDM the V4, is very well-constrained between ~16-20 km/s
with average about 17 km/s. However, for WDM models, the Vj,.x can be as large as ~
28 km/s.

It is also interesting to determine the formation histories of subhaloes in WDM and
ACDM. In Fig. 15 we show the mass assembly history for the Dark Matter subhaloes that
match the kinematics of the Fornax dSph in both ACDM and WDM with 2.3 keV mass [542].
The blue lines show those subhaloes that match the luminosity of Fornax using abundance
matching technique [544|. Interestingly we see that the WDM subhaloes are usually formed
or gain significant amount of mass much later than the ACDM subhaloes.
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Figure 14. Histograms of subhalo properties for subhaloes that fit the kinematics of the Fornax
dSph [542]. Here we show three properties of subhaloes at the present time: the maximum circular
velocity (Vinax, left panels), and the subhalo mass (Mgyp, right panels). The navy histograms show
the results from ACDM, the light blue histograms are for the WDM 2.3 keV simulation, the green
histograms are for the WDM 1.6 keV simulation.

10.0 -
=)
1
N
=
N
N 1.0
=

WDM 2.3 keV

Aq A—F (CDM) : [\

0.1F

Y

12 10 8 6

4

2

12 10 8 6

4

2

Age of the Universe [Gyr] Age of the Universe [Gyr]

Figure 15. Mass assembly history for the subhaloes that fit the kinematics of the Fornax dSph [542].
The gray lines show the subhaloes that are less luminosity than Fornax using abundance matching
technique from [545], and the blue lines show those with luminosity that match Fornax. The vertical
dotted lines show the infall times of the blue curves. In the left panel the dashed black lines include
68% of the simulation fits, and the black solid lines show the mean value.

These same results also can provide an indication of how rare a Fornax-like dSph is
in both ACDM and WDM. In the ACDM simulations we found that only two out of 124
subhaloes that match the kinematics of Fornax also predict the luminosity that is observed.
If the prediction of abundance matching holds, the bright luminosity of Fornax requires it to
be hosted by a progenitor subhalo that is more massive than its present mass. Since Fig. 14
shows that the present-time mass of ACDM Fornax candidates are typically less massive
than the WDM candidates, this suggests that Fornax subhaloes in the ACDM might suffer
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from severe tidal stripping and significant loss on Dark Matter halo mass. It is not clear
whether this implies visible stellar tidal streams or not, because the stellar distribution is
deeply embedded at the center of Dark Matter potential. However, for WDM the amount of
Dark Matter stripping may be less significant because the present-time mass is larger than it
is in ACDM. Currently, stellar tidal streams have not been observed in Fornax, and from the
orbital properties indicate Fornax has not yet gone through many pericenter passages.

The kinematical properties of dSphs may thus provide unique clues to the nature of
particle Dark Matter. In particular it may help distinguish between WDM and ACDM
models. Future higher resolution hydrodynamical simulations of WDM and ACDM will be
important to understand the impact of baryons on the formation of dSphs. Further, more
detailed measurements of the kinematics of dSphs, including proper motions of stars within
dSphs and proper motions of the dSphs within the Milky Way potential, hold a great amount
of promise.
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4 Observables Related to keV Neutrino Dark Matter

Section Editors:
Marco Drewes, George Fuller

4.1 Phase space Analysis (Author: D. Gorbunov)

Sterile neutrinos are well-motivated Dark Matter candidates. Since we need a substantial DM
component in galaxies, any particles—DM candidates—must be capable of residing there at
present. This implies two very general constraints on properties of the DM particles. First,
the DM lifetime must exceed the age of the Universe. For the case of sterile neutrinos, this
requirement imposes a constraint on the lifetime that is weaker than that from the searches
for emission lines from the DM decay (see Sec. 4.3). Second, the DM “particle” X of mass
Mx must be slow and “compact” enough to be confined inside a galaxy.

The velocity distribution of DM particles is supposed to be the same as that of galactic
stars and cold gas clouds, which may be approximated by the Maxwell distribution

Fx(v) ! e p( v >
x(v) = xp|—5 =3 |
(\/QWMXax)3 20%(

with ox = ox(x) being the position-dependent velocity dispersion of stars in the galaxy.
The dispersion takes the smallest value in the galaxy center and grows outward approaching
10~*-1073 for small (dwarf) and large (normal) galaxies, respectively. Dark matter particles
of higher velocities escape from the galaxy, whose gravity force fails to keep them inside. As
regards to the sterile neutrino, the dispersion determines the width of the monochromatic line
expected in the galactic X-ray spectrum due to the radiative decay N — v~y as described in
Sec. 4.3.

The “compactness” refers to the quantum nature of the DM particle. Namely, to locate
a boson inside the galaxy its de Broglie wave length A\p = 27/(Mx vx) must be smaller
than the size of the smallest observed galaxies, the dwarf galaxies, that is about 1kpc. This
yields a rather eccentric lower limit on the mass of the boson DM particle at the level of
Mx > 10722 eV.

In case of the fermion DM, a similar limit applicable to sterile neutrinos, is much more
constraining. Indeed, fermions are subject to the Pauli principle. Therefore, for the galactic
DM, the maximum of the phase space density with respect to velocity (which happens at
v=0),

1 (v = 20 )
X

may not exceed the critical value
crit —  9X (4 1)

T en”
where px(x) is the DM mass density and gx denotes the number of intrinsic degrees of
freedom of the DM particle, that is gx = 2 for the sterile neutrino (Majorana fermion). Thus
the Pauli principle places the lower limit on the fermion DM mass,

3/8 1/4
% (’?,f) < My. (4.2)
gy Ix
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This bound is independent of the production mechanism. It gives Mx = 25eV for the Milky
Way galaxy, but becomes one order of magnitude stronger when applied to the most compact
and dim structures, dwarf spheroidal galaxies.

Let us note that bound (4.2) refers to the present population of DM particles in galaxies,
and hence is applicable to any fermion DM irrespectively of properties of the DM particles and
the DM production mechanism operating in the early Universe. Actually, bound (4.2) can be
strengthened by extending the consideration to the evolution of the phase space density of
the DM particles during the structure formation as follows.

After decoupling from primordial plasma (or production in a non-thermal way) the DM
spectrum is fixed, and later on its shape is frozen while the Universe expands: only the physical
momenta get redshifted, p oc 1/a(t) with a(t) being the scale factor, see e.g. [546]. Indeed,
in the early Universe the plasma is homogeneous to a large extent (the spatial fluctuations
are below about 107%). Hence the distribution of the DM particles in the phase space is
homogeneous too, and initially (e.g. at decoupling) is described in terms of the conformal
momentum k = p/a as f;(k). Inasmuch as the conformal d®*x d®k and physical d*X d®p phase
space volumes coincide,

k
Exd’k = d® (xa) d® () = X dp,
a

the shape of the momentum distribution remains intact,

Flkt) = £idl) = . ( = a(t)) _ J(pa(®)

)
while the inhomogeneities are small.

However, later the distribution function becomes inhomogeneous, evolves in time, and
looks different for DM particles in voids, filaments, galaxy clusters, dwarf galaxies, etc. Nev-
ertheless, for the collisionless particles (as we believe the DM is and the sterile neutrino is
for sure) the Liouville theorem guarantees that the phase space density remains constant in
time along any given trajectory, though flows from one region to another. In practice one is
interested not in this, the microscopic density, but rather in the density averaged over macro-
scopic regions of the phase space, the so-called coarse grained phase space density, f (k,x).
Naturally, it grows in the underdense regions and gets diluted in the overdense regions, as
illustrated in Fig. 16. Therefore, it always obeys the following inequality

f(kv X, t) < maxy fz(k) ’ (4'3)

including the galactic DM component at present. Then Lh.s. of (4.3) can be extracted from
observations, while r.h.s. is the prediction of a particular mechanism of the DM production
operating in the early Universe.

The analysis of astronomical data allows to estimate for a particular galaxy the value of
the following quantity

Q= £0

2\3/2
<V||>/

where p is the mass density in the galaxy center region and <Vﬁ> is the averaged (over the
objects in that region) squared velocity along the line of sight. For obtaining the strongest
constraint on the DM particle mass from Eq. (4.3) the relevant are the highest values of @,
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Figure 16. Evolution of the phase space density in time: initially occupying the compact region (left
panel) particles spread over the phase space (right panel). The volume remains intact, but the coarse
grained phase space density decreases in the dense regions.

which are provided by observations of the stellar dynamics in the smallest structures, dwarf

spheroidal galazies, [441]

Mg /pc?

(km/s) -
The galaxies are compact and dim with mass strongly dominated even in the central

part by the DM component. Hence, one has pg = Mx nx with nx standing for the number

density of the DM particles in the galaxy center. For the spheroidal dwarfs one can substitute

<vﬁ) = (v2)/3, where (v?) is the average squared velocity. For the DM particles with average
26

Q = (0.005 — 0.02) (4.4)

squared momentum (p?) = M% (v?)
Collecting all terms together we arrive at
n

_ 03/2 274
Q=3 Mx (p?)3/2

= 33/2 M;l( f(pa Xa tU) ;

where in the last equality we used the phase space distribution of DM particles in the galaxy
center, x ~ 0 at present, t = to. Then from eq. (4.3) we obtain the lower limit on the DM
particle mass known as the Tremaine-Gunn-type bound [75],

1/4
My 2 ()
33/2 max f;

This bound is valid for both bosons and fermions, but max fz of course depends on the pro-
duction mechanism. For the former it supersedes what we have above from the de Broglie
waves, while for the latter it coincides with that from the Pauli principle if max f; reaches the
critical value (4.1), but generally is somewhat more restrictive given max fz in the denomina-
tor. Applying this limit to the sterile neutrino nonresonantly produced in the early Universe
with the corresponding spectrum (see Sec. 5.1), one obtains:

e (02 (o N )
AP py 0.005 Je/pe 43/4 '

26 Tn Ref. [313] it has been suggested that a Maxwell Boltzmann phase density estimator is more accurate
to be applied to dwarf galaxies.
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with all factors of order one. Thus, literally using the estimates (4.4), one concludes that
the light sterile neutrino, Mx < 6keV nonresonantly produced in the early Universe, is disfa-
vored [312, 313] from analysis of the phase space density as the main component of galactic
DM. The limit suffers from the systematic uncertainties in the parameter estimates (4.4) [311],
but is still much stronger as compared to that from the Pauli blocking. Similar limits exist for
other fermion warm DM candidates, and are usually relevant for the non-thermal production
mechanisms, see ref. [547| for example of light gravitino.

4.2 Lyman-« forest constraints (Author: M. Viel)

The Lyman-« forest, the main manifestation of the intergalactic medium (IGM), is produced
by intervening filaments of neutral hydrogen along the line-of-sight to a distant source, typi-
cally a quasar (QSO). Since its discovery in the early 70s, it has been used to investigate the
distribution of matter and the physical conditions of such Lyman-« "clouds” of gas. However,
in the late 90s there has been a paradigm shift: while this observable was in the beginning
used as a local probe of baryonic matter and of the physics the absorbers, it became very
soon apparent that the Lyma-« forest retains cosmological information and could be used as
a tracer of the large scale structure. This new cosmological role for the IGM has been mainly
allowed by two factors: on one side the new high-resolution high signal-to-noise quasar spectra
and on the other side the progress made by the first set of hydrodynamic simulations [548]. A
unique features of the IGM is that it is very complementary to other cosmological observables:
it mainly probes small-medium scales from sub-Mpc up to few hundreds of Mpc and redshift
in the range z = 2 — 6.

The observable quantity is the transmitted flux along the line-of-sight to a distant bright
source, i.e. F' = exp(—7), that needs to be related to underlying matter. In order to get some
insight, we start from the definition of optical depth in redshift-space at u (in km s~!):

T(u) = I;FZ)C /_Z dynu(y) V [u —y—v™M(y), by)| dy , (4.6)

where ¢ o = 4.45 X 1078 c¢m? is the hydrogen Lya cross-section, H(z) the Hubble constant
at z, y the real-space coordinate (in km s=!), V is the standard Voigt profile normalized in
real-space, b = (2kpT/mc?)'/? is the velocity dispersion in units of ¢. In the highly ionized
case (which is of interest here) the local density of neutral hydrogen can be easily related to
the local gas/IGM density as:

nan(x, z) = 1077 e (2) (205;2) (FO.?) h <Tl(81’£)>0‘7 (T)g (1+ dram(x, 2))*
(4.7)

with I'_12, the hydrogen photoionization rate in units of 1072 s=1 and T'(x, z) = To(2)(1 +
§1GM(x, 2))7(®)=1 where both the temperature at mean density Ty and the adiabatic index ~
depend on the whole IGM ionization history. From the egs. above, we have understood how
the observed flux is derived from the underlying gas distribution. The latter can be modeled
either analytically (with a log-normal model for example) or by means of high resolution
hydrodynamic simulations that incorporate baryonic pressure (i.e. Jeans smoothing). In semi-
analytical models [549, 550] this is usually done in Fourier space where the IGM component
reads:

™ (k, 2)

5IGM k _
o) = TR

= Wiam(k, 2) D.(2)05™ (k) (4.8)
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with D (2) the linear growing mode of DM density fluctuations and d5™ (k) is the Fourier
transformed DM linear overdensity at z = 0. The low-pass filter Wign(k, z) = (1 +k?/k%) ™1
depends on the comoving Jeans length in the following way:

2vkpTo(2) )] 2 7 (4.9)

—1 _ —1
=H
Ky (2) = Ho [3umpﬂom(1+z

with kp the Boltzmann constant, T the temperature at mean density, u the molecular weight
of the IGM, Qq,, the present-day matter density parameter and v the ratio of specific heats.

It is more practical to consider flux fluctuations 0F = F/ < F > —1 to those of
matter § and eqs. above can be simplified to obtain the so-called Fluctuating Gunn-Peterson
Approximation:

F(x,z) = exp [—A (1 4 0" (x, z))ﬂ : (4.10)

where 8 ~ 2—0.7(y—1), while A is a normalization constant of order unity which determines
the mean flux in the considered redshift interval. It is easy to derive, by Taylor expanding
the equation above, that §F(x,z) ~ —AB&M (x,2). The flux power is usually measured
in 1D by using high-resolution or low-resolution spectra, while it has been recently exploited
by the SDSS-III/BOSS collaboration in full 3D to allow the discovery of Baryonic Acoustic
Oscillations in Lyman-« flux [551, 552|. The relation between 1D and 3D power is:

21 d
 k dk
which is valid for both flux and matter power spectra and shows that the 1D power is an
integral of the 3D and effects like a Warm Dark Matter (WDM) cutoff could impact at
relatively larger scale and thereby could be constrained by IGM data.

From the considerations made above, it is pretty clear that the Lyman-a forest can be
used to place tight constraints on cold DM coldness [553], however it must also be noticed
that the temperature could affect flux power in a similar way: a hot IGM has less power
than a cold one since lines will be broadened more in the first case. This signature could be
degenerate with the one induced by WDM. Also, it should be kept in mind that structure
formation is not directly sensitive to the properties of DM particles. It is mainly sensitive to
their free streaming length. A bound on the free streaming horizon Apg can be converted into
a bound on the DM particles’ mass if their momentum distribution is known. Heavy CDM
particles are in good approximation at rest at all relevant times. Most of the constraints on
lighter particles presented so far are obtained by assuming a thermal relic WDM model for
which the power is suppressed below a given scale. That is, it has been assumed that the
momentum distribution of the DM particles is prortional to a thermal spectrum. In this case,
one can estimate [554]:

Psp(k) = pip(k), (4.11)

keV' (ppm)
mpm (Py)
where (ppy) is the average momentum of the DM particles and (p,) ~ 1 keV is the comoving
momentum of active neutinos around the time when thermally produced sterile neutirno DM
particles become non-relatvistic. For highly non-thermal distribution functions, which can
appear if the sterile neutrinos are produced resonantly (see Sec. 5.1.4) or in a particle decay
(see Sec. 5.3), there is no simple relation like (4.12).

The first of such limits (notice that strong absorption systems were used before to place
constraints on DM nature in [557]), is presented in [555] where a thermal relic of masses

Ars ~ 1Mpc (4.12)
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Table 4. Summary of limits obtained on the mass of a thermal relic (WDM candidate) by using
a comprehensive set of Lyman-a forest data both at low and high resolution. All the numbers
apart from [555] quote 20 C.L. lower limits. In [59] also a frequentist analysis of the SDSS data is
presented. In [328] the method used to derive the constraints is based on the effective bias method
proposed by [556], in [329] there is an approximate hydrodynamical scheme but the likelihood analysis
is performed in a wide parameter space, while in the other works the simulations are full hydro and
the method is based on a Taylor expansion of the flux power.

reference limit (keV) method data

[555] 0.75 N-body only, no marginalization 8 high res.

[328] 0.55 full hydro 30 high res.

[327] 2.5 approximate hydro 3000 low res.

[329] 2 full hydro, approximate method 3000 low res.

[332] 4 full hydro, approximate method 3000 low res., 55 high res.

[59] 2.2 full hydro, frequentist analysis 3000 low. res

[331] 3.3 full hydro, improved analysis 3000 low res., 25 high res., high z

> 0.75 keV is shown to be consistent with the data, however this number was obtained with
a limited set of N-body only simulations and does not rely on a full marginalization over
the many nuisance and astrophysical parameters. In [328], by using the data points (i.e.
linear matter power) derived in [558]|, it was demonstrated that with full hydro and proper
marginalization in the parameter space (although obtained with the effective bias model
of [556], on a larger sample of QSO spectra) this number was relaxed to 0.55 keV (20 C.L.),
in this paper also a lower limit on a non resonantly produced sterile neutrino was quantified
to be 2 keV.

The main new results soon after these analyses were performed, was the advent of SDSS
(Sloan Digital Sky Survey), which allowed an unprecedented measurement of linear matter
power spectrum at z = 3 with very good accuracy. This was derived from a set of about 3000
low resolution low signal-to-noise spectra [559] and by using a new method. In particular, the
likelihood space was explored fully by accurately modeling also astrophysical and instrumen-
tal effects, while on the other side the calibration of the flux power was determined by running
only a few hydro simulations, while the parameter space was explored by using approximate
hydro schemes (that were computationally less expensive). The main point to stress is how-
ever that for the first time, the relatively wide range explored by the data z = 2.2 — 4.2
allowed to break the degeneracies present between cosmology and thermal history, resulting
in significantly tighter constraints. In [329], SDSS data returned the following constraints: 2.5
keV and 14 keV lower limits on a thermal relic and non-resonantly produced sterile neutrinos
at a 20 C.L., respectively. The same data set was then analyzed by [327] using a completely
different method (albeit still in a Bayesian framework): a second-order Taylor expansion of
the flux power in a relatively better explored (compared to [329]) hydrodynamical parameter
space gave a ~ 20% weaker constraints of a mass of a thermal relic > 2 keV and of a sterile
neutrino > 10 keV at 20 C.L., respectively. In [560] some scenarios in which there is some
entropy released is also explored along with non-zero lepton number models and confronted
with IGM constraints. The investigation of how the flux power relates to the underlying mat-
ter power spectrum emphasized the need for QSO spectra at relatively high redshift, where
the non-linear evolution is smaller and possibly closer to the linear cut-off. In [332] the SDSS
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data were complemented by a smaller set of 55 high resolution high redshift QSO spectra
that resulted in a lower limit of 4 keV, however the higher redshift bin was explored with
hydro simulations that were not fully converged (although there was a resolution correction
implemented in the pipeline). This is the tightest limit on WDM coldness ever obtained from
IGM data.

After these results, in [59] the SDSS data set (without high resolution samples) was
used to get constraints in a frequentist framework for a non resonantly produced sterile
neutrinos obtaining m > 8 keV at 99.7% confidence limit in a pure ACDM model. Most
notably, this work also investigated mixed (cold and warm) models and found that any mass
for a sterile neutrinos could be allowed if the WDM fraction is below 60%. An important
breakthrough was made in [330] where it was realized that mixed models linear power spectra
were remarkably similar to those of a resonantly produced sterile neutrinos in the context of
minimal extension of the standard model: in such cases the limits above showed that any
sterile neutrino mass > 2 keV would have been in agreement with the Lyman-« forest SDSS
data.

The most recent and comprehensive analysis of Lyman-« forest data for WDM models
has been made in [331]. Compared to the previous works there are several improvements: the
hydrodynamic simulations have been run at very high resolution and do not need any reso-
lution correction nor they suffer of numerical fragmentation; the non-linearities both in the
matter power and flux power are modeled to unprecedented accuracy [561]; the data sets of
high-resolution spectra extends the previous ones (Keck HIRES and Magellan spectrograph);
the modeling carefully consider instrumental resolution, signal-to-noise and astrophysical nui-
sance parameters (mainly thermal histories and ultraviolet background inhomogeneities). The
conclusion is that the lower limit is 3.3 keV at 20 C.L. for a WDM thermal relic; this has
to be considered as a robust limit, obtained by marginalizing over a physically motivated set
of thermal histories and conservatively considering systematic errors both on the data and
modeling side. It is worth noticing that if one allows for a sudden jump in the temperature
evolution the constraint above becomes weaker by about 1 keV. These (and almost all other
known) bounds rely on the assumption that the DM momentum distribution is not too dif-
ferent from a thermal spectrum (or a superposition of two thermal spectra). Then a relation
of the type (4.12) can be used. Translating this number in a constraint on resonantly pro-
duced sterile neutrinos with a spectrum as shown in Fig. 25 is not easy and could be done by
comparing the linear transfer function proper of a thermal relic of such mass with the one of
the wanted model. Consequences in terms of high redshift structure formation for a thermal
relic mass particle compatible with all the constraints have been recently explored in [540],
while forecasts in terms of 21 centimeter intensity mapping are presented in [562| also for
lower values of the mass.

In Figure 17 we show the difference between a ACDM best fit model and a WDM model
of 2 keV in terms of agreement with flux power spectra at low and high resolution. It is clear
the power of the high redshift data that allows to severely constrain WDM coldness.

4.3 X-ray observations (Authors: O. Ruchayskiy, T. Jeltema, A. Neronov, D. Ia-
kubovskyi)
4.3.1 X-ray signals - overview

The main decay channel of sterile neutrinos with the mass below 2m, is N — vvi (see Fig. 18,
left) with different combinations of flavours. It determines the lifetime of the particle. The
sterile neutrino DM has a sub-dominant radiative decay channel N — vy (Fig. 18, right
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay

channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos v, and photon with energy F = my/2, with the width [321-323, 359, 563-565]

904G%

I = 56 4

71—

sin?20m5 = 5.5 x 10~ 2202[

ms

11<ev}5 5



If the sterile neutrino is a main ingredient of the DM, it is potentially detectable in various
X-ray observations [324, 566, 567].

There are several types of the X-ray signal produced by the sterile neutrino DM. First,
decays of DM particles throughout the history of the Universe should produce a contribution
to the diffuse X-ray background (XRB) [324, 566, 568, 569]. The DM decay contribution to
the XRB is (see [569] and references therein)

TN v PDar [ ¢ ms 15 erg
Fxrp = 2m Hy ~8x10 10— [7 keV] cm?-s-sr’ (4.14)

where pOD > Ho are the DM density in the universe and the Hubble constant today. Neutrinos
decaying at different red shifts produce a broad X-ray line with extended “red” tail. Such a
feature in the XRB spectrum is, in principle, readily detectable (and distinguishable) from
the broad-band continuum of observed XRB [570, 571|. The non-detection of the DM decay
feature in the XRB signal enables to put a bound on € and mg roughly at the level of [569]
(see also [572]

(4.15)

1 keV]®
XRB bound: Q,sin?(20) <3 x107° [ e\/} ,

ms
where 4 < Qpas is the present day density of sterile neutrino DM.

As first pointed out Refs. [315, 566], clustering of the DM at small red shifts results in
the enhancement of the DM decay signal in the direction of large mass concentrations, such
as galaxy clusters, see also [358, 573-575]. Typical overdensity, R, (R = p/p%y) of a galaxy
cluster is at the level of R ~ 103, while typical cluster size is about Ry ~ Mpc. An estimate
for the DM decay flux from a galaxy cluster is

I'Noyva MDD, Fov
Fcl == 5
4w D7 mg

2 4 —92
:1.4><107[ 0 ][mS} [ Dy, ] [MDM,FOV] ph

10-11] L7 keV 100 Mpc 1013M | em?s

(Mpar,Fov =~ T\’,p%MRdDgQF(,V is the mass of DM within telescope’s field of view (FoV),
Dy, Dy are the luminosity and angular diameter distances to the cluster). The DM decay
flux from the direction of individual clusters is typically of the same order as the DM flux
from the XRB contribution:

mchl/(2QF0V)
FxrB

~RRuHy ~1. (4.16)

because numerically R ~ (RCZHO)_l. The results in Refs. [566, 572] imply that foreground
objects dominate at the level of prefactors.

Although the total DM decay flux from the XRB contribution and from the individual
clusters are of the same order, the spectral shape of an expected signal is quite different.
This makes stacked observations of galaxy clusters and observations of field galaxies more
sensitive [566]. The flux from the cluster is in the form of a narrow line with the width
determined by the spectral resolution of an X-ray detector or by the velocity dispersion of
the DM halo of the cluster (if the detector energy resolution is better than E/AE ~ 10%). At
the same time, the DM decay contribution into XRB is produced by the decays at red shifts
z ~0-+1 and, as a result the DM decay line is broadened to AE ~ mg/2. Thus, even if the
compact DM sources at z ~ 0 give just moderate enhancement of the DM decay flux, the
enhancement of the signal in the narrow energy band centered on the line energy E = mg/2
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could be large [345, 569]. The results presented in Refs. [566, 572] suggest that there is an
even larger enhancement due to the dominant contributino from foreground objects.

This enhancement is however, tempered by the fact that most of the galaxy clusters
show strong continuum and line emission from the hot intracluster gas. The temperatures of
the intracluster medium are in the range Tgas ~ G Rp% MRzlmp ~ 1 —10 keV. The diffuse
continuum emission flux from the nearby cluster cores is orders of magnitude stronger than
the XRB emission from behind the core [566, 576-582]. Thus, an increase of the flux in
the DM decay line in the narrow energy band of the width about the energy resolution of
the X-ray telescope is accompanied by an equally strong increase of the X-ray continuum
contribution to the flux in the same energy band. An additional problem is the presence
of emission lines from the hot intracluster medium in the spectra of clusters [578, 583-585|.
These lines could be confused with the DM decay line, especially while the spectral resolution
of the X-ray instruments is much larger than the line broadening.

Nearby DM mass concentrations, like the dwarf spheroidal (dSph) satellites of the Milky
Way, have much smaller DM masses and their luminosity in the DM decay line is orders of
magnitude lower than that of the galaxy clusters [586]. However, their proximity to the Milky
Way makes increases the flux of the line, so that at the end the flux from the direction of
individual dSph galaxies is expected to be comparable to the flux from individual galaxy
clusters 345, 573, 574, 587-597|. Re-using the equation (4.16) for the flux estimate for the
case of the dSph galaxies one finds

62 [ mg }4 Dr 17°[Mpumrov] ph
1011 ] L7 keV] | 100 kpc 10"Mg | cm?s

Faspn ~ 1.4 x 1077 { (4.17)

In addition the flux from the DM decays in the largest isolated mass concentrations,
galaxy clusters, should produce a potentially detectable signal from individual clusters [566,
581, 598, 599| and from the entire galaxy cluster population [190]. Finally, the nearest DM
halos, which are the Milky Way and other nearby galaxies, are also expected to produce DM
decay signal with the strength comparable to the signal from the galaxy clusters, in spite of
the much lower mass of the DM in these structures [347, 566, 572, 581, 587-589, 591, 594—
597, 600-602].

The DM decay flux from the Milky Way halo is also comparable to the flux from isolated
distant sources, like dSph galaxies or galaxy clusters [345]. The flux from DM decay in the
Milky Way within the telescope field-of-view Qp,v,

I'QpoyS o[ 62 S ms 14 ph
F ="V 9110 [ } , 4.18
dTmmpps % [10—11 1022 Ge\//cm2 7 keV] cm?s st (4.18)

is determined by the column density of the DM

S = /PDM (\/73@ — 2zrg cos ¢ + z2> dz (4.19)
0

where 7o = 8.5 kpc is the distance from the Sun to the center of our Galaxy and the
"off-Galactic Center" angle ¢ is expressed through the galactic coordinates (I,b) as cos¢ =
cosbcosl.

Search of the DM decay signal in the keV-MeV mass range was conducted using all
the four types of the signal (the XRB contribution, the signal from galaxy clusters, from the
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dSph galaxies and from the Milky Way halo) and a wide range of X-ray telescopes: XMM-
Newton [345, 346, 569, 581, 587, 594, 600], Chandra [589-591, 598, 598, 599|, Suzaku [588, 595],
Swift [593|, INTEGRAL [347, 601], HEAO-1 [569] and Fermi/GBM [603], as well as a rocket-
borne X-ray microcalorimeter [572, 602|. A summary of the reported observations is given in
Tables 5-9.

Ref. Object Instrument Cleaned exp, ks
[569] Diffuse X-ray background HEAO-1, XMM- 224, 1450
Newton /EPIC
[581] Coma, Virgo XMM-Newton /EPIC 20, 40
[345] Large Magellanic Cloud XMM-Newton /EPIC 20
[598] Milky Way Chandra/ACIS-S3 Not specified
[600] M31 (central 5) XMM-Newton/EPIC 35
[598] Abell 520 Chandra/ACIS-S3 67
[587] Milky Way, Ursa Minor XMM-Newton /EPIC 547, 7
[572] Milky Way Chandra/ACIS, X-ray mi- 1500, 0.1
crocalorimeter
[599] 1E 0657-56 (“Bullet cluster”) | Chandra/ACIS-I 450
[602] Milky Way X-ray microcalorimeter 0.1
[601] Milky Way INTEGRAL/SPI 5500
[346] M31 (central 5 — 13") XMM-Newton/EPIC 130
[347] Milky Way INTEGRAL/SPI 12200
[588] Ursa Minor Suzaku/XIS 70
[589] Draco Chandra/ACIS-S 32
[590] Willman 1 Chandra/ACIS-1 100
[604, 605] | Galactic center Suzaku/XIS 190
[591] M31, Fornax, Sculptor XMM-Newton /EPIC , 400, 50, 162
Chandra/ACIS
[592] Willman 1 Chandra/ACIS-1 100
[593] Segue 1 Swift/XRT 5

Table 5. Summary of existing X-ray observations of DM decays in different objects performed by
different groups.

Most of the searches of the DM decay line in X-rays did not result in positive detections
of the line. The non-detection results are conventionally expressed in the form of the upper
limit on the DM sterile neutrino mixing angle as a function of the mass. These limits are
shown in Fig. 19.

4.3.2 3.5 keV line

The detection of an unidentified line was reported recently in the stacked spectrum of galaxy
clusters [190], in the individual spectra of nearby galaxy clusters [190, 191, 622| (see also [612]),
in the Andromeda galaxy [191], and in the Galactic Center region [608-610], see also [623]
for a recent review. The position of the line is £ = 3.55 keV with an uncertainty in position
~ 0.05 keV. If the line is interpreted as originating from a two-body decay of a DM particle,
then the latter has its mass at about mg ~ 7.1 keV and the lifetime 7pps ~ 10278%0-3 sec [191]
(and more narrow range based on the results of [190]). Using Eq. (4.13) and converting the
lifetime to the sterile neutrino mixing angle, one finds sin?(26) ~ (2 — 20) x 10~ [191] or
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Ref.

[485] M31 (12 — 28 off-center) Chandra/ACIS-I 53
599 Suzak XIS 200, 20
19 Chandsa ACIS- 03

Object Instrument Cleaned exp, ks

[608] M31, Perseus, Milky Way XMM-Newton /EPIC 1226, 264, 7850
[610] Galactic center, M31, Tycho | XMM-Newton/EPIC 690, 490, 175

[611] Stacked galaxies XMM-Newton/EPIC, Chan- | 14600, 15000
dra/ACIS-1

[613] XMM-Newton/EPIC Not specified
[615] Galactic Bulge Suzaku/XIS Not specified
[617] Milky Way Suzaku/XIS 31500

Table 6. Summary of existing X-ray observations of DM decays in different objects performed by
different groups (extended).

Instrument Cleaned exp, ks

XMM-Newton/EPIC
Stacked dSphs XMM-Newton /EPIC
XMM-Newton/EPIC

200, 200
[618] XMM-Newton /EPIC 2100 (MOS), 580 (PN)

Table 7. Summary of existing X-ray observations of DM decays in dwarf galaxies performed by
different groups.

— 75—



Ref. Object Instrument Cleaned exp, ks
[600] M31 (central 5) XMM-Newton /EPIC 35

[587] Milky Way XMM-Newton /EPIC 547
[346] M31 (central 5 — 13) XMM-Newton /EPIC 130
[591] M31 XMM-Newton/EPIC 400
[606] M33 XMM-Newton/EPIC 20-30
[607] Stacked galaxies XMM-Newton/EPIC 8500
[313] M31 Chandra/ACIS-1 404

[608] M31, Milky Way XMM-Newton /EPIC 1226, 7850
[610] Galactic center, M31 XMM-Newton/EPIC 690, 490
[611] Stacked galaxies XMM-Newton /EPIC 14600
[613] Galactic center XMM-Newton/EPIC Not specified
[572] Milky Way Chandra/ACIS 1500
[598] Milky Way Chandra/ACIS-S3 Not specified
[485] M31 (12 — 28 off-center) Chandra/ACIS-1 53

[609] Galactic center Chandra/ACIS 751
[611] Stacked galaxies Chandra/ACIS-I 15000
[604, 605] | Galactic center Suzaku/XIS 190
[615] Galactic Buldge Suzaku/XIS Not specified
[617] Milky Way Suzaku/XIS 31500
[602] Milky Way X-ray microcalorimeter 0.1

[601] Milky Way INTEGRAL/SPI 5500
1347] Milky Way INTEGRAL,/SPI 12200
[603, 616] | Milky Way Fermi/GBM 4600
1620] Milky Way NuSTAR 7500
[621] Galactic center NuSTAR 400

Table 8. Summary of existing X-ray observations of DM decays in spiral galaxies and Milky Way
halo performed by different groups.

Ref. Object Instrument Cleaned exp, ks
[569] | Diffuse X-ray background HEAO-1 224
[569] | Diffuse X-ray background XMM-Newton /EPIC 1450
[581] | Coma, Virgo XMM-Newton /EPIC 20, 40
[190] | Stacked clusters XMM-Newton/EPIC 6000
[608] | Perseus XMM-Newton /EPIC 264
[613] | Perseus XMM-Newton/EPIC Not specified
[598] | Abell 520 Chandra/ACIS-S3 67
[599] | 1E 0657-56 (“Bullet cluster”) Chandra/ACIS-I 450
[190] | Stacked clusters Chandra/ACIS 1370
[612] | Perseus, Coma, Ophiuchus, | Suzaku/XIS 740, 164, 83, 90
Virgo
[614] | Perseus Suzaku/XIS 520
Table 9. Summary of existing X-ray observations of DM decays in galaxy clusters and diffuse X-ray

background performed by different groups.
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Figure 19. Limits on the mixing angle sin?(26) as a function of sterile neutrino DM mass. The
bounds are based on the works [313, 345-347, 485, 569, 572, 581, 587590, 592-594, 596, 598, 598—
602, 606, 607, 616]. All bounds are smoothed and additionally divided by a factor of 2 to take into
account possible uncertainties in the DM content of a given object. A lower bound on sin? 6 for a
given DM mass can be imposed if the DM is produced via active-sterile mixing, see section 5.1.3, but
is model dependent.

sin?(20) ~ (4 — 11) x 107! (based on results of [190]). The estimates of the errors on the
mixing angle 2 derived from different types of data show a visible scatter, which is, however,
consistent with the quoted errors. For example, Ref. [190, Fig. 14] shows the scatter in the
possible mixing angles derived from the statistics of the data and not including the systematic
error due to the uncertainties of the cluster mass estimates. The 3.5 keV line was also detected
in the Galactic Center [608-610] with a flux that is be consistent with the DM interpretation
of the line in clusters and in the Andromeda galaxy [608]. Namely, it is sufficiently strong
(to be consistent with the cluster detection) and sufficiently weak to be consistent with the
non-detection from the outskirts of the Milky way [191]. However, in the Galactic Center the
flux of the line is also consistent with the expectations for plasma emission lines with no need
for a dark matter component [608, 610]. We note that the line is also recently detected in the
NuStar blank-sky [620] and Galactic center [621]| datasets. While it may have an instrumental
origin, related to Solar activity [620], it was shown in [620] that in the ‘no sun’ dataset the
line is present with the same intensity, and it appears several times stronger near the Galactic
center, as Fig. 4 of [621] demonstrates.

A difficulty in interpreting the origin of a weak emission line is inherent uncertainty
in the astrophysical backgrounds, in particular in the flux of plasma emission lines. The
strongest uncertainty comes from two potassium lines, K XVIII at 3.47 and 3.51 keV. Given
the spectral resolution of the XMM-Newton, within the systematic uncertainty the flux could
be attributed to emission from these K XVIII plasma lines. Ref. [610] argued that considering
a larger range of plasma temperatures reduces the tension between the observed 3.5 keV line
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flux in clusters and the expectations from known plasma lines (see however the subsequent
discussion in [624-626]). The interpretation of the 3.5 keV line as a plasma line would imply
that its surface brightness profile must trace the density of the plasma (more precisely: the
distribution of potassium). If it is a DM line it should, on the other hand, trace the overall
distribution of DM, which dominates the gravitating matter in Perseus and other clusters.
This point is disputed: While the analysis in [608] suggests that the line traces the overall
matter distribution (pointing towards DM), the authors of [613] conclude that the morphology
is incompatible with the DM interpretation. Explicitly, the authors of Ref. [613] argue that
the morphology of the 3.5 keV signal is incompatible with DM in the Galactic Center with
a spatial distribution that places strong upper limits on the possible dark matter flux. The
authors of [613] also show that the 3.5 keV emission in Perseus is concentrated on the cool-core
and less extended than expected for dark matter decay. Possible flaws in the analysis in [613]
are discussed in [627]. Specifically, Ref. [627] discusses some challenges with the template
analysis of [613], which the authors of [613] however do not agree upon. The Potassium
interpretation also cannot explain the origin of the line in the Andromeda galaxy reported in
[191], the significance of which is, however, disputed [610, 624].

Systematic errors in instrumental calibration and /or systematics induced by the analysis
procedure may impact the significance of weak lines. The calibration systematics was explored
in [191] who demonstrated that no line is detected in an extremely long exposure combination
of the off-center observations of the Milky way (“blank sky” dataset). A 3.5 keV line is not
detected in the stacked dwarf galaxies [596] arguing against a global calibration problem. It
has also not been seen in a long exposure towards M31 reported in Ref. [313]. In order to assess
possible systematic effects, the Ref. [610] considered the XMM-Newton spectra of the Tycho
supernova remnant, assuming that this system displays similar plasma emission lines to those
detected in clusters and the GC but would have no expected DM signal. A line at ~ 3.55 keV
is detected in Tycho (with a significance of Ax? = 19)2". Ref. [610] argued for either
systematic errors in the estimated significance and flux of the 3.5 keV line or a systematic
underprediction of the flux expected from weak plasma lines like K XVIII, claiming that the
K XVIII explanation is at odds with theoretical predictions of elemental abundances from
Type Ia supernovae. While Tycho does show emission from similar elemental lines as seen in
clusters and the GC, supernova remnants have a combination of thermal and non-thermal X-
ray emission and the ionization conditions are not necessarily the same as in clusters, making
the comparison less than clear cut. However, a 3.5 keV line is not necessarily expected
in supernova remnants and the detection of one may point to instrumental or modeling
systematics.

Ref. |614] explored the systematic for the Suzaku XIS instrument (somewhat similar to
EPIC instruments of the XMM-Newton). They find that systematic errors in the instrumental
response of XIS are at the level of half the detected line flux in clusters; they also suggest that
the modeling of a large number of plasma emission lines which overlap given the instrumental
energy resolution as in the cluster and GC analyses may artificially suppress the continuum
in line free regions creating spurious weak signals (this does not explain, however, the origin
of the line in the Andromeda galaxy spectrum, where the 3.5 keV line is the strongest one in
the range 3-4 keV, see discussion in [610, 624]).

Ref. |611] has developed a new method of data analysis, and applied it to the stacked
spectra of galaxies. It uses a non-physical (spline) model of the background. As a narrow line

2TThe significance of the signal found in [613] was communicated in private by T. Jeltema.
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cannot be modeled by a small number of splines, the line gets simulated using the response
matrices of the instrument, subtracted from the spectrum and the remaining signal is fitted
by the splines. The sensitivity of this method has only been tested on simulated spectra. The
simulations show in particular that the sensitivity is the lowest in the range around 3.5 keV
(with the exact value of systematic uncertainty not reported by the authors). It can be seen
that the simulated line with sin?(26) = 7 x 107'2 is not recovered at all, while the higher
values of the mixing angle are recovered with about Asin?(26) ~ 1.6 x 107! lower value
(the negative residual in the spectrum propagated linearly). Thus, the lowest limit from [191]
cannot be probed with this method. In addition, the method of [611] constructs the “signal
estimator” by dividing an x-ray signal in each pixel by the expected DM signal. The amount
of DM in each pixel is roughly estimated by combination of two scaling relations (one is
between stellar and halo masses, [628] and another concentration-mass relation [629]) and
it is not clear how strong is the systematic uncertainty from wrong DM estimates. Finally,
the recovered continuum residuals shown in [611] indicate a large systematic uncertainty in
the continuum that fluctuates up to levels of the signal, which should affect the claimed
sensitivity.

Ref. [612] has searched for a line in four individual clusters, Perseus, Coma, Virgo,
and Ophiuchus is deep Suzaku spectra. While they detect a line near 3.5 keV in Perseus,
they do not detect a line in the other three clusters. Ref. [612] claims that this result is
inconsistent with a DM interpretation, however, they do not provide sufficient analysis of
uncertainties in DM densities of these clusters and therefore it is not clear, how robust this
conclusion is. Moreover, the results of Ref. [612] appear to be inconsistent with those reported
in Refs. [614, 627].

The authors of Ref. [622] studied central parts of 19 galaxy clusters observed by XMM-
Newton having the largest known DM column density in XMM-Newton Field-of-View. In 8
of them (confirming previous detections in Perseus [190] and Coma [612] clusters), the new
line has been detected at > 20 level. The average position of the new line in these objects
is 3.52+0.08 keV. The decaying DM lifetime imposed from the new line observations and
non-observations in these objects is (3.5 — 6) x 1027 s consistent with previous detections
of [190, 608, 608]. Recently, Ref. [630] did not find the line in a stack of 33 clusters observed
with Chandra and Hitomi did not have a significant detection in Perseus [631].

More recently, two papers have argued for potential astrophysical origins in the 3.5 keV
line (632, 633]. Ref. [632] analyze high-resolution solar flare spectra and find that the coronal
potassium abundance is a factor of 9-11 higher than the photospheric abundances assumed
in the above analyzes, offering a explanation as to why the flux of these lines may be brighter
than expected. It is, however, not clear why the solar corona should exhibit similar isotopic
abundances to the IGM, as the metallicity is generally expected to be higher near stars.
Ref. [633] argue that charge exchange, which has thus far not been included in the spectral
modeling, can lead to enhanced S XV lines near 3.46 keV. Though this is in principle possible,
the precise energy of the S XVI lines does not agree with the unidentified line, and charge
exchange has so far not been detected in x-ray cluster plasma.

As discussed above, an observation of the line in the direction of a dSph satellite of
the Milky Way would be a ‘smoking gun’ for the DM interpretation of the signal, due to
the absence of X-ray emitting gas in these systems. Ref. [596] has reported a search of
the DM decay line in the stacked sample of dSph galaxies. Non-detection of the signal at
3.5 keV in the staked spectrum of dSph imposes a 20 upper limit on the mixing angle at the
level #% < 1.1 x 107! and rules out the central value of #2 reported in the Ref. [190]. The
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Figure 20. Comparison of sensitivities of current and planned high energy missions towards the
searches for weak lines.

significance of this conclision is claimed to be 3 — 40, depending on the assumption about the
contribution of the Milky Way to the line signal. The anaylsis in Ref. [313|, which is claimed
to be more constraining, only leads to a 1 — 20 discrepancy.

Most recently, a data from a very long (~ 1.4 Msec) XMM-Newton observation of Draco
dSph has become available. A statistically significant emission line from Draco dSph has not
been detected [618, 619]. This limits the lifetime of a decaying DM to 7 > (7 —9) x 10?7 sec
at 95% CL the interval corresponds to the uncertainty of the DM column density in the
direction of Draco). However, the analysis in [619] found a positive spectral residual (above
the carefully modeled continuum) at E = 3.54 £+ 0.06 keV with a 2.30 significance in the
spectrum of the EPIC PN camera. The two MOS cameras show less-significant or no positive
deviations, consistently within 1o with PN [619]. An analysis of the same data by other
authors in [618], found no excess near 3.5 keV in any of the three EPIC instruments. As a
result, the significance of the exclusion is currently under debate.

4.3.3 Other line candidates in keV range

In addition to the new line at 3.5 keV described in Sec. 4.3.2 above, other potential signs of
the radiatively decaying DM have been discussed:
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1. According to [604], the intensity of Fe XX VI Ly-y line at 8.7 keV observed in Suzaku/XIS
spectrum of the Milky Way center [605] cannot be explained by standard ionization and
recombination processes, and the DM decay may be a possible explanation of this ap-
parent excess.

2. According to Sec. 1.4 of [615], two faint extra line-like excesses at 9.4 and 10.1 keV have
been detected in the combined Suzaku/XIS spectrum of Galactic Bulge region. The
positions of these excesses do not coincide with any bright astrophysical or instrumental

line and their intensities can be explained in frames of decaying DM origin (see right
Fig. 8 of [615]).

4.4 Laboratory constraints (Author: O. Dragoun)

The S-ray spectroscopy is known to provide model independent upper limits on the effective
mass of the electron neutrino, m%ye) = 3. [Uei? - m?, where Ug; are the elements of the
neutrino mixing matrix and m; are the neutrino mass states (see e.g. [634]). However, the
measurements turned out to be an uneasy task. The massive neutrino changes the S-spectrum
only it its uppermost part having an extremely low relative intensity. Therefore, the electron
spectrometers intended for the neutrino mass determination should exhibit simultaneously
the large luminosity L (the product of the relative input solid angle © and the radioactive
source area S), high energy resolution AFEj., and sufficiently low background. The large
source area is needed to keep the sources as thin as possible. Otherwise the electron energy
losses within the source deteriorate the measured S-spectrum shape.

The first limit m,, < 5 keV was derived from 3-spectrum of 3°S (with a B-decay energy
of Qs = 167 keV) taken with a magnetic spectrometer in 1948 [635]. The measurement of 3H
B-spectrum (Qpg = 18.6 keV) with a setup of two orders of magnitude higher luminosity and
the magnetic spectrometer set to AFEjnst, = 40 €V yielded in 1972 the limit m, < 55 €V at
90% CL [636]. The present limit is m,, < 2 eV [85], while the KATRIN experiment aims at
0.2 eV sensitivity [637].

In 1980, a long time before the undoubted evidence for neutrino oscillations, Shrock
examined a possibility of searching for neutrino mass states m; also in S-spectra [127]. An
admixture of each of such states should produce a specific discontinuity (a kink) in the /-
spectrum at energy Eg - m;, where Eq is the endpoint energy of a particular S-emitter (i.e.
the maximum energy of S-particles in the case when all m; = 0). The relative intensity of
the kink observed at Egy - m; would determine the value of ]UeiF. The idea stimulated several
investigators to search for an admixture of heavier neutrinos in their S-spectra. The decay
of 64Cu that proceeds via both f1- and S~ -branches with the endpoints energies of 653 and
579 keV, respectively, was explored with a magnetic spectrometer. The overall resolution
including contribution from the energy losses within the radioactive source was determined
by means of conversion electron spectroscopy (see e.g. [638]) and amounted 1 keV at 300 keV.
The result was |Ueg|? < 81073 at 90% CL for 110 keV < my < 450 keV [639]. Also the
investigation of the 2°F S3-decay (Qg = 7.0 MeV) with a magnetic spectrometer adjusted for
the resolution of 3 keV at 4 MeV did not reveal any admixture of sterile neutrinos. The upper
limit of [Ueg|? ranged from 0.59 to 0.18 percent for 400 keV < my < 2.8 MeV  [640].

Simpson investigated the [g-spectrum of tritium implanted into a Si(Li) detector and
observed a distortion in the spectrum part below 1.5 keV. He interpreted this distortion
as the evidence of a heavy neutrino emission with the mass of about 17.1 keV and mixing
probability of 3% [641]. This surprising finding prompted numerous studies of *H and other
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Figure 21. The best upper limits on the admixture |Uq4|? of sterile neutrinos derived from measured
B-ray spectra. The limits are at the 90% CL except those for *Cu [639] and 3H [650] that are at the
90% CL. The numbers refer to the following S-emitters and their investigators: 1 — 3H [651], 2 —
SH [650], 3 — 'S7Re [652], 4 — 3H [653], 5 — 3H [654], 6 — 93Ni [642], 7 — 93Ni [655], 8 — 35S [656],
9 — %4Cu [639], 10 — 2°F [640]. The figure is reproduced from [634].

B-emitters like 14C, 35S, and 2'Pu. For some time, the effect was seen in several -spectra
taken with semiconductor spectrometers but it has never been recorded by magnetic and
electrostatic instruments. Finally, the study of the B-spectrum of %3Ni (Qz = 66.9 keV) with
a magnetic spectrometer put the admixture of the 17 keV neutrino below 5- 10~ at 95% CL
and found |Ues|? < 1-1073 for all my between 4 and 30 keV [642]. At present, there are no
B-spectroscopic indications for sterile neutrinos [643-647]. The relevant data are summarized
in [85]. The best upper limits of |Ue|? are shown in figure 21. Current investigators of
sterile neutrinos may benefit from a detailed discussion of experimental issues concerning the
17 keV neutrino [648]. As an example, the scattering of S-particles from 23S decay on a thin
diaphragm in front of the Si(Li) detector can produce a false 0.3% admixture of the 17 keV
neutrino [649].

The reliable analysis of measured -spectra requires precision knowledge of the spectrom-
eter resolution function (the response to a mono-energetic signal). Although this function can
be calculated it is advisable to check it for the actual instrument by means of an electron
gun. Even better is to apply a suitable conversion electron line, where the natural width and
shake up/off satellites were properly taken into account. Most of the systematic errors in
[B-spectroscopic searches for active as well as sterile neutrinos originated from incorrect treat-
ment of the electron energy losses within radioactive sources and spectrometers. Corrections
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Figure 22. The K-shell internal conversion electron line of the 63.1 keV transition in §5°Tm measured
with an original and modified 1%°Yb source [657]. The original source was prepared by vacuum
evaporation on Al backing and was contaminated by a usual hydrocarbon overlayer. Subsequently,
the source was covered by a thin plutonium layer in which the 3.7 keV electrons suffered additional
elastic and inelastic scattering. The agreement of measured (points) and calculated shapes (smooth
curves) demonstrates correctness of the electron loss function in plutonium applied in calculations of

the ?4!Pu B-spectrum shape. The natural width of this conversion line amounting 32 eV was taken
into account.

of measured S-spectra having no clear physical meaning not only decrease sensitivity of the
search but can lead to erroneous conclusions.

In the study of 2*'Pu S-spectrum (Qg = 20.8 keV) with two electrostatic spectrometers
the electron energy losses within a vacuum evaporated source were incorporated by means of
the Monte Carlo simulation of individual elastic and inelastic scattering events. The quality of
the approximation was tested by measuring the shape of the 3.7 keV conversion electron line
of the '69Yb source covered subsequently with a thin plutonium layer (see figure 22). This
approach allowed describing the measured part of the 24'Pu B-spectrum (down to 2 keV)
without any artificial fitting parameter [657].

Although the kink caused by the keV sterile neutrinos would change the S-spectrum
part of several keV width, it is advisable to apply sufficient spectrometer resolution in order
not to miss some unexpected spectrum features. For example the lines at energies of about
260 and 510 eV were observed on 3-spectra of (ground state-to-ground state) decays of 24'Pu
and 93Ni that corresponded to the KLL Auger lines of carbon and oxygen [658]. The K-shell
vacancies were created by impact of S-particles emerging from the sources on atoms in the
contamination overlayer (see also figure 23). In B-spectra taken with a worse resolution the
Auger lines would smear and could be misinterpreted as an anomaly.
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Figure 23. The KLL-Auger lines of carbon and oxygen superimposed on continuous S-spectra of
241Py and %3Ni [658]. The radioactive sources were prepared by evaporation in vacuum and measured
with an electrostatic spectrometer.

5 Constraining keV Neutrino Production Mechanisms

Section Editors:
Marco Drewes, Fedor Bezrukov, George Fuller

Neutrino states that are considered “sterile” can (by definition) not feel any of the known
forces of nature except gravity. That is, they carry no charges and are singlets under all
gauge groups of the Standard Model. In order to compose the observed DM, they must,
however, have some interactions with other particles in order to be produced in the early
Universe. One can roughly distinguish three different ways how this can be realized.

e The sterile states can be produced via the weak interaction if they mix with ordinary
neutrinos. This mixing occurs very generically because there is no a priori reason why
the neutrino mass and interaction eigenstates should be aligned in flavor space. If the
observed neutrino masses are generated via the (type-I) seesaw mechanism (see sec-
tion 1.5 for details), then there is definitely mixing between active and sterile neutrinos.
Production mechanisms that are based on this mixing are described in sections 5.1
and 5.2.

e Many theories beyond the SM predict the existence of additional scalar fields in Nature.
If sterile neutrinos have Yukawa couplings to a scalar field, then they can be produced
during its decay in the early Universe. This possibility is explored in section 5.3.

e If the SM is embedded into a more general theory of Nature (such as a Grand Unified
Theory), then there are usually additional gauge symmetries that are “broken” at some
energy scale above the reach of the LHC. This gives masses of the order of the energy
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scale where the symmetry is broken to the gauge bosons, effectively switching off the
corresponding gauge interaction at lower energies. Thus, the neutrino states that appear
to be sterile at the energies which can be probed in experiments may interact via
new gauge interactions at higher energies. This allows to produce them in the high
temperature phase of the early Universe. This idea is discussed in section 5.4.

5.1 Thermal production: overview (Authors: M. Drewes, G. Fuller, A. V. Pat-
wardhan)

5.1.1 Motivation

All that we know about DM is consistent with the hypothesis that it is composed of long-lived,
massive particles without long-range interactions to each other or to SM particles. Neutrinos
are the only particles in the SM that fulfil these requirements. They are, however, too light:
thermally produced neutrinos v, are relativistic when structures in the Universe begin to
form, and contribute to the total DM density as Hot Dark Matter. This is clearly disfavoured
by structure formation, e.g., see Sec. 3.1. Sterile neutrinos, on the other hand, can be heavier
and “colder”. This makes them natural DM candidates. Their interaction strength with all
known particles is “weaker than weak”, i.e., suppressed with respect to the weak interaction
by the active-sterile mixing angles 6;,. Though N; are unstable particles and decay via the
weak interaction of their vp-component, a sufficiently small mixing angle 07, can guarantee
the required longevity. The emission line that is expected from the decay Ny — v,y is one
of the main testable predictions of sterile neutrino scenarios, and is discussed in Sec. 4.3.

Whether sterile neutrinos are hot, warm, or cold Dark Matter depends on the way they
were produced in the early Universe. The sterile neutrino production scenarios all break
down into two broad categories: (1) those where sterile neutrinos are produced copiously
early on, perhaps even attaining thermal and chemical equilibrium like the active neutrinos,
but with early decoupling and subsequent dilution of their relic densities down to acceptable
DM values; and (2) those where there are no sterile neutrinos present to begin with. In
the minimal scenario described by the seesaw Lagrangian, eq. (1.21), vg are gauge singlets,
and their only interactions with other particles at low energies are mediated by their mixing
0 with ordinary neutrinos. Then thermal production via this mixing is the only way to
produce the mass eigenstates Nj. For values of M; and 0, that are consistent with phase
space considerations (see Sec. 4.1) and the longevity constraint, the Ny never reach thermal
equilibrium in the early Universe. Hence, the minimal scenario falls into category (2). The
production by mixing is absolutely unavoidable for any non-zero value of 6;,, therefore the
N population produced in this way is the minimal Dark Matter content of the Universe
for a given parameter choice. If the Ny in addition have other interactions at high energy,
then these can produce additional N; populations. The most studied examples of these are
described in detail in Sec. 5.3 and Sec. 5.4.

In this section we concentrate on the minimalist (and unavoidable) model for produc-
tion of a relic sterile neutrino number density and energy spectrum that could make these
particles suitable DM candidates, namely, the thermal production via mixing with ordinary
neutrinos [177].%® This model is “minimalist” in that it requires only a minimal extension of
the Standard Model, to massive active and sterile neutrinos which mix in vacuum, but which
otherwise have only Standard Model interactions (i.e., the weak interaction in the case of

28Note that a minimum amount of thermally produced right handed neutrinos even exists if neutrinos are
Dirac particles [659].
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active flavors). This guarantees that this model falls into the second category, i.e., no sterile
neutrinos in the early Universe to begin with.

5.1.2 Active-sterile neutrino oscillations

Before going into more details of the thermal production mechanism, we explain the under-
lying physics in a simple quantum mechanical picture. In the following, we assume that only
one species of heavy neutrinos contributes to the Dark Matter density and refer to this mass
eigenstate as v = Nj.

The earliest theoretical exploration of neutrino flavor mixing was done by Pontecorvo in
the 1960s |78], and it already involved speculation about mixing between active and sterile
neutrinos. Let us, for simplicity, assume that there is only one active neutrino flavor v, and
a sterile state vg, with their mixing in vacuum described by

|Vg) = cosO|v1) +sinf |va), (5.1)

lvs) = —sind 1) + cos 1),

where |v1) and |vp) are the neutrino energy/mass eigenstates (to be identified with v; and
Ny defined in 1.5) with corresponding vacuum mass eigenvalues m; and my (to be identified
with the light m; and heavy M defined in 1.5). Here 6 is the vacuum mixing angle. Of
course, the unitary transformation between the three active neutrinos and any sterile states
could be quite complicated, with many parameters, but this simple 2 x 2 example will serve
to illustrate the essence of how sterile neutrinos can be produced in the early Universe.

Quantum mechanical systems can be thought of as evolving with time in two ways. A
state can evolve coherently in a smooth, continuous fashion according to a Schrodinger-like
equation. Or, a state could change abruptly when a “measurement” is made, and the state
is “reduced” into one of the eigenstates of the observable in question. The latter process
is sometimes associated with de-coherence, because quantum mechanical information in the
initial state is lost in the reduction/measurement process. Now we understand, of course,
that de-coherence is really a manifestation of mixing and transferring quantum information
over many states in the environment, a fundamentally many body process.

Correspondingly, there are two ways that a neutrino can change its flavor. The first
way is through coherent neutrino flavor oscillations. As the above transformation equation
shows, the neutrino propagation states, i.e., the energy/mass states, are not coincident with
the weak interaction eigenstates, i.e., the flavor states. As a neutrino propagates through the
plasma of the early Universe it can coherently forward scatter on particles that carry weak
charge, for example, electrons and positrons, other charged leptons and their anti-particles,
quarks, nucleons, and other neutrinos. In so doing, the neutrino will acquire an effective mass,
akin to the way a photon acquires an index of refraction and effective mass as it propagates
through glass. Also because of this, the neutrino will typically have an in-medium mixing
angle 0,, that will generally differ from the vacuum mixing angle. At any point along its path
a coherently propagating neutrino will have an amplitude to be either active or sterile, which
will depend on this mixing angle 6,,,, and the oscillation phase.

The second way neutrinos can change their flavor is through direction- or energy-
changing scattering processes. These will act like “measurements.” Active neutrinos with
energy F,, will have scattering cross sections o ~ GI% E2, and overall scattering rates ', ~
o -flux ~ G& T, where GF is the Fermi constant that sets the strength of the weak interac-
tion, E, is the typical energy of active neutrinos which is of order the temperature 7', and the
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number densities (or fluxes) of thermally equilibrated light particles are ~ T3. A neutrino
will scatter only through its active component.

In a single particle sense it works like this. A neutrino is set to a weak interaction (flavor)
eigenstate when it suffers a scattering event. Subsequently, it propagates coherently toward
its next scattering target, building up quantum mechanical flavor phase in a way governed by
the in-medium unitary transformation between the flavor states and the instantaneous energy
eigenstates:

|Va) = cosOp, (t) |v1 (1)) + sin by, (t) |v2 (1)), (5.3)
|vs) = —sinby, (t) [v1 () + cosbp, (t) |12 (1)), (5.4)

where t is the age of the Universe. When this neutrino comes upon the next scattering target,
after one mean free path, the target “asks:” What flavor are you? That collapses the neutrino
state into one of the flavor eigenstates, either sterile |vs) or active |v,). In the latter case, i.e.,
wave-function collapse into an active flavor state, the neutrino actually suffers a scattering
event. If we start out with all active neutrinos, then as the Universe expands, active neutrino
scatterings will necessarily build up a reservoir of sterile neutrinos.

Though there are many models for producing a DM relic density of sterile neutrinos [66,
171, 177, 188, 189, 239, 313-316, 320, 324, 344, 397, 398, 480, 660-685|, if active-sterile
neutrino flavor mixing exists, then scattering-induced decoherence will necessarily contribute
to the relic density [686]. Some of these models run afoul of X-ray observations or large-scale
structure considerations or both, as described in Refs. [186, 315, 326, 566, 687, 688] and also
in section 4.3. However, many of them still remain viable.

5.1.3 De-cohering scatterings

At each real or potential scattering event, the probability that the active neutrino collapses
into a sterile state is oc sin? 26,, (t). Of course, as Pontecorvo pointed out, a sterile neutrino
really is not “sterile,” since this neutrino will also build up flavor phase as it propagates and it
can have a non-zero amplitude to be active. Its interaction rate will be I',, ~ G% T® sin?[20,,],
and sterile neutrinos can be converted back to active states via scattering-induced decoher-
ence.

As mentioned before, active neutrinos in the early Universe can acquire an effective mass
through coherent forward scattering off of particles in the background plasma. This leads to a
modification in the effective active-sterile mixing angle. For a neutrino state with momentum
p, the effective in-medium mixing angle at a plasma temperature T is given by

A?(p) sin?(26)
A2(p)sin®(20) + [A(p) cos(20) — Vp — V]’

sin?(26,,) = (5.5)

where A(p) = Am?/(2p), with Am? being the appropriate mass-squared splitting in vacuum.
Vp and Vr are the finite density and finite temperature potentials, respectively, felt by the
active neutrino. The finite density potential, Vp, arises as a result of asymmetries (particle
vs. antiparticle) between weakly interacting particles, i.e., baryonic and leptonic asymmetries.
The finite temperature potential, Vi, on the other hand, results from higher-order corrections
and neutrino forward scattering off of thermally created particle-antiparticle pairs. It carries
a negative sign, and for T < My (the W-boson mass), is given by Vp = —Ggﬁ pT?*, where
Ger ~ O(GF) can be taken to represent some overall neutrino coupling, summed over the
various species of particles in the background plasma.
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The negative sign and the strong temperature dependence mean that the thermal poten-
tial can cause heavy suppression of the effective in-medium mixing angle at high temperatures.
For a keV-MeV mass sterile neutrino, |[Vr| ~ A(p) at T~ 0.1-1 GeV. In the limit of negligible
lepton number, i.e., Vp ~ 0, the ratio of sterile neutrino interaction rate to the Hubble expan-
sion rate at higher temperatures is I',,,/H oc T~Y, whereas at lower temperatures, where the
vacuum oscillation term dominates, I',,,/H o T3. Owing to this high-temperature suppres-
sion, sterile neutrinos with vacuum mixing angles smaller than sin?(26) ~ 1076 (10 keV /M)
can never attain thermal equilibrium with the plasma, in the absence of additional non-
standard-model interactions. Therefore, in such scenarios, their relic density cannot be set
via a freeze-out process, unlike ordinary active neutrinos.

Such mixing with active neutrinos can, however, lead to sterile neutrinos being produced
in the early Universe via scattering-induced decoherence, as was first pointed out in Refs. [689,
690], and later on applied by Dodelson and Widrow [177] to the DM problem. Active neutrino
scattering-induced decoherence into sterile states is driven by the active neutrino scattering
rate I'y, ~ G% T®. However, this scattering also gives rise to the active neutrino matter
potentials described above, as well as quantum damping, both of which serve to inhibit
active-sterile neutrino conversion. The sterile neutrino production rate via this mechanism
can also be shown to peak at temperatures of ~ 0.1-1 GeV. Details of this mechanism are
given in subsequent sections.

5.1.4 MSW-effect and resonant conversion

If there are considerable lepton numbers £, in the plasma, then Vp # 0, and ordinary neu-
trinos can have mass level crossings with sterile neutrinos. For a sterile neutrino mass in the
range of interest, i.e., keV-MeV, this occurs in the same temperature range ~ 0.1-1 GeV where
the scattering-induced production peaks. These mass level crossings are essentially Mikheyev-
Smirnov-Wolfenstein (MSW) resonances [318, 319]. These resonances, where sin?(26,,,) — 1,
occur where the effective in-medium mass-squared of an active neutrino matches the vacuum
mass-squared of the sterile species, M12 From Eq. (5.5), the MSW resonance condition can
be obtained as Am? cos(20) =2z T (Vp + V), or,

M? ~ 4‘/%(3) Grp Lo Tres T — 274 G2 22, TS, (5.6)
where we have used Am? cos(26) ~ M?, and where the first and second terms on the right
hand side in Eq. (5.6) are 22T Vp, and 2x T Vp, respectively. Here the scaled neutrino en-
ergy /momentum is = p/T (the symbol e for this quantity is also prevalent in the literature).
This quantity becomes a co-moving invariant at late times when the neutrinos decouple and
freely stream along geodesics — in that regime, the active neutrino temperature parameter
will scale like the inverse of the scale factor, as will the momentum magnitude of the neu-
trino. In Eq. (5.6), omitting the contribution from charged leptons and hadrons, cf. Eq. (5.24),
Lo=2L,+ Z,B;éa Lg, with «, 8 = e, p, 7, corresponding to ve, v, V-, and where we produce
the sterile neutrinos through the v, = v, mixing channel, and where the net lepton numbers in
the individual neutrino flavors are, Lo = (n,, — 1y, )/n~. Here, the photon number density is
ny =2¢ (3)T3/n?%, and the thermal neutrino number densities n,, =1 Fy (1) /(2 7%), with
F5 (nq) the relativistic Fermi integral of order 2 and argument 7, the v, degeneracy parame-
ter which, in the dilute limit, is related to the corresponding lepton number by 1.46L,, & 7.
The thermal potential arises from neutrino scattering on seas of thermally-created particle-
antiparticle pairs in the early Universe, and its magnitude therefore depends on the extent
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to which the corresponding charged lepton flavor is populated, which in turn depends on the
temperature. For example, at T' ~ 10 MeV, the second term in Eq. (5.6), corresponding to
the thermal potential, has a parameter r,, which is roughly 79 for o = e, and roughly 22 for
a = p, 7T (r, increases to 7. between T' ~ 10 MeV and T' ~ 200 MeV, as the themal ut seas
become increasingly populated).

Figure 24 gives examples of possible level crossing scenarios. In this figure we show the
temperature dependence of the effective in-medium mass for v, for constant values of potential
lepton number L.. If v.’s are converted to vs at these level crossings, then the potential lepton
number L, will decrease, and the shape of the in-medium effective mass curve will change.

As this figure shows, an active neutrino can experience two MSW resonances as the
Universe expands. This is because the first, positive term in Eq. (5.6) dominates at lower
temperature and scales like 7%, whereas the second, negative thermal term scales like 7. Of
course, at high enough temperature 7', this negative term dominates and the potential will
decrease with increasing temperature. We can solve Eq. (5.6) for the resonant scaled energies
of the active neutrinos,

CV2¢3) L(t) 4o M
ool = o G 20 (1 : \/ RGIErEI0r <t>)’ >0

where t is the age of the Universe. Clearly, resonances can occur only when the argument
of the square root in this equation is greater or equal to zero, implying that the following

condition be met: )
T
- T (t) > o M2, .
|L(1)] ()_QC(B)\/T i (5.8)

Whether active neutrinos v, are converted efficiently to sterile neutrinos v, at these
resonances depends on several factors. First, scattering-induced de-coherent active-sterile
transformation will be proportional to the product of the active neutrino scattering rate and
the effective in-medium sin?(26,,), the latter being maximal (unity) at resonance. The number
of active neutrinos converted to sterile species at resonance will then depend on a comparison
of the scattering rate and the “resonance width, ” roughly the length of time the effective
in-medium mixing angle is maximal, i.e., 6t ~ H~! tan(26), where the causal horizon size is
H '~ mp1/ T2, with mp the Planck mass. The point is that gravitation is weak (mp; large),
the expansion rate of the Universe is slow, and the causal horizon is therefore large. In turn,
this means that active-sterile conversion can begin efficiently. In coherent MSW language, we
would say that the conversion process at resonance is adiabatic initially. However, efficient,
adiabatic conversion v, — v, means that the net lepton number £ and, hence, the overall
potential is reduced. Rapid reduction of £ renders neutrino evolution through resonances
non-adiabatic and, hence, inefficient. As the temperature T drops and lepton number L is
reduced the condition for the existence of resonances in Eq. (5.8) will eventually be violated.
At low enough temperature, a combination of non-adiabaticity or cessation of resonances,
plus a reduced active neutrino scattering rate, imply that production of sterile neutrino relic
density ceases. In the end, the relic density of sterile neutrinos, and the relic energy spectrum
of these, will then be the result of a sometimes complicated nonlinear interplay of the histories
of active neutrino scattering rates and in-medium active-sterile mixing angle 6,, (t) [668|.

Due to the dependence on z, different momentum modes go through the resonance at
different temperatures. Therefore, resonant production of a sterile neutrino relic density in
the right range to be DM leaves the sterile neutrinos with a distorted energy spectrum, with
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Figure 24. The effective in-medium mass, /22T (Vp + V), for an electron flavor neutrino, v, is
shown as a function of temperature in the early Universe. Two values of initial potential lepton
number for the v, = v, channel are considered, £, = 7 x 1074 (solid, blue curves) and L, = 3 x 1074
(dot-dashed, black curve). Effective mass curves are shown for the labeled values of scaled neutrino
energy « = E, /T (also refered to as € in literature). As an example, the temperature track (dashed,
red) of a sterile neutrino with mass 7.1keV is shown — because this is sterile the track is independent
of temperature. MSW resonances occur at mass level crossings, where the effective in-medium mass
of the v, matches the sterile neutrino mass.

a significant fraction of the sterile neutrino population skewed toward lower x than would
be the case for a Fermi-Dirac black body-shaped distribution function. (In the examples in
Fig. 24 note that for a given L. only lower values of x can be resonant!) Therefore, resonantly
produced sterile neutrino DM is generally “colder” than sterile neutrino DM particles with
the same mass produced non-resonantly via a straight Dodelson-Widrow scenario, e.g., see
Fig. 25.

To give some scale for the parameters involved, accounting for all of the DM with
a 7.1 keV mass sterile neutrino, with a vacuum mixing angle sin?6 ~ 1071 or 107! as
suggested by X-ray observations [190, 191], via resonant, Shi-Fuller mechanism production,
would require an initial net lepton number £ ~ 1075-10~* [315, 316, 480]. A non-resonant,
zero-lepton number Dodelson-Widrow production scenario would need a much larger vacuum
mixing angle at a given mass to produce all of the DM, and this would mean a radiative decay
rate in conflict with X-ray bounds. Such a scenario could work, however, if the 7.1 keV sterile
neutrino were only ~ 15% of the total DM, thereby allowing for larger active-sterile mixing
angles to not be excluded.

Finally, note that a lepton number £ ~ 1074, though well below what can be probed
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Figure 25. Example for a resonantly produced DM spectrum. The dashed-dotted line represents a
momentum distribution that one would expect for L, = 0 (Dodelson-Widrow case), the dashed line is
the colder contribution from the resonance. The solid line is the combined spectrum. This illustrative
Figure is similar to [186]; state of the art spectra can be found in Refs. [317, 691].

with light element abundances, i.e., £ ~ 0.1, is nevertheless very large compared with the
measured baryon number ng ~ 6.11 x 1070, This brings up a very thorny issue. Where
would such a “large” lepton number come from? We have problems in explaining the origin
of the baryon number as well. However, the existence of several sterile neutrino generations,
the non-equilibrium nature of active-sterile neutrino mixing, and CP-violation in the neutrino
sector, can produce the Sakharov conditions required to produce lepton numbers and baryon
numbers. Moreover, our ignorance of the sterile neutrino mass scale can be turned on its head,
and (large) masses of two of these particles chosen so that the baryon and lepton numbers
can be produced. The lepton number so produced could then drive resonant production of a
lighter, DM candidate sterile neutrino. One such scenario is the vMSM, where the required
L can be produced in the decay of heavier sterile neutrinos, which previously generated the
baryon asymmetry of the Universe [188, 397, 398].

5.2 Thermal production: state of the art (Authors: M. Drewes, M. Laine)
5.2.1 Examples of complete frameworks

The physical picture outlined in Sec. 5.1 is sufficient for understanding most of the effects
playing a role, but does as such not yet offer for a quantitative method for determining the
DM abundance and spectrum in the early Universe. Indeed the quantities introduced, the
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potentials V7 and Vp and the active neutrino interaction rate I',_, need to be put together in a
way which accounts for contributions both from active neutrinos and antineutrinos; correctly
incorporates Pauli blocking factors; tracks spin dependent effects if present; permits for the
inclusion of hadronic contributions that are very important at the temperatures 7' > 100 MeV
where the production peaks; and systematically accounts for the dilution of the various lepton
asymmetries during the resonant production of DM particles.

Theoretically speaking, the computation needed in order to complete this task is a
problem in non-equilibrium statistical physics. In a typical approach that can be applied
if most degrees of freedom are in local thermal equilibrium, one attempts to factorize such
problems into two parts. The first part is the postulation of equations of motion that should
capture the time evolution of the non-equilibrium degrees of freedom. The second part is the
determination of the coefficients appearing in these equations (such as Vp, Vi, T'), ), which is
normally carried out in thermal equilibrium. With both ingredients as well as initial conditions
in place, the non-equilibrium equations of motion can be integrated in order to obtain the
desired abundance.

One example of a non-equilibrium framework, often used for freeze-out computations in
cosmology, is that of Boltzmann equations. In this case the dynamical degrees of freedom are
classical phase space distribution functions, and the coefficients characterizing the equations
are vacuum scattering amplitudes. However, since quantum coherence between states of
different flavors is crucial to neutrino oscillations, and since the presence of a medium can
significantly change the dispersion relations of various particles even in the absence of “real”
scatterings, the classical distribution functions in the Boltzmann equations are not necessarily
suitable for the present problem.

Flavor oscillations, thermal modifications of dispersion relations, and real scatterings
responsible for de-coherence and the sterile neutrino production, can be taken into account
through matrix-valued generalizations of the Boltzmann equations called density matriz equa-
tions [295]. In this approach, active and sterile neutrinos are thought of as on-shell degrees
of freedom, whose non-equilibrium time evolution is governed by a coupled set of linear
equations of motion. The coefficients parametrizing these equations characterize three ba-
sic properties of neutrinos: the mixing angles; the potentials Vr and Vp; and a damping
coefficient, reflecting thermal scatterings of left-handed neutrinos with the Standard Model
particles constituting the heat bath.

The basic quantities in the density matrix framework are expectation values of the ladder
operators ay, aJ} that appear in the plane wave expansion

-¥ / (e ar(pit) + o e al (pi1)
2 + MQ

Z/ (u?,pe_ipxbi’h(p,t) + v,f’:peipxbih(p,t)) .
2 p2 +m?

Here h, h' = & label the helicities of the particles. The elements of the density matrix can be
defined as
e (OE ()T (p)) e (O )1al (p)

) (pl/V)z] X T? (pVN)ZJ X Vs

Here, V is some arbitrarily chosen unit volume and s the entropy density of the Universe.
For I = J or ¢ = j these objects simply give the occupation number of particles of flavor I

(5.9)
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in the quantum state in which the expectation value is calculated, the off-diagonal elements
characterize correlations between different flavors. Together, they form a “density matrix” in
flavor space for each momentum mode and helicity,

p:< Pov  PuN ) (5.10)

PNv  PNN

Equations of this type have been widely used to describe the propagation of active neutrinos
in a medium, particularly at low temperatures T' < 10 MeV.

Let us for a moment assume that the neutrinos reside in a thermal bath with adiabatically
changing temperature. It is usually also assumed that one can neglect all correlations with
h # h' because the Hamiltonian commutes with the helicity operator. Then the density
matrix follows an equation of motion of the form

1 d

1
— = —1 — = — p®
75 ax = ~HHem pl = 5 {Temr, p — 0%} (5.11)

Here, p® is the equilibrium density matrix and X = M/T a dimensionless time variable,
where M is an arbitrarily chosen mass scale. It is convenient to identify M with the DM
particle’s mass. The function

0 45 mp

H=—ox\ g™ (5:12)
can be identified with the Hubble parameter if the number of degrees of freedom g is constant
during the evolution. The commutator contains an effective Hamiltonian H.g that describes
coherent flavor oscillations. In vacuum, this term is simply given by the neutrino mass matrix.
Above we have defined p in the “mass basis” in flavor space; in this basis H.g is diagonal in
vacuum. The equation of motion (5.11) is invariant under rotations in flavor space and can
be transformed into any other basis for convenience.

The anticommutator comes from the interactions and gives rise to “dissipation”; i.e.
processes that change the number of particles of a given species in a given mode. It involves
decoherence and leads to scattering-induced sterile neutrino production. The flavor basis in
which I is diagonal is called “interaction basis”, in general it is not identical to the one where
H.g is diagonal. It is precisely this misalignment that leads to flavor oscillations: particles are
produced in a state that corresponds to a p which is diagonal in the interaction basis, then
they start oscillating due to the presence of Heg. At finite temperature and density, there are
corrections to Heg due to Vp and Vp. Let us split Heg = Hyae + Hr into a vacuum term and
a finite temperature/density correction. Hy,. is determined by the vacuum mass matrix and
diagonal in the mass basis, Hr comes from the interactions and is diagonal in the interaction
basis. The total Heg defines the effective (thermal) mass basis at a given temperature and
density, it rotates when the temperature changes because the relative size of Hy,. and Hyp
changes. In particular, in the limit of very high temperatures T" > M, Hyae < Hp can be
neglected, and the effective mass basis becomes identical to the flavor basis. Then there are
no flavor oscillations in spite of the fact that neutrinos have large “thermal masses”, simply
because these thermal mass terms are diagonal in the flavor basis.

In practice, one usually makes a number of simplifications. Since active neutrino masses
are very small, oscillations among active neutrinos can usually be neglected at the temper-
atures that are relevant for DM production. This allows to set m, = 0, and H.g takes the
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form

0 0
Hyg = < 0 M? ) + Hrp . (5.13)
2|p|

Since a rotation among the active flavors does not change Hy,c, it is common to use the flavor
basis (p,,l,)’;%, where Hp is diagonal, in the active sector. This is done by a block-diagonal
rotation matrix diag(U,,1). We can neglect all elements with o # [ in this approximation.
The active neutrinos are highly relativistic. This allows to interpret the helicity states of the
Majorana field v; as “particles” and “antiparticles”. Their sum is the total particle number
and their difference is a measure for the lepton asymmetry in the plasma (neglecting the
asymmetry carried by charged leptons). If the active neutrinos are in thermal equilibrium at
T > 1.1 MeV, the deviation of their phase space distribution function from equilibrium can be
neglected, and the occupation numbers for all modes are simply given by a single number 7.
In kinetic equilibrium, one in addition needs to specify the asymmetries L,. They are crucial
for sterile neutrino DM production because they lead to a non-zero Vp and can trigger the
MSW resonance. Since the active neutrino distribution functions remain close to equilibrium,
one need not track the occupation numbers of individual momentum modes and can define
the integrated quantities:

3

e = [ s (ol + (i), (5.14)
3

Lo = [ 25 [0t = (ic] (515)

We are interested in the production of sterile neutrinos with masses M7 in the keV range
and mixing angles U?a < 1078 that are consistent with searches for emission from decaying
DM. Comparing a keV mass to the observed Qpy shows that the occupation numbers pyn
at all times must remain significantly below their equilibrium values. The same can be said
about p,n and pn, = pl - On the other hand, the equilibrium density matrix p®@ can in
good approximation be replaced by a unit matrix as long as the temperature is much larger
than all particle masses, which is the case in the regime T ~ 100 MeV where thermal sterile
neutrino DM production peaks. If L, = 0, then the off-diagonal elements p, n oscillate very
rapidly due to the very different effective masses of active and sterile neutrinos. Then their
effect on the evolution of the abundances pyy averages out. For L, # 0 the nonzero Vp
can lead to a level crossing between the active and sterile neutrino quasiparticle dispersion
relations in the plasma, so this argument does not hold. However, in this case the element of
H,.g that multiplies an element of p, 5 on the RHS of (5.11) becomes very small (because it is
given by the effective mass splitting). That is, the elements of p, 5 (which are small numbers)
enter the RHS of (5.11) only as in a product with another small number, and this product
can be neglected.?

Even though the density matrix formalism can describe much of the physics relevant to
the problem, it still omits uncertainties of order unity. In particular, it assumes that active

2%Here “smallness” can be quantified in powers of the mixing angle 6: the production rate I'y for sterile
neutrinos, which is the lower right block of the matrix Teg in (5.11), is of order oc #2. This sets the macroscopic
time scale 1/I'y in the system. Oscillations can be considered “fast” if they are faster than this. If the oscillation
time scale is comparable to 'y, then the oscillations in principle have to be tracked. In this case, however,
the element of Heg that multiplies an element of p,n is also ~ 62,
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lepton asymmetries are only carried by neutrinos, omitting the fact that weak interactions are
in equilibrium and lepton asymmetries can also be carried by charged leptons (with charge
neutrality taken care of by leptons of other generations and /or by light hadrons such as pions).

A framework which includes all effects in Standard Model interactions, with the price of
restricting to order 0% ., in the active-sterile mixing angles, has been presented in ref. [692] and
generalized to systems close to equilibrium and with three generations of lepton asymmetries
in ref. [691].3° In this approximation, we can track the full density matrix of the system,
denoted by p. Its time evolution is determined by the quantum kinetic equation

PO _ a0y, ) (5.16)

which is equivalent to the Schrédinger equation. Here pr = exp(zHot)p exp(— iHgt) is the
density matrix in the interaction picture and Hy = exp(zHot)Hmt exp(—zHot) where H;y is
the interaction Hamiltonian proportional to the neutrino Yukawa couplings (i.e. 67,). The
“free” part Ho includes all other interactions. Equation (5.16) is exact and contains all in-
teractions.?! All other kinetic equations that are being used in the literature correspond to
different approximations to (5.16). For instance, equation (5.11) can be interpreted as the
limit where the sterile neutrinos are on-shell and the RHS has been perturbatively expanded
in #. This approximation allows to include coherent quantum oscillations and corrections to
the (quasi)particle dispersion relations from interactions with the plasma. Equation (5.29)
can then be viewed as a limit of (5.11) in which coherent oscillations between different flavors
have been neglected.
Equation (5.16) can be solved perturbatively,

;’)I(t):ﬁo—i/dt’ [Hl(t’),ﬁg]—/odt'/o A" [Hy(t)), [Hi(t"), po]] + .., (5.17)

0

where pp = p(0) = p1(0). This is equivalent to standard time-dependent perturbation theory.
The strictly perturbative approach breaks down as soon as pyn approaches equilibrium, but
by an appropriate choice of pg these so-called secular terms can be avoided, so that the system
can be described both near and far from equilibrium, with the former case properly including
Pauli blocking. Subsequently the sterile neutrino production rate can be traced out from the
solution. Simultaneously, the lepton number operator evolves as [693]:

L, :/iNIF}aqETéa + hec., (5.18)
X

where ¢ = 1050 is the conjugate Higgs doublet, éa is the left-handed lepton doublet, and
Fro o« 07, are Yukawa couplings. Tracing this equation with the density matrix yields an
equation for the depletion of lepton asymmetries. Taken together the equations results in
a coupled system, parametrized by Vr, Vp, and I',,, which is valid both near and far from
equilibrium to O(6?,) but in principle to any order in SM couplings such as a; [691].

In principle there are also frameworks which can be extended to higher orders in H%a
This could be relevant, for instance, for crosschecking that resonant production is treated

30 A different approach based on similar physical assumptions was proposed and used to compute DM spectra
in ref. [317].
31Note that the derivative on the LHS should be a covariant derivative in curved space.
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fully consistently (cf. footnote 29). One possible starting point for this is the Schwinger-
Keldysh formalism of non-equilibrium quantum field theory [694-697], in which all properties
of the system can be expressed in terms of correlation functions of the quantum fields, with-
out reference to particles or asymptotic states. This framework allows for a first principles
description of sterile neutrinos in a dense plasma, and significant progress has been made to-
wards this goal [401, 685, 698-714], in particular in the context of leptogenesis. However, even
though exact equations can be written down, it remains a challenge to develop a systematic
approximation scheme for their practical solution.

5.2.2 Matter potentials and active neutrino interaction rate

As has been discussed in the previous sections, a key ingredient in the DM production com-
putation is the determination of the potentials Vr and Vp and the active neutrino damping
coefficient, or interaction rate, denoted by I',,. We start with a discussion of how these are
normally defined in a way which permits for their practical determination, and then discuss
the best available values that can be extracted from literature.

Let us denote by P = (F,p) the four-momentum of a left-handed (active) neutrino and
by X its self-energy. The matter potentials Vp and Vp parametrize the dispersion relation of
the active neutrino. This can be obtained by searching for non-trivial solutions of [715-718|:

{P—RexPL}u(p) =0, (5.19)

where 1 is a Dirac spinor, P, = (1 — 75)/2 is a chiral projector, and Re denotes the contin-
uous (non-cut) part of the self-energy. Following ref. [719] and for future reference, we have
factorized the chiral projector Pp, explicitly in Eq. (5.19).

Because only left-handed neutrinos experience weak interactions within the Standard
Model (the vertices that they attach to are proportional to v#Pr), the self-energy must
respect chirality. Therefore it is of the form ¥ = a P + b ¢ [719], guaranteeing that the
left and right chiral components decouple from each other. The part a can in general be
omitted in comparison with the tree-level term in Eq. (5.19), whereas the function b defines
the quantities that we are interested in.

More precisely, we can write [715]

Y P = [aﬂ’—i—(br—iF;“)ﬂ]PL, (5.20)

where u = (1,0) is the plasma four-velocity; a = a, + ia; is a complex function; and b, is a
real function. The real part can be interpreted as

br=—=Vr—"Vp, (5.21)

where Vp is defined to be the part which is odd in chemical potentials. Moreover, assuming
the structure in Eq. (5.20), the scattering rate can be projected out as

r, = Tr{EP;ZPQﬂImZPL}. (5.22)

According to ref. [720], this formula corresponds to the classic results given in refs. [720-722].
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The scattering rate has many interpretations. On one hand it is often interpreted as the
relaxation rate that drives the active neutrino population to thermal equilibrium [723]; more
importantly for us, as discussed above, it directly determines the DM production rate,

sin?(20) M{T,,
I, ~

o0 . 5.23
s 4 w@+%h+¥P+ETi+ (0%) (5.23)

This result can be compared to the expression (5.5) for the production in the quantum
mechanical limit. General discussions concerning other interpretations of I',, can be found
in refs. [706, 724].

Turning to numerical evaluations, the finite temperature part Vp originates at 1-loop
level and has a relatively simple expression, available both for T" < My [715] and more
generally [716-718]. In contrast the determination of the finite density potential Vp, also
addressed in ref. [715], turns out to be subtle. Because of Z%-boson exchange, which is in
thermal equilibrium in the temperature range of interest, it includes a contribution from
hadrons; in a notation similar to Eq. (5.7),

1 1
Lo = 2L, + Z L,, + (5 + 25in29w)Lea - (7 — 2sin%f ) Z L,

Ba p#a

+ (% — fsm20 ) Z L; — (f - 7511120 ) Z L;, (5.24)

i=u,c i=d,s,b

where e, denotes charged leptons; u,c,d,s,b stand for quark flavors; and 6, is the weak
mixing angle. Because the hadronic part couples differently to up and down-type quarks, the
hadronic contribution contains a part which is not proportional to the baryon number density.
Electric charge neutrality of the Standard Model plasma requires that the hadronic part is
present even if the baryon asymmetry of the plasma were zero, because charged hadrons are
needed to neutralize the contribution from charged leptons. The way to systematically include
these effects, relating in particular the hadronic contributions to so-called quark number
susceptibilities which can be measured with methods of lattice QCD, has been worked out in
ref. [691], and lattice results have been included in the estimate of Vp in ref. [317].

Finally, a precise determination of I',, is considerably more complicated than that of
Vr and Vp, including a large number of 2 < 2 scatterings at T' < My;,. In order to present
numerical results, let us define the projections

Q,E—E{Ehnxa} , QEEJH%HmZH} . (5.25)

p2+M E=\/p*+M}

For dimensionless combinations, it is natural to factor out the combination GZT* (here G
denotes the Fermi constant) as well as appropriate powers of E:

A I . I
Ip= b [, = —u_ 2
P= G2TiE?” “ T GETAE (5:26)
Then
- M?
]La:(%T‘E{h4- @P—I)} . (5.27)
E=\/p*+M?

Values for ] p and I, as a function of My, p and the active neutrino flavor, can be found on the
web site http://www.laine.itp.unibe.ch/neutrino-rate/, together with an illustration of
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the magnitude of hadronic effects according to the prescription in ref. [320]. It should be noted
that for purely leptonic effects at low temperatures T' < 20 MeV, these results are ~ 5% smaller
than previous expressions in the literature [715|, possibly due to the fact that Pauli blocking
factors were omitted in ref. [715].

5.2.3 Open questions

Even though the available expressions for Vr, Vp, and I',,, as explained in section 5.2.2 and
one of the frameworks discussed in section 5.2.1 permit to compute DM abundances as a
function of M; and sin?(26), it may be questioned what the theoretical accuracy of such
computations is. Let us list a number of issues to be kept in mind on this point:

(1)

(iii)

First and foremost, there is the question of how precisely hadronic contributions have
been included. Thermal production peaks at temperatures T'> 100 MeV, where the
Standard Model plasma undergoes a smooth crossover from a confined to a deconfined
medium. The effective number of degrees of freedom changes by a factor ~ 3, which illus-
trates that hadronic effects dominate the plasma behavior. Roughly speaking, hadronic
effects enter the DM production computation at three points: in determining the ther-
mal history of the Universe through the temperature dependence of the equation of
state (i.e. the temperature dependence of the Hubble rate); through their effect on the
finite density potential Vp; and through the thermal scatterings that active neutrinos
undergo with hadronic plasma constituents. In the most advanced current computa-
tions [317, 691|, hadronic effects on the equation of state have been modelled according
to ref. [725]. Lattice results concerning quark number susceptibilities have been in-
cluded in the estimate of Vp in ref. [317]. The most difficult issue is including hadronic
thermal scatterings; even though they can be related to well-defined mesonic spectral
functions [692], it is very hard to extract such spectral functions from first principles
lattice measurements. Chiral effective theory inspired model computations have been
attempted in refs. [317, 726|, whereas in ref. [691] a smooth interpolation between con-
fined and deconfined phases, tracking the hadronic contribution to entropy density, was
adopted. In total, the hadronic uncertainties from all these ingredients probably remain
on the ~ 20% level or so.

At temperatures above 10 MeV, where sterile neutrino DM production takes place, the
lepton asymmetries carried by the different active lepton generations do not equilibrate
with each other. That is, three different lepton asymmetries need to be tracked. De-
pending on the flavor structure of the neutrino Yukawa couplings, all or only some of
these may contribute to resonant DM production. A general framework for describing
this rather complicated system, including a proper account of the non-linear backre-
action whereby the lepton asymmetries get depleted during resonant DM production,
has been developed in ref. [691]. However the results depend significantly (~ 100%)
on the flavor structures of the lepton asymmetries and Yukawa couplings (a collection
of spectra for different choices can be found in Fig. 6 of ref. [691]). In order to get a
unique answer, these parameters would need to be fixed from other considerations, such
as leptogenesis and phenomenological constraints.

Although possible in principle [188, 395, 398], a theoretically reliable computation of
the lepton asymmetries generated through the non-DM sterile neutrino oscillations is
far from being established in practice. We recall that, since lepton asymmetries much
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larger than the baryon asymmetry are required, the lepton asymmetries need to be
generated below a temperature of 160 GeV, so that the Higgs mechanism is active and
sphaleron processes have switched off. Carrying out the computation in this setting
is complicated, because the system has multiple mass scales and because two almost
degenerate sterile neutrino generations participate in the dynamics.

(iv) There are also a number more refined “theoretical issues” that may be worth considering.
For instance, one may worry about the gauge dependence of the quantities introduced
(Vp,Vp,Ty,), which is not automatically guaranteed, given that the self-energy is not
needed at the active neutrino on-shell point but rather the sterile neutrino one. Or,
one may worry about an additional particle branch in the active neutrino dispersion
relation, called the plasmino or abnormal or hole branch [727]. That it appears for
active neutrinos in the Higgs phase has been demonstrated in ref. [718]|, so one may
wonder whether the corresponding quasiparticles should be included as states in the
density matrix formalism. Finally, in the context of leptogenesis, where sterile neutrino
production is considered at high temperatures, it has been realized that to obtain correct
leading-order results requires an all-orders resummation of the loop expansion, in order
to account for the so-called Landau-Pomeranchuk-Migdal (LPM) effect [728, 729], but
so far this has not yet been included in any Higgs phase computations.

We remark that solving the theoretical issues of point (iv) essentially requires giving
up the simple picture of sterile neutrino production only through active-sterile oscillations,
and with it also frameworks such as the density matrix one. Indeed the way that gauge
independence is restored and the need for LPM resummation makes its appearance is that
sterile neutrinos can also be produced via direct 1 <> 2 scatterings involving Higgs bosons
or longitudinal polarizations of gauge bosons (Goldstone modes). Such processes become
important once T > a few GeV, and in general their inclusion requires a fully quantum field
theoretic framework.

5.3 Production by particle decays (Authors: F. Bezrukov, A. Merle, M. Totza-
uer)

Sterile neutrino appearance by neutrino flavor transitions, as considered in the previous sub-
section, is not the only mechanism by which sterile neutrino DM could have been produced
in the early Universe. A cosmological population of these particles can be generated in de-
cays of some heavy particles as well. A simple example is given by a singlet (with respect
to the Standard Model) scalar S that can decay into sterile neutrinos. A generic interaction
Lagrangian is given by

<

Lint = B (vr)¢vRr S + h.c., (5.28)

where sterile flavor indices are not shown explicitly, but can be added, if necessary. The
general idea is fairly simple: S-particles that already exist or are created in some process
could decay into sterile neutrinos at some point during the cosmological evolution. Now, the
amount of neutrino produced does in general not depend on the active-sterile mixing angle
0, but is instead controlled by the coupling y. Furthermore, for a given mass, the sterile DM
can be colder or warmer, depending upon details of the particular model used. Therefore, the
parameter range which is unrestricted by various observational constraints widens up in the
mass—mixing angle parameter space.
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There are several variations of the described mechanism, which will be described in
more detail below. In particular, the “parent” S-particle can itself be in or out of thermal
equilibrium at the time the sterile neutrinos are produced and, depending on the model, the
decay into the sterile neutrinos may be the only possible decay channel [730] or one of many
possible decay channels into light particles [664, 670, 731]. Also, the parent particle can be
different from a scalar, e.g. a vector [732, 733| or fermion [679]. In addition, if the sterile-active
neutrino mixing is present, then one has to take into account the mechanisms described in
section 5.1 as a competing production mode [686].

5.3.1 Decay in thermal equilibrium

Let us first analyze what happens if the parent particle S is in thermal equilibrium for all
relevant temperatures. That can happen if the S-particle is strongly mixed with the neutral
Higgs boson, so that all decay channels in SM particles are present and maintain it in thermal
equilibrium until temperatures below its mass.

The scalar S can be either real or complex. If S acquires non-zero vacuum expectation
value (VEV), then the interaction eq. (5.28) leads not only to the neutrino production, but
generates also the Majorana masses for them, M; = y (S). In this case, and if S is complex,
the model contains (pseudo) Nambu-Goldstone boson, called the Majoron [203, 734]. As a
result, the sterile neutrinos may be not stable enough to form the DM because they decay
into a Majoron, if it is lighter,? and an active neutrino. While this case is not interesting
from the point of view of sterile neutrinos being the DM, the case of decaying sterile neutri-
nos cannot a priori be excluded and by this motivates their laboratory searches in the region
of comparatively large mixing angles where they would be considered overabundant other-
wise. For charged scalars, there can be significant thermal corrections to the DM production
rate [685]. These affect both, the equation of motion for the scalar condensate [737] as well as
the properties and kinematics of quasiparticles in the plasma [738, 739]. Moreover, the gauge
interactions open up additional channels for DM production in 2 — 2 scatterings in addition
to the decay [685].

If the S-field is real, in turn, the Majoron does not exist. A natural example of such a
field S in eq. (5.28) would be the inflaton ¢. While nothing forbids the inflaton to have a VEV
to generate Majorana masses for neutrinos (or even to be complex), in popular “mainstream”
models the inflaton is a real scalar field with zero VEV. The inflaton field ¢ is the driving force
behind the Big Bang, and in its decay all matter and entropy in the Universe is produced.
Therefore, it is natural to assume that sterile neutrinos can be produced as well [664]. While
in a model considered in Ref. [664] the inflaton field did have a VEV and by that provided
the single source for the scale of electroweak symmetry breaking and for Majorana masses of
sterile neutrinos, in general this is not necessary. Sterile neutrino production in the inflaton
decay is always possible, subject to the value of the coupling constant y.

The remainder of this subsection is devoted to sterile neutrino production from a ther-
malized population of ¢-particles. Even thermalized quanta of the inflaton field are possible,
as in the model of Ref. [664]. The population of sterile neutrinos which originate from de-
cays of ¢-particles is governed by the standard Boltzmann kinetic description. The result is
definite as long as ¢-particles are in thermal equilibrium, and in a rough approximation the
distribution function of the scalars translates into that of sterile neutrinos.

32The Majoron is not necessarily massless, and may in turn form DM, for the recent discussion see e.g.
Refs. [735, 736].
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The distribution function of sterile neutrinos f(p,t), where p is the momentum and ¢t is
the time, can be found from the solution of the kinetic equation [663, 664, 670]:

ompl [
L oml - | fo(E)dE, (5:29)
ot O P? Jprm2/p)

where it was assumed that the inverse decays N1N; — ¢ can be neglected (this is true for
small Yukawa couplings y < 1077). In eq. (5.29), H is the Hubble constant, f,(E) is the
distribution of ¢-particles, and I' = my f2/(167) is their partial width for the ¢ — Ny Ny decay
channel. For the case when the effective number of degrees of freedom is time-independent
and f4(E) is thermal, a semi-analytic solution to eq. (5.29) can be found easily. At ¢ — oo it
takes the form

16T M 2/00 (y — 1)3/2dy
o =Tt [T (5.30)
where x = p/T and My ~ Mp,/(1.66,/9), leading to a number density of
d*p 30 Mo((5) 3

and to an average momentum of created sterile neutrinos immediately after their produc-
tion equal to (p) = 7°/(378¢(5))T = 2.45T, which is about 20% smaller than that for an
equilibrium thermal distribution, pr = 3.157T.

The resulting abundance of sterile neutrinos is given by [664]:

2
Yy Mpl M1
Ay, ~ &= — ——. .32
M Si mg keV (5-32)

It is important to note that a major contribution to 2y, is coming from the epoch when
T ~ mg, since later on the number density of ¢-particles is exponentially suppressed if they
remain in thermal equilibrium. The dilution factor

SQ* (Tprod) - Sg* (Tprod)

S. =
gx0 3.9

(5.33)

in eq. (5.32) is the ratio of the number of effective degrees of freedom at production time,
9x(Tprod), till now, g.«o = 3.9 (this number takes into account the change of the temperature
of neutrinos at freezeout). S, also contains the entropy production factor S if this process
happens during the QCD transition, see section 5.4 and Ref. [662|. A more refined analysis
is required if the number of d.o.f. changes significantly at T' ~ Tyr0q ~ mg/3, see [664].

Today, the averaged momentum of sterile neutrinos produced in decays of particles at
Throd is given by [664]:

(p) _ m0S8 13
= —— ~ 2458, . .34
T, = 3msc) 0 (5:34)
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Comparing this to non-resonant production with (pxgrp)/Ty = 3.15(4/11)1/3 33 we can see,
that the mass bounds from structure formation®* are weaker than for the NRP case [677|

(p) 245 (1 1075 \3
=\ - = . 5.35
mDecay <pNRP> MNRP 3 15 8 g* (Tprod) MNRP ( )

This is consistent with resonant production being generally threatened by Lyman-a bounds [740].
However, it should be noted that, taking into account the dilution during the QCD transition,
(pxrp) /Ty can in fact be smaller than 3.15(4/11)'/3 by about 20% [344].

Light inflaton model [664]. Let us now turn out attention to one specific example model
that makes use of the results described above. Let us assume, that the field ¢ in (5.28) is the
field that leads to the inflationary expansion of the Universe.

First, let us briefly discuss the processes right after inflation and before reheating. They
correspond to a particle creation by a coherently oscillating classical scalar field. Using the
results of Refs. [741, 742|, we find that the ratio of the number density of light fermions
produced to the entropy scales as ny/npaq ~ y3/2. Fermions will be cold at the production,
(p) ~ yY/2T. However, very light fermions in a keV mass range will contribute to the DM
abundance appreciably for rather large values of the Yukawa coupling, y ~ 1072. We will not
consider such types of models further in what follows.

The mass of the field and its VEV in this model are related as my = \/m (¢), where Ay
is the quartic scalar self-coupling. For a sufficiently light inflaton, with a mass even smaller
than the Higgs mass, the inflaton does not decay completely but instead thermalizes and
is then in thermal equilibrium down to rather low temperatures, ' < my. In that case,
eq. (5.32) yields Qn, ~ 10%X, (Ml/m¢)3. Sterile neutrinos can constitute all the DM e.g.
for my ~ 0.3 GeV and M; ~ 20 keV, if Ay ~ 10~'3. Light inflatons could be specifically
searched for at LHC, see Refs. [731, 743]. Small values for the inflaton self-coupling, quoted
above, are required by the CMB constraints in models with minimal coupling to gravity, and
such constraints date back to the epoch when ¢* inflationary models were not yet ruled out
by observations. Otherwise, with a non-minimal coupling to gravity, A4 could be larger for
the inflaton field [743] and may even approach unity [744].

For an inflaton mass of mg < O(500) MeV, taking g. = comnst. is not a good approx-
imation, since exactly in this region g, changes from g, ~ 60 at T~ 1GeV to g, ~ 10 at
T ~ 1 MeV, because of the disappearance of all the quark and gluon degrees of freedom.
In this case a numerical solution of eq. (5.29) is required, with the input of the hadronic
equation of state, which is however not known exactly. In [664], numerical calculations have
been presented with the use of ¢,(7") constructed in [320] on the basis of the hadron gas
model at low temperatures, and from the available information on lattice simulations and
perturbative computations. It was found that the abundance, eq. (5.31), would change by
a factor of 3;1(m¢,) ~ 0.9 at my = 7T0MeV to 0.4 at 500 MeV. The average momentum

331t has been pointed out in ref. [344] that the approximation (pnrp)/Ty = 3.15(4/11)'/® does not hold
exaclty and (pnrp) is in fact slightly smaller.

34There are two reference numbers that are usually present in the analysis of the structure formation bounds
described in Sections 4.1, 4.2, bound for the NRP produced sterile neutrino and bound for the thermal relic,
which are related as

1 J— )1/3

TIINRP = TR (W 94 eV
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stays almost unchanged in this interval of mg. For higher inflaton masses, a good approxi-
mation to S; ' (mg) is Sy (mg) =~ [10.75/g.(me/3)]*/?, leading to an average momentum of
(p) ~ 2.45T,,(10.75/g.(my/3))"/3. The function g.(T) can be read off from Fig. 2 of ref. [320],
and (p) could be as low as 1.57 taking into account entropy dilution by decays of heavier
sterile neutrinos.

5.3.2 Production from generic scalar singlet decays

Another possibility is to produce the sterile neutrinos from the decay of a general singlet scalar
S. This idea was first proposed in Refs. [663, 670], where the scalar was assumed to enter
thermal equilibrium and either decay immediately or freezing-out before decaying to sterile
neutrinos. In this case the distribution of the sterile neutrino can be found approximately as
a sum of two components [670]:

f(.%',?”) :fl(x,rf)—i—fg(x,r), (5'36)

where x = p/T is the neutrino momentum and r = mg/T is a time-parameter. At earlier times
(lower momenta) the sterile neutrino is produced from in-equilibrium decays of the parent
particle. At larger momenta (later times), sterile neutrinos are produced from the decay of
the parent particle which is in thermal equilibrium. In the most generic situation the process
is governed by three dimensionless parameters, 1y = mg /Ty giving the moment of the freeze-
out of the parent particle, A = T'yoy Mo/ mi characterizing the total decay width of the parent
particle, and by branching of the decay into the sterile neutrino B = I'(¢ — N1N1)/Tiot.
Then the in-equilibrium decay contributes

3

r
fi(z,rf) =2BA 3—1{2 In (5.37)

1 ]2 1+(7‘§/4$2) (Z - 1)3/2d2
] _ % (r}/4) T3 /1 evs —1 |

The out-of-equilibrium component is3>

B o) r 7"/ 7,,/2 7“/2
folz,r) = — [/ T fo(Tp,7)dTe —/ P ( - x> fo (
22 [ )12 /42) -l rp 20 \ 4z

— -z

4z

, T’> dr/} .

(5.38)
with the concentration of the ¢ particle decaying as

Ax2
/.2 2 ¢
1 TH+a/Ty T _ 2,2 2,2
f¢(l‘¢,7‘) _ @ < e A(r\/w¢+r rf\/xqb-‘rrf). (5.39)
e\/xfﬁ’"?_l Tf+,/azi+7"]%

Note, that in analysis of the present day momentum distributions, the overall momenta
are divided by the factor SY3 from (5.33). An important observation |[730] is that these
two components can have contributions to the sterile neutrino population with significantly
different momenta (see Figure 27). In general, if the amount of thermal degrees of freedom
g« changed during the production process, an explicit solution of the Boltzman equations is
required [730]. Another subtlety appears at early times, when the temperature of the plasma
exceeds mass of the decaying particle [685]. This case is mostly relevant if the decay width
of the scalar is very large, so that the scalar should be considered as an intermediate state.

350ne extra term present in [670] vanishes at late times r — oc.
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Table 10. Analytically accessible limiting cases of the production of sterile neutrinos from singlet
( 45 M3, )1/ 2 _

4739, (Tproa) -
7.35g, /2 (Tproa) % 1018 GeV, where Tpyoq is the temperature at which the production of the scalar
and its subsequent decay takes place. Furthermore, Tro is the freeze-out temperature that depends
on mg and A, while K5 denotes the second Bessel function of second kind.

scalar decay. The quantity M, is the rescaled Planck mass, given by M, =

Regime Necessary condition for | Necessary ap- | Relic yield Y, =
A proximation n/s(t — o0)
. Mo (T, ro
Scalar freeze-in small enough not to | small 1012321% O(mZ d>g ( 7{‘2 )
equilibrate the scalar enough T\ pred
e | b Mo(Tpro
Scalar freeze-out + | large enough to equili- o ensure 135 0(Toroa) 42
. et g« = const. 64m ms  ge(Tprod)
decay in equilibrium | brate the scalar : d
Scalar freeze-out -+ | large enough to equili- B8 59O A5mis Ka(ms /Tro)
3 g g q approxima- 474 9. (Tproa ) TFO?
decay out of equilib- | brate the scalar tion
rium

An alternative proposal was put forward in Ref. [676], which pointed out that the scalar
could also freeze-in and produce a suitable abundance. In Ref. [683] this mechanism has
been extended to the case of frozen-in scalars lighter than the Higgs mass, motivated by the
recent hints for an X-ray line at 3.55 keV. The most general numerical study up to now,
covering all the cases mentioned, was presented in Ref. [730], which in particular confirmed
earlier estimates indicating the sterile neutrinos produced from scalar decays can have a
comparatively cold spectrum [669, 688, 732|, see also Ref. [745] for a recent review. While
we here focus on the case of a total singlet S, note that electrically charged scalars could
resemble the case of an equilibrated singlet scalar [746], since for the DM production it does
not matter by which interaction the scalar is kept in equilibrium.

The model From the aforementioned variety of models for scalar decay we pick one which
is quite illustrative and allows for a semi-analytic discussion of some relevant aspects. This
model is a minimal extension of the SM, featuring one real scalar (which we denote 5), singlet
under the SM and one right handed neutrino (denoted N7). Again, the sterile neutrino is
coupled to the scalar via a Yukawa-like interaction, while the scalar is coupled to the Higgs
sector via the most general potential 2A (H z1 ) S? allowed after imposing a Zs-symmetry,
thus forbidding the decay to the SM particles and setting the parameter B = 1 in Egs. (5.37),
(5.38).36

We stick to the case where the mass of the scalar is above the EW scale. As in the
preceeding part of Sec. 5.3, the production of sterile neutrinos is exclusively governed by the
reactions

SS < hh and
S—)NlNl,

(5.40)
(5.41)

to lowest order in perturbation theory.?” Again we neglect the inverse reaction of two sterile
neutrinos producing one scalar. This is justified by kinematical arguments and by the low

36For detailed comments on this assumption, see [676, 730] and references therein.
37For the case of ms < vgw studies on the level of particle number densitites can be found in [683].
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number density of the sterile neutrinos, which implies that we can use (5.29) to convert the
distribution function of the scalar, once known, into the distribution of the sterile neutrino.

The exact interplay of the reactions (5.40) and (5.41) is governed by two couplings, Ag
and y. While A\g determines whether or not the scalar ever enters equilibrium and — if so —
when it decouples from the plasma, the Yukawa coupling y controls the decay width of the
scalar and by that virtue has major impact on the production time of the sterile neutrinos.

For different regimes in the parameter space spanned by these couplings, we will calculate
the distribution function fg of the scalar to subsequently obtain the distribution function of
the sterile neutrino. Note, that the distribution function contains all relevant information:
apart from the number density, the spectral form will also allow to derive consequences for
structure formation, BBN, CMB, and so on.

Cosmological dynamics Let us now turn to the description of the dynamics of the scalar
in the different regimes. The abstract Boltzmann equation is:
dfs (p,1)

T :Q<p7t7mH7mS7)\) _P(p7t7m57y) fS (p7t)

—R (p,t,mpg,mg, ) fs (p,t)/d?’p'S (p’,t,mH,mS) fs (p',t) , (5.42)
in the limiting case where g, can be approximated as being constant during production.®®
The functions P, Q,R,S encode all the kinematics of the processes. The term Q describes
the production of scalars from Higgs bosons and hence does not depend on fg, while the
integral term (containing R and &) describes the backreaction and therefore scales as fg The
depletion of scalars by their decay into two sterile neutrinos is given by the term containing
P and scaling linearly with fg. For three limiting cases, the combination of (5.29) and (5.42)
can be solved analytically for the relic abundance of sterile neutrinos. One of these cases is
basically equivalent to the one discussed in eqns. (5.30) to (5.32). For the sake of completeness,
we will summarize all three of them in tab. 10.

Numerical results We have solved eq. (5.42) numerically for different regimes of the cou-
plings A and y. Fig. 26 shows lines in the space spanned by A and y reproducing the relic
abundance as observed by Planck [1] for different masses ms of the sterile neutrino. It is
visible that there is a gap in A, around which it is not possible to obtain the required value
of the relic density without violating the Tremaine-Gunn (TG) bound [75]. Accordingly, the
possible parameter space is clearly divided into the part to the left (A < 1075%), where the
scalar freezes in and the part with A > 107°%, where the scalar freezes out. In the latter
regime, there exists a rather global upper limit on the Yukawa couling y. If the scalar equi-
librates and the decay width of the scalar, o< 42, is too large, the particle number density of
sterile neutrinos will be too high to be consistent with TG bound. As one of the major results
of the numerical study, we present an intermediary freeze-out case in fig. 27. In this case, both
the decay in and out of equilibrium contribute in roughly equal parts to the final abundance.
However, since the production times of these two components are significantly different, the
spectrum features two peaks. This shows that the simple free-streaming estimates might not
be sufficient and more elaborate anayses have to be done when assessing the observations from
structure formation. The most advanced discussion of this mechanism, featuring a detailed
account of structure formation bounds, has recently been provided in [747].

38This can directly be mapped to [730, eq. (10)], where the authors performed a change of variables on
(5.42).
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Figure 26. Isoabundance lines in the plane spanned by the Higgs portal A and the Yukawa coupling
y. The abundance as observed by Planck can be reproduced with masses in the keV-range.
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Figure 27. Evolution of the distribution function over the timelike parameter r = mg /T (left panel)
and evolution of the particle number densities (right panel). The plot of the distribution function in the
left panel shows 22 fx () to give a intuitive picture of the number of particles with the corresponding
momentum. In the right panel, ng (y = 0) shows how the scalar would evolve if it was stable while
ﬁgherm depicts how a thermalized particle would evolve. Comparing both panels, it is clearly visible
how the decay in equilibrium shapes the peak around lower momenta early on while the second peaks
comes from converting the frozen-out relic density of scalars at late times. The two scales result in a
rather high average momentum of () = (p/T) ~ 39.4 which, however, is not a very good measure to
describe the sum of two peaks lying at higher / lower momenta.
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5.4 Dilution of thermally produced DM (Author: F. Bezrukov)

In this section we discuss how to obtain the proper amount of the light keV scale DM if the
DM candidate reached thermal equilibrium at some high temperature in the early Universe.
This does not happen in ¥YMSM, where the only source of interactions for Vi is its minuscule
Yukawa coupling constant, but is readily achieved in most high energy extensions of SM.
Specifically, this happens if N; participates in gauge interactions of an extension of the SM
gauge group. A recent detailed discussion of this possibility without reference to specific par-
ticle phyiscs models is given in [748]. Gauge interactions If the “sterile” neutrinos are charged
under some gauge group, their equilibration in the early universe is almost unavoidable unless
their freeze-out temperature exceeds the maximal temperature of the primordial plasma. The
freeze-out temperature of the sterile neutrino 7', . ~ gi/6(MWR /My )43 x 1MeV goes up with
the mass My, of the new gauge interactions, so for significantly heavy My, it may exceed
the preheating temperature after inflation.?”

According to the standard lore if a light species reaches thermal equilibrium and freezes
out while still being relativistic, then its abundance (or number density in comoving volume)
is fixed in a unique way at the moment of freeze-out, and its contribution to the energy
balance at present, when it becomes non-relativistic, is simply proportional to the mass of
the particle. This simplified analysis gives a bound of < 10eV for the DM mass. However, a
more detailed analysis [671] should take into account the subtleties of the expansion history
of the Universe after the freeze-out moment, giving the contribution of the sterile neutrino
N1 to the present energy density of the Universe

1 10.75 My
0O ~ 0.26b— 90. 543
o 5 (w(Tf,c)) (1 keV> . (5:43)

Here, § is the amount of entropy that was released in non-equilibrium processes after the
freeze-out” (i.e. so/aj = Ssy/ a,“;}), and g«(T,.) is the effective number of degrees of freedom
in the plasma at the moment of the DM neutrino freeze-out. We will not discuss adding 1000
d.o.f. at freeze-out, but will consider the possibility of entropy release after the DM freeze-out.
The entropy can be produced in out-of-equilibrium decays of some heavy and relatively
long-lived particle [19, 751]. In most models there are several sterile neutrinos in addition to
the DM Ny, and the heavier Ny 3 can conveniently used for entropy generation (though, one
can imagine models with other source of entropy). Assuming that they decay shortly before
nucleosynthesis at MeV temperature, their decay leads to the DM abundance [673]

M 1.6 GeV' [1sec\? [ g.(T
O, ~ 0.265< L ) < © ) < SeC) (g(“/‘”’)> (5.44)
1keV MN2,3 TNa 3 G (val)
Thus, for given masses of DM sterile neutrino Ny and entropy generating one Na 3 it is possible

to define the lifetime 7y, 4, leading to the proper DM abundance today. There are two main
constraints on the allowed values of the parameters:

e Successful nucleosynthesys requires at least 7, , < 1sec, with (5.44) leading to the
lower bound on the heavy sterile neutrino mass.

39This temperature is unknown; it may be constrained by CMB observations in models where reheating is
mainly driven by perturbative processes [749, 750].

4%Tn fact, a factor of S = 1 — 2 is present in the plain ¥MSM as well, and it helps to widen the allowed area
of parameters [662].
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e The diluter should be relativistic at its freeze-out, Ty, > Ma 3 (otherwise the entropy
release is diminished). This can be converted into the lower bound on the scale of the
gauge interactions, that lead to the thermalization of the diluter.

Simple estimates for these bounds give the heavy sterile neutrinos heavier than Ms 3 2
(M;/1keV) x 1.6 GeV and the mass of the additional gauge boson, leading to thermalization
of Ny 3, larger than My, > (M;/1GeV)?/* x 10 TeV. In [674] it was shown that the decay of
the heavy left neutrinos leading to the entropy dilution can also lead to leptogenesis, which
proceeds via usual thermal high temperature scenario.

More careful analysis for a minimal left-right symmetric theory was made in [673]. Tak-
ing into account two diluting particles No and N3, and tuning the flavour structure to separate
the freeze-out temperatures T and T . of the dilutors and DM sterile neutrinos, the con-
straints can be relaxed in a very specific corner of the parameter space.

The momentum distribution of the produced sterile neutrinos is also cooled by the
entropy dilution, leading to the weaker bound from the Lyman-a. The spectrum of the DM
corresponds to thermal spectrum with the temperature, reduced by a factor of S7%/3. This
corresponds to the thermal relic case in the terminology of the majority of the Lyman-«
paper, and allows to use the bounds from the recent papers without modifications. The latest
bound from [331] gives

M; > 3.3keV(20) and 2.5 keV(30),

while the older very conservative bound from [59] gives for thermal relic, M; > 1.5 keV at
99.7% C.L.

Last but not least, in the models with entropy dilution one should check that the lifetime
of the DM sterile neutrino is still compatible with the X-ray observations, as far as additional
interactions often lead to increase in the Ny — vy decay rate. For example in the LR
symmetric models a bound on the Wi — W, mixing appears in addition to the bound on the
sterile-active neutrino mixing,.

To conclude the section we should note variations of the scenario. In [671, 673] entropy
dilution was achieved in the context of Left-Right symmetric extensions of the SM. A model
with radiative generation of active neutrino masses was analyzed in [752, 753|, model with
composite neutrinos in [754]. Note, however, that quite generally a large amount of entropy
dilution is not easy to get in agreement with big bang nucleosynthesis [755].

Of course, similar setup with the DM abundance given by (5.43) can be realized with
DM candidates that are not sterile neutrinos, but some other light stable particle, see [756]
as a recent example.
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6 keV Neutrino Theory and Model Building (Particle Physics)

Section Editors:
Alexander Merle, Viviana Niro

In this section, we will address some of the most generic mechanisms used in the lit-
erature to motivate light sterile neutrinos in general and sterile neutrinos with keV masses
in particular. While there are some similarities to eV-sterile neutrinos, we will in particu-
lar consider the small active-sterile mixing, which is characteristic for sterile neutrinos with
keV-scale masses acting as Dark Matter (DM).

6.1 General principles of keV neutrino model building (Authors: A. Merle,
V. Niro)

In the SM of particle physics, sterile neutrinos are viewed as mass eigenstates which have
predominantly right-handed chirality, i.e. they do not couple to SM gauge bosons.*! These
fields are typically called in the literature “right-handed” neutrinos if they are heavy (GeV or
higher) and “sterile neutrinos” if they are light, with mass around eV-keV or MeV. However,
this distinction is to some extend artificial and we will use the two terms in this section in an
interchangable way.

These types of fermions can obtain mass from a Majorana mass term, cf. sec. 1, which
does a priori not have any relation to the electroweak symmetry breaking scale. Thus, it will
be natural to expect the mass of sterile neutrinos to be very heavy. For this reason, it is
necessary to develop mechanisms which can yield light sterile neutrinos and which can also
protect a potentially small sterile neutrino mass from higher order corrections.

In the literature one can find a number of example mechanisms that achieve this goal.
To illustrate the generic principles, we can divide the known mechanisms into two categories:
mechanisms which suppress a naturally large sterile neutrino mass and mechanisms which give
a small but non-zero mass correction to a sterile neutrino mass that is exactly zero at leading
order. In ref. [66], these two categories have been named top-down and bottom-up scheme,
respectively, see fig. 28. This division may not be entirely exhaustive, as we will discuss in
sec. 6.4.1 and sec. 6.4.2, but it nevertheless illustrates a generic principle: in the framework of
a quantum field theory it is impossible to obtain absolute mass scales, but we can nevertheless
explain strong mass patterns, i.e., hierarchies or (quasi-)degeneracies between masses.

The mechanisms presented in sec. 6.2 all rely on the principle of suppressing one sterile
neutrino mass eigenvalue to a value much smaller than its “natural” scale (and thus smaller
than the masses of other sterile neutrinos present in the model). Such suppressions typi-
cally come from new physics affecting the different generations of sterile neutrinos in different
ways, which may break mass degeneracies or strongly enhance a mass splitting that is already
present. On the other hand, mechanisms based on discrete or continuous flavor symmetries,
see sec. 6.3, typically predict one strictly massless sterile neutrino in the limit of exact sym-
metry, along with one or several massive ones. Once (part of) the symmetry is broken, e.g.
by higher order corrections, this zero mass eigenvalue receives corrections proportional to
the symmetry breaking parameter which must be smaller than the mass scale of the heavier
sterile neutrinos, as otherwise we would not have the symmetry in the first place. Other mod-
els where the suppression is obtained with a more complicated mechanisms are presented in

“I'Note that this might be different in settings with an extended gauge groups, such as left-right models.
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Figure 28. The two generic mass shifting schemes used in models for light sterile neutrinos. Most
of the mechanisms proposed ultimately apply some variant of one of those schemes. In both cases, for
M7, the “natural” mass scales are indicated as well as how the shift to the keV scale. (Figure similar
to fig. 4 in ref. [66].)

sec. 6.4. In general, all these models generate a hierarchy between the light (nearly massless)
sterile neutrino and the heavier sterile neutrinos involved.

One final point that is important for all mechanisms is the stability of the mass generation
mechanism. Whichever mechanism we consider, it will generically receive corrections, e.g.
from quantum loop contributions or from higher order terms, neglected at the order under
consideration. While such corrections are often small in practice, there may be cases in
which they can spoil the conditions required for the mechanism to work. This should be
cross-checked in order to verify the validity of a certain mechanism. In most of the examples
presented, this check has been performed in the respective references, see for example the
models presented in secs. 6.3.2 and 6.3.3, but we will not always explicitly comment on it
in this manuscript. However, we invite the reader to consult the original references which
provide many more details than we could possible illustrate in the framework of this section.

6.2 Models based on suppression mechanisms

In this section, we will introduce the first class of mechanisms which can motivate a light
sterile neutrino mass scale, namely those based on the principle of suppressing a naturally
large sterile neutrino mass to a value at the keV scale.

6.2.1 The split seesaw mechanism and its extensions (Author: R. Takahashi)

We start our discussion with two models based on a suppression mechanism for the neutrino
Yukawa couplings, both of which rely on the existence of extra spatial dimensions. The
models are the split [672] and the separate [757] seesaw mechanisms, which are considered in
a flat five-dimensional space-time. The five-dimensional space is assumed to be compactified
on S'/Z, and the five-dimensional coordinate is denoted as y = 2°. The fundamental region
is given by y € [0,¢]. There are two fixed points at y = 0,¢. We consider branes (=four-
dimensional subspaces) at the fixed points, i.e., one brane at y = 0 is a standard model (SM)
brane and the other at y = £ is a hidden brane. The SM particles reside at the SM brane.
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In both the split and the separate seesaw models, three generations of a Dirac spinor,
U(z,y) = (X3 (2, y), 3 (z,y))T, are introduced on the bulk with bulk masses ms in this
flat five-dimensional space-time, where I denotes the generation index as I = 1,2,3. A
fundamental action for the Dirac spinors is

l _ —
S = /d%:/ dyM (iU 49407 + ms (T5TT), A =0,1,2,3,5, (6.1)
0

where M is a five-dimensional fundamental scale, the Dirac mass matrix ms is assumed to
be diagonal (ms 1 = (ms)gr) for simplicity, and I'4 are the five-dimensional gamma matrices.
The five-dimensional Dirac equations determine wave function profiles of zero modes on the
bulk as eT™s5.1Y for x3(z,y) and ¥3(z,y). Note that only ¢%(z,y) can have a zero mode
under an orbifold parity as ¥3(x,y) — PU3(z,y) = +¥3(x,y) with P = —il'5. After the
canonical normalization of the Dirac spinor in four dimensions, the zero modes of \Il‘;’%l (z,y) =

(O,zﬁ’(:c, y))T are given by

0 2ms, 1 m 0
\If%,)(x,y) = \/Me 5,1ng%l)(x)7 (6.2)
where ng) (z) are identified with the normalized right-handed neutrino fields in four dimen-

sions, wg%ol) = vg,7- One can see that the five-dimensional wave function profiles of \I»'Sgl) (z,y)

with positive (negative) value of ms; localize at the hidden (SM) brane since the profile
is proportional to €™5.7¥. Thus, the right-handed neutrinos have exponentially suppressed
Yukawa couplings at the SM brane when ms ;£ > 1 with positive ms ;.

The relevant action for the split seesaw model, that uses the above property of the wave
function profiles of the right-handed neutrinos, is given by

4
S:/d4x/ dy
0

M (wgggrAaA\pggg " ms,fmgggwgg)

. (63)

J

= o, =+ (Mua)rs = (0
—4(y) ((FT)IQ\P%,)ZLQ@ + T\P;j w}Q) + h.c.

Inserting eq. (6.2) into eq. (6.3), one obtains the Majorana mass matrix of the right-handed
neutrinos and the neutrino Yukawa matrix in four dimensions as (Myr)rs = frfs(Mur)rs

and Fro = f1Fa, respectively, where f; = \/2m5J/((62”””571’z —1)M). Then, the seesaw

formula can be written as m, = —FM]\_/[IFTU2 = —FMA}IFTUQ. Note that the factors
fr are canceled out in the seesaw formula. This is one of the important properties of the
split seesaw mechanism, which results into the following feature: one can realize strongly
hierarchical Majorana mass spectra of the right-handed neutrinos and the neutrino Yukawa
couplings due to the exponential suppression factor f; by taking suitable values of ms
without introducing strongly hierarchical many-mass scales. For example, one can realize
a splitting Majorana mass spectrum of the right-handed neutrinos containing both the keV
and intermediate mass scales as (Mar1, M2, Maz) = (5 keV, 10" GeV,10'2 GeV) by
taking (ms10, msol, ms3f) ~ (23.3,3.64,2.26), M = 5 x 1017 GeV, £~1 = 106 GeV, and
(MM)H = 10" GeV. In this example, the mass scales in the model are only the super
heavy (O(10'~17) GeV) and the electroweak ones, and the small active neutrino mass can
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be realized by the (split) seesaw mechanism. Furthermore, the lightest sterile neutrino can
be a candidate for DM and the two heavier ones could generate the baryon asymmetry of the
Universe via the leptogenesis mechanism.

Next, we comment on the active-sterile mixing angle in the (split) seesaw model. It
is well known that the sterile neutrino DM with the keV mass should not contribute to
the active neutrino masses through the (split) seesaw mechanism in order to satisfy astro-
physical X-ray bounds on the active-sterile mixing angle (equivalent to the corresponding
neutrino Yukawa couplings) as 6% = 3 |Fio|?v?/M32,; ~ O(10719) in the few keV region of
My 1. This bound implies that when the keV sterile neutrino DM gives the small active neu-
trino mass through the (split) seesaw, the model is in conflict with the astrophysical bound.
The simple reason is that the active-sterile mixing angle becomes large for small masses,
62 =" |F1a|2’02/M]%471 >~ Mgol(atm)/ M1 = O(1076 —-1079), where Mygol(atm) denote the solar
and the atmospheric neutrino mass scales. In other words, while both the Dirac Yukawa
coupling and the sterile neutrino mass are suppressed by the size of the extra dimension, the
suppression of the coupling enforced by the split seesaw mechanism is weaker; accordingly,
active sterile mixing is somewhat enhanced. Thus, an additional suppression for € (or, equiv-
alently, |F14|) is required to satisfy the X-ray bound in a realistic model with keV neutrino
DM. Such a situation can be easily realized by assuming the Yukawa couplings of the keV
sterile neutrino to be additionally small compared with those of the other sterile neutrinos.
In this case, the solar and the atmospheric neutrino mass scales are induced from the (split)
seesaw with two heavier right-handed neutrinos. On the other hand, the separate seesaw can
give an additional suppression factor for the active-sterile mixing.

The separate seesaw model [757] is a variant of the split seesaw. A fundamental as-
sumption of the separate seesaw is that different generations of right-handed neutrinos can
have different localization of the five-dimensional wave function and a Majorana mass of the
right-handed neutrino unlike the split seesaw. For a realistic model building of keV neutrino
DM, we consider the following action of the separate seesaw model,

l
S:/d41‘/dy
0

S, =1 M T)e (0 Ms.g =@ (0
- {5<y> (wmp;;zm@* + M g0 \pg%g) oy — 0 L gyl h}] |

M {ingrflaﬂgj + <m51\p§§qu§§3 — ms, Jq/gggxpgg;) } (6.4)

where J = 2,3 and we take M) = diag{M MQ,M wm,3}. Thus, the extra-dimensional wave
) = flemSvlngl)(az) and \llgg)

function profiles of the right-handed neutrinos are given by \IJS% L=
gJG_mS’Jng); (z), where g; = fre™>7¢. Note that the wave functions of the second and
third generations of the right-handed neutrinos localize at the SM brane and their Majorana
masses localize at the hidden brane, unlike for split seesaw, while the localization for the
first generation is the same as in the split seesaw. As a result, the Majorana masses of
the right-handed neutrinos and the neutrino Yukawa coupling matrix in four dimensions are

My = fIzMM,I, Fio = fll*:}a, and Fj, = gJFJa, respectively. The separate seesaw gives
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the active neutrino mass matrix and a typical mass spectrum as

(mv)ap = | FraFiaMygy + ) e/ FyaFysMyply | 0%, (6.5)
J=2,3
my ~ O(’FIayzng]\_/f?l)a mg ~ O(QQmS’ﬂ’FJa‘szM]\_/[?J% (6'6)

respectively. This separate seesaw can also realize strongly hierarchical mass spectra of the
sterile neutrinos (e.g., (Mas1, Masa, Mas3) = (5 keV, 10!t GeV, 1012 GeV)). Turning to the
mass spectrum of the active neutrinos, mq is suppressed compared to my, and m  can realize
the solar and the atmospheric neutrino mass scales. This suppression affects on the size of the
left-right mixing angle as §2 = Y \FMPUZ/MZ%/M ~ msol(atm)/(62m57J€MM71). Finally, one can
realize 02 ~ O(1071Y) without assuming additional suppressions for the Yukawa couplings of
only the first generation of sterile neutrinos.

6.2.2 Suppressions based on the Froggatt-Nielsen mechanism (Authors: A. Merle,
V. Niro)

The Froggatt-Nielsen (FN) mechanism [202] has been used in the literature to explain very
strong mass hierarchies, for example, in the quark sector. In ref. [758], it was shown that the
FN mechanism could explain the existence of one keV scale sterile neutrino, whereas the other
two sterile neutrinos have masses at least at GeV scale: M; ~ O(keV) and Ms, M3 2 O(GeV).
The most important point of the work was to find out the minimal assignments for the FN
charges to successfully explain the pattern in the sterile neutrino sector, while being in full
agreement with the rest of the lepton data. Note that also in ref. [174] a FN mechanism,
together with a Z3 symmetry, was used in the context of an A4 flavor symmetry. This model
will be discussed in sec. 6.3.3.

The FN flavon field can acquire a VEV (0). Calling A the cut-off scale at which the
heavy sector of the theory is integrated out, the parameter A = (©)/A is a small number of
the order of the Cabibbo angle: A\ ~ 0.22 [759]. After the flavon field acquires a VEV, the
corresponding mass matrix of right-handed neutrinos, My, will have the following structure:

1L N [2911 p712 ylgitg2l 13 \lgitgs
M} A291l A132 Nor+ol ppt3 Aloi+os|

My = . M32 ARo2l - V23 Noatas| | (6.7)
° ° M]%; A‘2g3|

where g; are the FN charges of the right-handed neutrinos. Calculating the light neutrino
mass matrix, it can be seen that the seesaw formula is not spoiled by the presence of a
keV neutrino. Indeed, the U(1)pn charges of the right-handed fermions cancel out. As a
consequence, the basic structure of the neutrino mass matrices is the same for type I and
type Il seesaw scenarios.

If we suppose that all the coefficients in the matrix M}, are of the same order, then the
explanation of a hierarchical spectrum in the sterile neutrino sector should solely come from
the FN charges. Considering g1 > g2 > g3, the minimal conditions to be fulfilled are:

91 > ilmin  With g1|min = g2 + 3,
92 > 92|min  With g2|min = g3

In fig. 29, we have schematically depicted the general effect of the FN mechanism, where a
certain mass scale My is multiplied by powers of A that depend on the fermion generation.
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Figure 29. The mass shifting scheme of Froggatt-Nielsen models. (Figure similar to fig. 2 in
ref. [758] and to fig. 5 in ref. [66].)

A reasonable condition would be to set g3 = 0 and g1 = g2 + 3. Two minimal scenarios are
given by (g1, 92,93) = (3,0,0) and (g1, g2, g3) = (4,1,0). In the following, these will be called
Scenario A and Scenario B, respectively.

The way the FN charged are combined considerably restricts the allowed paramenter
space. Indeed, despite the fact that the FN charge assignment seems to involve great freedom,
several scenarios are not able to successfully produce a light neutrino sector compatible with
experimental data. In particular, the FN scenarios disagree with the Left-Right symmetric
framework for keV sterile neutrino DM. It turns out that an ideal framework is represented
by an SU(5) inspired model with two FN fields, see the detailed discussion in ref. [758].

A problem of models with only one FN field is that they normally lead to small atmo-
spheric neutrino mixing and are thus incompatible with the data, see discussion in refs. [760—
762]. The only way out would be to consider a pseudo-Dirac scenario and, thus, set some ele-
ments of the mass matrices equal to zero [763]. However, this would be a specific choice, while
the most general approach is to consider two FN fields. The model presented in refs. [760, 761]
contains two FN flavon fields ©1 2 which can obtain complex VEVs:

_®©1) 5 O1) e
A= A R—<@2>—Roe , (6.8)
with Ry and «ag being real numbers. Besides having two FN fields, it is also necessary to
introduce an auxiliary Zo symmetry, such that the phase ag can be responsible for C'P
violation [761]. The most general Lagrangian in a seesaw type II scenario is then given by

a+b=ka+fs a+b=gr+fa
L=— Y YPerHLg XN +he — Y YYURHLa MM +he  (6.9)
a7b7a7IB a7b717a
0«+b:fa+f6 1 a+b=gr+gs 1 _
— Z §(LQL)C ﬁl%ﬁ LgL )\?)\g + h.c. — Z imM]{j] (VJR)C )\(f)\g + h.c.,
a,b,a,3 a,b,I,J

where, by using eq. (6.8), we have defined
01\* (62"
AN = <A1> <A2> = \UTPRY. (6.10)

The matrices Y., Yp, My and 1y, are the charged lepton Yukawa matrix, the Dirac neu-
trino Yukawa matrix, the uncorrected right-handed Majorana neutrino mass matrix, and the
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uncorrected left-handed Majorana neutrino mass matrix. Note that the matrix elements of
My; and 7y, are all of the same order, since they are not yet corrected by FN contribu-
tions. Moreover, certain terms in the Lagrangian of Eq. (6.10) might violate the Zy parity
and must be set to zero. We adopt the following FN charge and Zy assignments inspired by
refs. [761, 764], for the FN fields, for the lepton doublets, and for the right-handed charged
leptons and neutrinos:

©12:(-1,-1;+,—), Ligs:(a+1a,a;+,+,—),
€123:(3,2,0;+,+,-), Viasr: (91,92, 93+ +, —), (6.11)

where a = 0,1. Considering this assignment, the mass eigenvalues for the right-handed
neutrinos as functions of the right-handed mass scale My are:

Scenario A : M; = MA° QR(Q)\/l + R} + 2R3 cos(2ag), Mo =My, M;s=~ My,

Scenario B: My = MoX® 2R8\/1+ RS — 2Rb cos(dag), Mo = Myh>, My = M.

If we consider M; of O(keV), then My is about 10 keV ~ 1 GeV for Scenario A, or about
108 keV ~ 100 GeV for Scenario B.

Fully democratic matrices in SU(5) inspired FN models are, in general, not in agreement
with the experimental constraints on the leptonic mixing angles, as has already been discussed
in ref. [765]. However, the agreement with the data strongly improves considering slightly
non-democratic matrices. Considering, for example, the Dirac Yukawa couplings Y2 = YE)Q =
doyp, instead of Y1:112 = YBZ = yp, is possible to increase the consistency with light neutrino
data. In order to find fully working models, however, a numerical analysis is necessary, see
ref. [758] for details.

6.2.3 The minimal radiative inverse seesaw mechanism (Authors: A. Pilaftsis,

B. Dev)

A technically natural realization for the seesaw scale to be in the TeV range is the so-called
Inverse Seesaw Model (ISM) [237, 766, 767|, where in addition to RH neutrinos {vg 1}, another
set of SM singlet fermions {Sf, .} are introduced. After electroweak symmetry breaking, the
neutrino Yukawa sector of a general ISM is described by the Lagrangian

— 1— 1+
Ly = —vrmpvr — SpmNVR — §VIC:5MMVR - §SLMSSE + h.c.

(6.12)

For a symmetric extension of the SM with three pairs of singlet neutrinos, eq. (6.12) gives
rise to the following 9 x 9 neutrino mass matrix in the basis {(v1,q)% vr,1, (SL,a)}:

0 mp 0
M, = | m§ My m% | . (6.13)
0 mn ps

Here we have not included in Ly the dimension-four lepton-number breaking term [, L®ST
which appears, for instance, in linear seesaw models [205, 238, 768|, since the resulting
neutrino mass matrix in presence of this term can always be rotated to the form given
in (6.13) [769]. In the limit of Mjys, us — 0, lepton number symmetry is restored and the
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light neutrinos vz, , are massless to all orders in perturbation, whereas {vg 1, S o} form three
SM-singlet massive Dirac neutrinos.

In the original ISM presented in ref. [237], the RH neutrino Majorana mass is zero,
Mjys = 01in (6.13). In this case, for |ug| < |mn|,|mpl, it is possible to have very light sterile
neutrinos, e.g. in the presence of a p — 7 symmetry [770] or in theories with warped extra
dimensions [771].

Another interesting realization of ISM arises when My # 0 but ug = 0 [772|. This may
occur, for instance, in models where the Majorana masses for the S-fields are forbidden due
to specific flavor symmetries [174, 773-775]. In this case, the rank of the mass matrix given
by (6.13) reduces to six and the light neutrinos are eractly massless at tree-level. However,
they acquire a non-zero mass at the one-loop level which is directly proportional to the Majo-
rana mass matrix Mj; and results from standard electroweak radiative corrections involving
the neutral gauge and Higgs bosons [776]. This scenario is known as the Minimal Radiative
Inverse Seesaw Model (MRISM) [772] which is very economical, since it does not require the
existence of other non-standard scalar or gauge fields or other fermionic matter beyond the
singlet neutrinos {vpg 1, Sr.} necessary for a general ISM.

The possibility of having light sterile neutrinos in the MRISM can be realized in the
limit [Mps| > |mpl, |mpy| [777]. In this limit, the vp -fields decouple below the mass scale
My, resulting in an effective theory with six neutrino states: vp o and Sr,. At tree-level,
the effective 6 x 6 neutrino mass matrix in the weak basis becomes

-1, T -1_T
tree __ mp -1 T ,,T _ mDMM mp mDMM my
Mg = <mN>MM (m}, mk) = <mNM;41m§§ mxMotml ) (6.14)

Note that one of the block eigenvalues must vanish, since the effective mass matrix MYs® is
of rank 3.

At one-loop level, the mass matrix given by eq. (6.14) receives an electroweak radiative
correction proportional to My [772]:

—loo Aoy - M2

VL 167my;, m3,

2 2 24\"1 Mig T
+3myz (Mg —mz1) In — Mp,  (6.15)
Z

where o, = g2/ (47) is the weak coupling strength, m m,w,z are the masses of the SM Higgs,
W and Z bosons respectively, and we have defined a 3 x 6 mass matrix Mp = (mp,0) and a

M T
6 x 6 mass matrix Mg = < My

). In the limit [Mpys| > |mp|, |mn|, eq. (6.15) simplifies
mN us
to [777]

(Aé” 8) , (6.16)

Ml—loop ~ <mDMM1me(xR)mg 0)
eff - 0 0

where the one-loop function f(zg) is defined as

flag) = W [xH In (xR> P S (“)] : (6.17)

167 TR —TH Ty TR —Xg Ty

with g = M32,/m3,, xg = m3 /m¥y, vz = m%/mi,, assuming My = M1 for simplicity.
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Thus, the full effective neutrino mass matrix in the basis {vr o, S1,4} is given by

T T

_ m M_1(1+x T )me MitmT,
Meff :Mg?e+Miﬁloop _ D Vg Rf( R) D DM TN ) (618)
mNMA_/jlmD mNMA_/IlmN

This can be diagonalized by a general 6 x 6 unitary matrix parametrized in terms of 15 Euler
angles and 10 Dirac phases. Of the resulting six light mass eigenstates, three should describe
the mainly active neutrinos and the remaining three will be predominantly sterile states. In
ref. [777], it was shown that one of the sterile states could be at the keV-scale, having very
small mixing < 107> with the active neutrinos,

thus serving as a potentially WDM candidate. Depending on the masses of the other
two sterile states, one could consider several possibilities, e.g. (i) if both of them are in
the eV range, possessing a non-zero mixing with the active states, one could explain the
LSND-+MiniBooNE-+reactor neutrino data, or (ii) if one of the light sterile states is in the eV
range and the second one is superlight and almost mass-degenerate with the solar neutrinos,
it could also give rise to potentially observable effects in solar neutrino experiments [778-780].
Moreover, this scenario is more compatible with the cosmological constraints on the sum of
the neutrino masses.

Thus, the MRISM provides a minimal extension of the SM accommodating neutrino
masses and keV-scale sterile neutrino Dark Matter, while being consistent with all the existing
experiments, including the anomalies in the neutrino oscillation data. In addition, the heavy
singlet neutrinos in this model with a degenerate mass spectrum could be used to explain the
observed matter-antimatter asymmetry in the Universe through the mechanism of resonant
leptogenesis [393, 781, 782].

6.2.4 Models based on loop-suppressions (Authors: D. Borah, R. Adhikari)

Tiny neutrino masses can also arise at one-loop level within the class of the so-called “scoto-
genic” models first proposed by Ma [214]. These models can not only motivate tiny neutrino
masses at one-loop level [783-785], but they can also give rise to at least one stable DM
candidate [30, 31, 783, 784, 786] — and in general, the fact that the neutrino mass is gen-
erated at loop-level strongly affects their phenomenology [783, 787-794]. An Abelian gauge
extended version of the original scotogenic model was proposed in [795] to explain tiny ac-
tive netrino masses as well as DM. Suitable modifications of this model accommodating tiny
sterile neutrino masses have appeared in [796-798]. Models with dynamical symmetry break-
ing, loop suppression of neutrino masses, and a resultant low-scale seesaw have been studied
in [220-222].

The field content of the Abelian gauge model [795] is shown in tab. 11. The third column
shows the quantum numbers of the fields under a new U(1)x gauge symmetry. The fourth
column indicates the transformations under the remnant Z, symmetry, such that the lightest
Zs-odd particle is stable. The combination of one singlet fermion vg and two triplet fermions
1R, 2or with suitable Higgs scalars is chosen such that tiny neutrino masses arise at one-loop
level. Two more singlets S1r, Sor are required to be present in order to satisfy the anomaly
freedom conditions. The Higgs doublets ®1, ®5 give masses to quarks and charged leptons,
respectively. The Yukawa Lagrangian relevant for the neutrino mass is

Ly D yi(pJ{SlR + hNI_/(p;EVR + thI%,ER + fNVRVRX4 + fsS1RS1RX1

+ [xXRrYRX4 + fNSVRszRXJ; + f1251R52RX§, (6.19)
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Table 11. Particle content of the model.

Particle SU(3)C X SU(Q)L X U(l)y U(I)X Zo
(u,d)L (3,2, é) ny +
UR (3,1, %) 1(Tny — 3ny) +
dR (371,—%) %(m +3n4) +
(v,e)r (1,2, —3) ny +
eR (1,1,-1) 2(=9n1 + 5na) +
VR (1,1,0) %(3711 +nyg) -
Y1R2R (1,3,0) §(3n1 + ng) -
SiR (1,1,0) 1(3711 + nyq) +
Sor (1,1,0) —2(3n1 + n4) -
(¢+a¢0)1 (1’2’_%) %(nl —ng) +
(¢+7¢0)2 (1727_5) %(9”’1 _n4) +
(¢+7¢0)3 (1’2’*%) %(977,1 - 5n4) -
X1 (1,1,0) —2(3n1 + ny) +
X2 (1,1,0) —1(3n1 + ny) +
X3 (1,1,0) —%(Bnl +n4) -
X4 (1,1,0) —Z(3n1 + n4) +
with VEVs (49 5) = v12, (x{4) = u1,4. The tree-level neutrino mass from eq. (6.19) is
L 2%
my3 ~ fsul 5 (620)

while the other two active neutrinos are massless and only become massive at one-loop, see
fig. 30 and ref. [799] for details. The sub-eV scale for active neutrino masses is generated
naturally by adjusting the Yukawa couplings involved in fig. 30.

Xl@ @X-l

o + + P %
~C /
>l o~ -
()rSJ / \ ()g
5= \ > < / <
1% \vi:’ .\vre V;

Figure 30. One-loop contribution to active neutrino mass. The figure is inspired from ref. [799].

The model shown in tab. 11 has three sterile neutrinos Sig, Sor, Vg out of which S|
couples to the active neutrinos and contributes to the tree-level mass term of 3. Thus, for
generic Dirac Yukawa couplings of the neutrinos, the sterile neutrino S1r is expected to be
much heavier than the eV scale. As seen from the Lagrangian in eq. (6.19), S1r and v acquire
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Figure 31. One-loop contributions to the sterile neutrino mass (first and second diagram) and to
active-sterile mixing (third diagram). Figures are inspired from [796, 797].

non-zero masses from the VEVs of x1, x4, respectively. Since the Abelian gauge symmetry is
spontaneously broken down to the standard model by the VEVs of x1, x4 at a scale above the
electroweak scale, one can take the VEVs to be at least at the TeV scale. Thus, for generic
O(1) Yukawa couplings, the masses of Sig, Vg also lie at the TeV scale. Unlike for Sig and
VR, there is no tree-level mass term for the singlet fermion Sor. However, there are mixing
terms of Sop with vg, S1r through the Higgs fields xo, x3 respectively. If these Higgs fields
do not acquire non-zero VEVs, then Sop remains massless at tree-level. Thus, the tree-level
neutrino mass matrix in the basis (ve, vy, V7, S1r, S2r, VR) is

0 0 0 Y1v1 0
0 0 0 Ya2U2 0
0 0 0 Y3vi 0
y1v1 y2v1 y3v1 fsuy O
0 0 0 0 O
0 0 0 0 0fyug

My = (6.21)

o O O o o

The sterile neutrino Sy, which remains massless at tree-level, can aquire a small eV scale
mass at one-loop level from the diagrams shown in fig. 31, which corresponds to a non-zero
(MjF)s5 element in the above basis. With suitable choices of the couplings and the VEVs, it
is possible to get the desired loop-suppression for the mass of the sterile neutrino, no matter
if eV or keV.

Apart from the mass for sterile neutrinos, one should also address the issue of their mix-
ing with active neutrinos. In particular astrophysical observations can constrain the mixing
of keV neutrinos with active neutrinos. In the original version of this model [795] with the
minimal field content, there is no mixing between active and sterile neutrinos. In the later
work [796], the field content was extended by a new scalar singlet field ¢ with U(1)x charge
%(3711 + ny), which allows for a tree-level mixing term of Nr and Sjg and also for one-loop
mixing between active and sterile neutrinos, see the third diagram shown in fig. 31.

In the original model [795], the singlet fermion Ssr, which was taken to be the light
sterile neutrino in [796], is Zo-odd. The one-loop mass of this sterile neutrino can be adjusted
at eV or keV scale, with a mixing that vanishes at leading order. However, allowing for
mixing between the Zs-odd singlet fermion Sor with the Zs-even active neutrinos breaks the
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Table 12. F = L. — L, — L, charges, where L,;, = (Var,ar)T, and o = e, u, 7. The scalars are
defined as: ¢ = (6T, ¢°)T, A = ((A1/V2, A1), (A, — AT /V/2)).

Fields L., L,, Ly er R TR VIR YR WBr ¢ A
F 1 -1 -1 1 -1 -1 1 -1 -1 0 0

Z> symmetry, making the sterile neutrino unstable. This motivates Sop as decaying keV
sterile neutrino DM.

Finally, let us remark that further modifications of the model can lead to even richer
phenomenology, such as multi-component DM with a mixed WDM/CDM setting [797].

6.3 Models based on symmetry breaking

The next class of mechanisms are those based on some type of flavor symmetry. These
symmetries can either be used to force one sterile neutrino to be massless at leading order
— which is then corrected at next-to-leading order to a finite value — or they can complement
a suppression mechanism already present in the model by enforcing the mixing angle between
active and sterile neutrinos to be small enough in order not to contradict observations.

6.3.1 L.— L, — L, symmetry (Authors: A. Merle, V. Niro)

In refs. [239, 800-802|, a L, — L, — L, flavor symmetry was applied at the same time to active
and sterile neutrinos. If the symmetry is unbroken, the model predicts a massless neutrino
and two neutrinos with exactly the same mass, both in the active and in the sterile sectors.
For this reason, the L, — L, — L; flavor symmetry should be softly broken. This leads to a
non-zero mass for one of the active and one of the sterile neutrinos. The other four neutrinos
(two active and two sterile), after the introduction of soft-breaking terms in the Lagrangian,
are not anymore degenerate in mass. This model could naturally accomodate for a keV sterile
neutrino in the spectrum, since the soft symmetry breaking terms will be much smaller than
the masses of the almost degenerate sterile neutrinos. Note that an important feature of this
model is the prediction of a strongly hierarchical neutrino spectra.

Let us denote the symmetry as 7 = L, — L, — L. The particle content and the charge
assignments of our model are given in tab. 12. We extended the model previously proposed
in ref. [803| by a Higgs triplet A, in order to accommodate a type II seesaw, which is present,
for example, in the context of a left-right symmetric framework, like the one presented in
ref. [671], required also for a sufficient entropy production. Considering the limit of vanishing
left-handed mass matrix and/or triplet Yukawa coupling, the model can also be applied to
scenarios where the Higgs triplet is not present.

The full neutrino mass term is given by

0 m#my | m3 0 0

ep n2 n3
m; 0 0 0 mD2 ng
eT T T
mi 0 0 0 mpy mp

1—
Linass = —5\110/\/1,,\1; +h.c., with M, = o (6.22)

mp 02 0| 0 MZM3 |’
0 mfy miZ|Mi2 0 0
0 m mB|ME 0 0
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Figure 32. The mass shifting schemes due to soft breaking of a global L. — L, — L, flavor symmetry.
(Figure similar to fig. 6 of ref. [66] and fig. 1 of ref [758].)

and U = ((VGL)C, (V#L)C, (vr10)%, ViR, V2R, I/3R)T. We have defined m% = U¢Y5‘i and m'zﬂ =

UAYE‘ g , with v4 and va being the vacuum expectation values of the scalar doublet ¢ and the

scalar triplet A.
The exact symmetry predicts a bimaximal mixing in the neutrino sector:

U, = (6.23)

b o

V2

This matrix predicts a zero #13 and a maximal mixing angle #12, which are both ruled out
experimentally. However, it is still possible to obtain a PMNS matrix Upyng = Z/{zu,, com-
patible with experimental data, depending on the actual form of the charged lepton mixing
matrix Uy. Considering CP conservation and a hierarchical relation between \;; = sin 9§j, of
the type A2 = A, A3 ~ A3, Xag ~ A2, with A ~ 0.20 being the parameter that describes the
deviation of 012 from 7/4 [804], we find

N[ — l S‘»—A
N[ =N
NN

=3

N[ —

1—-2%22 X A3
Uy, = A 1= N2 X2 0. (6.24)
A3 -2

This form of Uy, combined with the bimaximal matrix from eq. (6.23), could lead to a Upnns
matrix compatible with the experimental values [800, 801], as it was also shown in ref. [804].
The matrix Uz, is associated to the diagonalization of the matrix

mg—i-mi)\2 mi)\ 0
MM ~ m2x  m2 0 | + 00\, (6.25)
0 0 m?2

T

with M; being the charged leptons mass matrix.

As stated before, in this scenario we need soft breaking terms to avoid the presence of
two zero eigenvalues. For this reason, we add to the neutrino mass in eq. (6.23), a diagonal
part containing symmetry-breaking terms:

M, — M, + diag(s5°, s}, s77, SK, S5, S3) . (6.26)
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In the case in which m%ﬁ < m%f < M J{j we can block-diagonalize the matrix M,,, like
in the usual type II scenario. Considering an additional unbroken extra g — 7 symme-
try [805], we have M}? ~ M}3 ~ My and m$" ~ m$" ~ my, and setting, for simplicity,
my ~mp, s§* ~ s, S ~ S, we obtain the eigenvalues & = {N,, X", A;, A/, , A" A}, with

|~ +/2 [mL— %}, Xe =5, AL = S ++V2M);, and A, = S. In this case, we could
explain the presence of one keV sterile neutrino (S =~ keV) and two heavier sterile neutrinos
(Mpr > S) and the neutrino mixing matrix, even in the presence of soft-breaking terms,
results compatible with the bimaximal form.

The form of the mass matrix M; for the charged leptons will also experience restrictions
by the F-symmetry. We can consider soft breaking terms, S%I = U¢YBJ with a = e, u, 7 and
I =1,2,3, and assume, for simplicity, a symmetric form of the charged lepton mass matrix
(sTy = s57, sy = sP', and mp' = m’y). Under the assumptions of small 9 and m4), we
obtain

)+ ($B)° S (mgg +mig) 0
MM] = | s s+ ) (i) + (s5)° 0] (6:27)
0 0 (m)’

If we identify s7)" = m/4'A, mS§ = me, mf' = my,, and mJ] = m,, we get a matrix similar
to eq. (6.25) and a charged lepton mixing matrix like the one in eq. (6.24). Thus, in the case
of softly broken F-symmetry, it is possible to obtain a PMNS matrix that is compatible with
experimental data [800, 801]. The model based on a F—symmetry is then a successful model
that can explain a hierarchical spectrum in the sterile neutrino sector and, at the same time,
reproduce the light neutrino experimental data and even give testable predictions in the form
of neutrino mass sum rules [225, 226, 806].

As a final note, the mixing angle in this type of models will scale with the parameter
meD1 in the mass matrix, devided by the keV-scale mass. Thus, the X-ray bound for sterile

neutrino DM does pose a constraint on meDl.

6.3.2 Qg symmetry (Author: T. Araki)

We address the origin of the small active-sterile mixing and the mass hierarchy of the sterile
neutrinos (M; < Ma3) by exploiting a non-Abelian discrete flavor symmetry. We also de-
mand that masses of the heavier sterile neutrinos are quasi-degenerate (My ~ M3), which may
be desirable for successful baryogenesis. The mass degeneracy of the heaver sterile neutrinos
could easily be realized by embedding them into a doublet representation of a given flavor
symmetry, while it may be reasonable to assign a singlet representation to the lightest one.
Furthermore, if the singlet representation is complex, one can prohibit a bare mass term for
the lightest sterile neutrino because of its Majorana nature. Then, a small M; and a slight
mass difference between My and Mg would arise after the flavor symmetry is spontaneously
broken. In view of these facts, we employ Qg as our flavor symmetry since it is the smallest
discrete group which contains both complex singlet and a real doublet representations.

Qg consists of four singlet and two doublet irreducible representations: 1,1°,1",1",2, 2,
where 1, 1" and 2 are real, while 2 and 1" = (1”)* are complex. The multiplication rules of
the irreducible representations are summarized in tab. 13. Especially, those of the doublets
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Table 13. The multiplication rules of Q.

777

Qs |11 1 2 | 2 |
1 1 [17]1 2 2’
1// 1/// 1/ 1 2/ 2
1/// 1// 1 1/ 2/ 2
2 2 [ 22 [ 101702 [17T017 a2
2’ 222 [1Te1"e2] 101702

are defined as follows:
X1 y1 T1Y1
& = (x —x O (r1y2 + % )
<x2> <y2> (2192 251) @ (T1y2 291) <—$2y2>
2 ® 2 = 1 ® 1 ® 2’

(o)

X
<y1> = (z1y2 + m2y1) © (T1Y2 — T201) © < 2y2> ;

Y2 r1Y1 (6.28)
® 2 = 1 &) 1 ) 2
X Y1 Ta2Yy1
&® = (x - b (x +x b .
<x2 > <y2 > (T1y1 — 22y2) © (T1y1 + T2Y2) <$1y2 )
2 ® 2/ _ 1// @ 1/// @ 2

The complex conjugation of 2, i.e. 2%, is obtained by i792, where 75 is the second Pauli matrix.
We demonstrate how the mass hierarchy and the mass degeneracy can be realized in the
presence of Qg with a simple example. The Qg representations are assigned as

"’ /
lp ~1, vg1 ~ 1, vgp=(Vr2Vr3) ~2, & ~1, D ~ 2

so that a mass term of v/, . I/R 1VR,1 1s not allowed, and v, I/R pVR,p results in degenerate masses. The
left-handed lepton doublet lr, and the SM Higgs doublet ®, are assumed to be 1; therefore,
the charged lepton sector is the same as that of the SM. In order to spontaneously break
the Qg symmetry, we introduce a Qg doublet scalar D which is SM gauge singlet, and we
also take into account non-renormalizable effective operators with D. Then, the Dirac and
Majorana mass terms are given by

—Lp = /{2 1 VR, D(I)DD + /{2 lr,aVR, DCI)l)l)>k
lL VR, 1<I>DDD + -+ h.c., (6.29)

A3
1/ M,
—Lm =3 (MdV%,DVR,D + 3 VRavroD

M.——
I/R DVR, DDD + A2

M
A2 VaVRADD + -+ h.c.) ) (6.30)

respectively, where a = e, u, 7, A stands for the Qg symmetry breaking scale, which is sup-
posed to be very high, and --- represents higher order terms. Note that we have omitted
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several terms whose contributions can be absorbed into other terms and implicitly assumed
a mechanism which provides Mg .q = O(10) GeV, e.g., spontaneous breaking of a lepton
number symmetry at the GeV scale. After D (and ®) acquire vacuum expectation values,
(D) = (dy d2)”, the Dirac and Majorana mass matrices are obtained as

OFe2 Fe3 Feloo
mp =v\? | 0 Fye Fuz3 | 0| F100 |, (6.31)
OFT2F7'3 FTloo
00 0 0 M, M, 2M, 0 0
My=(00 Mg |+X| My, 0 0 |4+X| 0 M 0 |. (632
0My; 0 ~-M, 0 0 0 0 —M,

In the above equations, we assume d; = dy = d for simplicity and define A = d/A, Foo =
—fa+ fa, and Fo3 = fo + fo. Given A < 1, the masses of the sterile neutrinos are found to
be

2

M,
M.+ —*

My ~ 2)\2
1 M,

. Mog =~ |[My+ XM,y . (6.33)

As can be seen, M; is suppressed by A? in comparison with M> 3, and nearly degenerate Mo
and Mj are realized. Moreover, very small (mp)a,1 are obtained, which may result in a small
active-sterile mixing.

Suppose M; = O(1) keV and Ms 3 = O(10) GeV, then A ~ 1073 is required, leading to
| My — Ms| = O(10~7) GeV. The mass scale of Ms 3 is chosen to be suitable for baryogenesis
via flavor oscillation [188, 398, 807|. Interestingly, |Ms — M3| = O(10~7) GeV coincides
with the mass difference obtained in ref. [398]. Thanks to the suppression by A, the active
neutrino masses, m, = O(10711) GeV, are reproduced with F,, F,3 = O(107! — 1) even for
M3 = O(10 GeV). Lastly, a small active-sterile mixing

(mD)al 'U)\SFal

001 = = ~107°—-10"* .34
1 ]\41 ]\41 0 0 ) (63)

is successfully realized by demanding F,; = O(1072° — 1071?).

Last of all, let us comment on flavor mixing of the active neutrinos. (g includes p — 7
symmetry as subgroup, and one can exploit it to derive the observed large atmospheric and
small reactor mixing angles [240].

6.3.3 A, symmetry (Author: A. Merle)

An alternative route to pursue with flavor symmetries is to use them to explain only the
correct active and active-sterile mixing patterns, while using a different mechanism for the
mass suppression. This means that, contrary to the approach taken in sec. 6.3.2, one could
take an existing mass suppression mechanism and supplement it by a flavor symmetry. Here
we focus on an example present in the literature [174, 808] which uses the FN mechanism [202],
along with an auxiliary A4 discrete symmetry. The FN mechanism has been shown in sec. 6.2.2
to be able to generate the desired mass patterns. The whole course from the group theory
of A4 over developing concrete models down to experimental tests is outlined for example
in ref. [219]. Here, we will simply focus on how to use this symmetry as an auxiliary tool
to tweak a setting with a “pre-existing” mass suppression mechanism in such a way that a
phenomenologically acceptable model is obtained.
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The symmetry group Ay is a subgroup of SU(3) [809], and it consists of twelve different
elements and it admits four irreducible representations: 1, 1, 1", and 3. The group has two
generators S and T which obey the relations $? = T3 = (ST)3 = 1[219]. The model presented
here already contains a suitable mass pattern generated purely by the FN mechanism, with
one light sterile neutrino v at the keV scale (with FN charge F7), while two sterile (right-
handed) neutrinos vp 9/3 with FN charges I3 3 are considerably heavier (GeV or higher). This
model needs two Higgs doublets H, 4, too, as well as seven flavons ¢, ¢, ¢”, &, &', ¢, and
O. Among these fields, £ obtains a VEV u = (£) which generates the lightest sterile neutrino
mass according to M; o< uA*1, where u ~ 102 GeV and A ~ 0.22, such that the choice
F1 =9 seems appropriate to get a keV scale mass for vp .

The most general Lagrangian at leading order in the family symmetry breaking scale,
using the charge assignment of tab. 14, is given by

Y _ Yy — Yr
Ly = *KekgeR (pH4L); — XMAMR (¢H4L)y — AR (@HGL) (6.35)
—%)\Fl VR,l(SDHuL)l — %)\FQVR,Q(QOIHUL)YI — %)\FBI/RB(SD”HUL)1
1 * *7 * 7T N\e * 7T N\e
—3 [wl N (wpa) vy — wiN2E (vR2)vR e — w3A2F3§//*(VR,3)CVR,3] + h.c.,

where the notation (...)x indicates the irreducible A4 representation x to which the respective
terms belong to and A denotes a high scale. With a VEV u = (&), the first term in the last
line indeed leads to a keV neutrino mass of

My = wyuln, (6.36)

Looking again at tab. 14, one can see that the field v is, in fact, a total singlet under all
symmetries but the U(1)pn. Thus, as anticipated, its mass is exclusively determined by the
FN symmetry, except for the rather indirect influence of the VEV u of €.

What is then the actual use of the A4 symmetry? This can be seen by considering
the active neutrino mixing. Illustrating the case of normal mass ordering, one can use the
alignments (') = (vg,, v;,, v;,) and (¢") = (0, v}, —v}}) to obtain a phenomenologically viable
5 x 5 neutrino mass matrix.*?> Calculating the corresponding leptonic mixing to next-to-
leading order, one obtains a mixing matrix given by

% 5 0 00 0 0 0 &0
M -
o | EE 0ol o 0 0 o] oe
UN®) ~ -7 73 %oo +(0 0 0 e e [|+0(), (6.37)
0 0 0 10| |0=V3a 0 00
0 0 001/ \0 0 V250 0

where €12 are small parameters arising only at higher order which features the other two
FN charges F53. It is thus possible to see the actual effect of the A4 symmetry: it leads
to phenomenologically acceptable leptonic mixing. While the leading order terms generate a
tri-bimaximal mixing matrix, which in particular features 613 = 0 that is excluded as well as
maximal €93, the terms arising at next to leading order correct the mixing pattern such that
a non-zero 613, which can indeed arise from the sterile neutrino sector [810], and a deviation

420ne can show that the keV neutrino practically decouples, in the sense that its presence does hardly affect
the masses or mixings of the other neutrino mass eigenstates, so that it is sufficient to take into account v 3r.
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Table 14. Particle content and representation/charge assignments model from ref. [808]. In addition
to A4 and the FN symmetry, another auxiliary symmetry Zs is used in order for CP violation to
survive. For SU(2);, and A4 the representations are reported, while for Z3 and U(1)pn the charge is

given, where w = €27/3,

| Field | Li23 R fir 7R VrRi Vr2 Vi3 Huwa © ¢ ¢ € & ¢ ©
SU(2)L 2 1 1 1 1 1 1 2 1 1 1 1 1 1 1
Ay 3 1 1”7 1 1 1 1 1 3 3 3 1 1 1 1
Z3 w w? W Ww? 1 1 w woow? w11 W ow 1
U(1)pN 0 3 1 0 Fy F Fs 0 o o0 o0 o o0 o0 -1

of f33 from 7/4 are obtained at the same time. Thus, while the smallness of the keV neutrino
mass is achieved by a completely separated sector, the A4 symmetry adds another important
ingredient.

Let us finally comment on an aspect which relies on both ingredients. While a keV
neutrino does not affect the parameters of the light neutrino sector, it mixes with the active
neutrinos via the mixing angles 6,1 — whose values are tightly bound by the X-ray limit. This
mixing is enhanced by the relatively high FN charge according to
Y100 \—F (6.38)

0 1
N wiul ’

with 6,1 -1 being of similar order. Thus, a too large value of F; might destroy the validity of
the model. However, in practice, there is typically enough freedom to vary the couplings and
VEVs involved, such that this constraint is avoided. On the other hand, if the sterile neutrino
sector was known better, the link between the different sectors could be exploited to probe
the model.

In this section, we could only give a glance of the aspects of the A4 model presented and
the benefits of combining different ingredients. To learn more about the detailed aspects, we
refer the reader to the original references [174, 808| as well as to the pedagogical review [66].

6.4 Models based on other principles
Finally, there also exist models based on other principles which do not belong to one of the
categories discussed up to now.

6.4.1 Extended seesaw (Author: J. Heeck)

The extended seesaw (ES) [811, 812 aims to explain the smallness of one or more sterile
neutrinos by the very same seesaw mechanism that is behind small active neutrino masses.*?
In order for the light sterile neutrino(s) to mimic the seesaw couplings of active neutrinos, a
structure in the mass matrix of neutral fermions is necessary, to be invoked by a symmetry.
On top of the standard seesaw scenario with ng right-handed singlets v with Majorana
mass matrix M, and Dirac mass terms mp o (®) from electroweak symmetry breaking

L > —vpmpvg — 3v5Myvg + hec., (6.39)
the ES introduces ng left-handed SM-singlet fermions Sy, with ad hoc vp-like couplings
Ls=—Srmpyvg + h.c. (6.40)

“3While most often employed to generate sterile neutrinos at the eV scale [159], the ES is also applicable to
keV sterile neutrinos, since their mass is still far below the generic seesaw scale.
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Here, m v is a mass scale in principle unrelated to electroweak symmetry breaking but typically
also generated by a vacuum expectation value (see discussion of models below). The full
(B3+ngr+ng) X (3+nr+ng) ES mass matrix for (v§,vg, S§) then takes the form [174, 774]

0 mp O
mEErrtrs — (T My m (6.41)
0 my O

leading, in the seesaw limit Mp; > mp, my, to a low-energy mass matrix for the 3+ng light
neutrinos suppressed by the high seesaw scale M,

gins o (oMl oM ). (6.2
myM,; mp myM,; my

as intended. Since the Sy mimic left-handed neutrinos by construction, standard argu-
ments [158] tell us that at most ng of the 3+ ng light neutrinos gain mass by this mechanism.

We will in the following consider the minimal extended seesaw [174, 774] (ng = 1 and
ngr = 3) for simplicity, which leads to one massless (active) neutrino. In the case of interest
for a keV sterile neutrino, we consider my > mp, allowing us to use the seesaw formula once
more on M>T! and find the keV neutrino mass, ms ~ |myM A_/Ilm;{,|, and active-sterile mixing

angle,
Oas = mpMytmi (my My my) ™ = O(mp/my) = O(Vmy, /v/ms) - (6.43)

From the naive scaling in the last two equations we see that small cancellations in the matrix
structure mDMj\le% are necessary to obtain ms; = O(keV) with a small enough mixing 0,5 to
satisfy X-ray bounds [774]. All in all, the minimal ES can however quite naturally accommo-
date a weakly coupled keV sterile neutrino without the need of unnaturally small couplings.
The price to pay is the introduction of a third mass scale, my ~ mpy/ms/m,, somewhat
above the electroweak scale, plus a mechanism /symmetry to actually generate the desired ES
structure of eq. (6.41). Sy, must carry some (broken) quantum numbers to distinguish it from

the vg, because a full singlet would also allow for the unwanted couplings
_ ms ~ _ N
—lr, (UD> S5 — 1S usSE +he. D —Trmp S — 3SLpsSs + hec. (6.44)

The model-building exercise for ES is hence to forbid the terms in eq. (6.44) and only allow
for those in eq. (6.40), which can be accomplished by imposing symmetries.

The most straightforward approach is to introduce a SM-singlet scalar ¢ that carries the
same non-trivial charge as Sy, under some global symmetry group G, allowing for the coupling
Sp¢vr and hence generating my o (¢) upon symmetry breaking of G via the VEV of ¢. G has
to be chosen such that the couplings in eq. (6.44) remain forbidden at the renormalizable level,
which excludes the use of Zy and Z3, as they would allow for the naturally large Majorana
mass terms SpugS¢ and SiL@)S}i, respectively. G = Z4 emerges as the simplest choice to
realize the ES structure with global symmetries [169]; the Z, invariant term (¢* + 54) in the
scalar potential breaks the accidental U(1) symmetry one encounters for G = Z,,>5 and thus
removes a potentially problematic Goldstone boson from the spectrum.** In ref. [774], it was

“4The Goldstone boson J oc Im(¢) would enable the fast decay T'(vs — v J) o 02:m3/(¢)?, unless the U(1)
breaking scale is much higher than expected from my ~ r/ms/m.,mp, say (¢) > 10° GeV.
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further shown how this symmetry can be incorporated in the flavor symmetry group A4 X Z4
in order to additionally shed light on the lepton mixing pattern. Other choices of G without
Goldstone bosons can be realized with non-minimal scalar sectors [811].

In a different approach, one can choose G to be a gauge symmetry in order to avoid po-
tential drawbacks of discrete global symmetries such as incompatibility with quantum grav-
ity [813] or domain walls [814]. Since non-Abelian symmetries G generate (typically) more
than one light sterile neutrino [169, 815, 816], we focus on G = U(1) here. Renormalizability
requires the introduction of additional chiral fermions 7" which cancel the gauge anomaly from
the chiral Sy, [169, 775, 815, 816|. In order for the T not to spoil the ES matrix structure of
eq. (6.41), S and T can be chosen to form an anomaly-free chiral set of U(1) charges [817],
somewhat reminiscent of the hypercharge assignment in the SM, for example as [775]

(S, Ty, Ty, Ts, Ty, Ts, Tg) ~ (11, =5, —6, 1, —12, 2, 9). (6.45)

The U(1) symmetry breaking by a scalar ¢ ~ 11 couples S to the right-handed neutrinos in
the ES manner and also generates a mass for the new gauge boson Z’, as well as for the T}
via

Lr=ynTTo¢ + yoTsTuo + ysTsTsh + hec.. (6.46)

The six anomaly-canceling T} thus form three massive Dirac fermions and have no impact
on the ES mechanism. As emphasized in ref. [775], these Dirac fermions are stabilized by
the remaining Z;; symmetry, after U(1) symmetry breaking (similar to ref. [818]), and are
coupled to the SM by (kinetic) Z—Z' mixing —the Higgs portal |H|?|¢|?>~ and via active-sterile
neutrino mixing. A consistent realization of the ES structure by means of a gauge symmetry
thus automatically leads to (multi-component and self-interacting) (C)DM candidates. The
keV neutrino vs ~ S is charged under the U(1) gauge symmetry and hence strictly speaking
not sterile, but can be consistent with observational constraints. More than one light sterile
neutrinos can be obtained using different chiral sets [169, 815, 816|, which can also modify
the phenomenology of the CDM component [775].

6.4.2 Dynamical mass generation and composite neutrinos (Authors: D. Robin-
son, Y. Tsai)

Most keV neutrino model-building frameworks require Majorana neutrinos. Here, in contrast,
we outline a framework that dynamically produces both sub-eV active and keV sterile Dirac
neutrinos. The central idea [754, 819] is that the right-handed neutrinos are composite states
of a hidden confining sector [820-825|, while the keV steriles are elementary spectators that
gain their masses in a similar fashion to the quarks in extended Technicolor theories. The
Dirac-type mass structure of the active and sterile states typically fixes their mixing angle
Oar ~ mq/my. This feature is particularly appealing in light of the recent, putative 3.55 keV
X-ray line result [190, 191]. Should the source turn out to be sterile neutrino DM with
mr ~ 7.1 keV, then the observed flux implies a mixing angle 6,7 ~ 4x107%: this is comparable
to the active-sterile mass ratio my/my ~ 7 X 1076 for a typical active neutrino mass of
meq ~ 0.05 eV.

In addition to the SM field content, sy, suppose that there exists a hidden sector of
chiral fermions, y and £ — there are generically multiple species of each — charged under a
hidden confining group (hidden flavor symmetry) G. (Gr), such that g ~ Gsm X Gr,
X ~ G¢ x Gy, and & ~ Gp. We consider this to be a low-energy effective field theory
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below some UV completion scale, M, so that the SM and hidden sectors interact via M-scale
irrelevant operators. At a scale A <« M, G, becomes strongly coupled, inducing x confinement
into hidden bound states. The £ are spectators, required to cancel the Gg anomalies.

In order to avoid flavor constraints, we necessarily need M > v. It is therefore convenient
to define two parameters e = A/M < 1 and ¥ = v/M < 1. With appropriate choices for
the hidden sector, one may ensure: (i) Confinement of the y induces the breaking Gp —
U(1)r; (i) Anomaly matching between the free and confined phases requires that there are
precisely three massless chiral bound states, v, all with the same F' charge; (iii) F' is a linear
combination of B — L and hypercharge such that U(1)gm X U(1)p_r survives electroweak
symmetry breaking (EWSB); (vi) The vi have appropriate F' charge to be right-handed
neutrinos, i.e. they form the 11 9Tvg Yukawas; (v) Along with the three vg, there are fermionic
bound states (spectators) N and Ng (£ and £r) which furnish Dirac multiplets, and have
the correct F' charge to be sterile neutrinos; (vi) The composite vr and Npg 1, contain three
X’s, i.e. vg ~ X2 etc., and the symmetry breaking condensate has two x’s, i.e. {x%) # 0.
Examples of toy models that incorporate these features are included in ref. [819].

After y-confinement, suppressed Yukawa couplings between the active lepton doublet
and composite neutrinos are generated via dimensional transmutation, viz.

X% e — e — X% g3

LMSX — (47T)2ZL(I)TVR or (47r)2lL(I)TNR, and LM>3< 6 — (4_7'(')2

The spectators, however, obtain Dirac masses through irrelevant couplings to the condensate

VEV,

I ®'¢r.  (6.47)

2 A 2
€<J\x42)§ N (4;2&53. (6.48)

One may require that the Gy structure does not admit Dirac mass cross-terms of composites
with £’s. By analogy with large-N, QCD combinatorics the three-y massive bound states
Np, g typically have a Dirac mass My ~ 3A. After EWSB, one then obtains a mass term of
block-matrix form [754, 819],

o ve? Y2 e VR
(L& No)[ 0 & 0 tr | - (6.49)
0 0 3(4m)?%) \INg

A
(4r)?

Up to O(1) factors, the neutrino masses and mixing angles are now fixed by the two
dynamical scales M and A via eq. (6.49). The spectrum corresponding to eq. (6.49) is

M ~ ve’ /(1672), me; ~ Ae?/(167), mpyy~ 3A . (6.50)

Hence there are Dirac neutrinos v¢ p (¢£ 1) whose masses are dynamically e3-(2-)suppressed
compared to the confinement scale. The corresponding left-handed neutrino mass basis

v 1 9 4%;22 vy,
i[ ~ 1;92 1 0 &l (6.51)
Ny 250 1 N,

from which one sees that the active-keV sterile mixing angle 6,; (i.e. the angle spanned by
v{ and §£) is given by 6,7 ~ ¥ = v/M. Constraining the active neutrino mass mq, < 0.05 eV
immediately requires ¢ < 5 x 1074, For the benchmark choices ¢ = 3 x 107% and A = 15 TeV
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—ie. M ~ 5 x 10* TeV, certainly flavor safe — then my, ~ 0.05 €V, me; ~ 5 keV and
sin?(2047) ~ 5 x 10711,

With a keV scale mass and a mixing angle of this order, the elementary spectators £ serve
as potential WDM candidates. We emphasize that in this composite neutrino framework, the
two dynamical scales A and M — or, equivalently, A and ¢ — fix the scales of the spectrum and
couplings, and hence also the approximate cosmological history of £. For example, the &, ,
SM sectors are thermalized via M-scale irrelevant interactions, with decoupling temperature
Taee ~ (A*/ €4Mp1)1/ 3 [754]. Remarkably, Tyee ~ A for the benchmark A and . The keV &’s
are therefore thermally produced while ultrarelativistic, resulting in an overclosed Universe.
Significant entropy production is then required to obtain a DM-like relic abundance.

Intriguingly, since A ~ Tgec, one possible source of such entropy could be a strongly
supercooled x-confining phase transition just after £ decoupling, but just before hidden bound
state-SM decoupling. Such supercooling deposits significant entropy into the hidden bound
state and SM sectors, diluting the decoupled &’s [754|. However, this option generally requires
the ratio of the confinement and phase transition temperatures to be ~ 6, which seems
implausibly large.

An alternative is the late, out-of-equilibrium decay of a heavy state. Conveniently,
at least one heavy composite neutrino species, Np(= N r), is generically present in this
framework. If the decay of NV}, proceeds dominantly through Nj, — v#h, the e3-suppressed
coupling (6.47) produces a sufficiently small decay rate I'y, ~ 9A£% /40967 — the benchmark
lifetime is < 1072 s — such that sizable entropy production occurs right before the BBN epoch.
The resulting entropy production factor, 7, and the £ relic density are respectively

1/2 5 ,1/2 -1
v ~my, Y, [ Ty M, Qe /Qpm = me(Ye/v)s0ppy - (6.52)
Dominance of the Nj, — v{h decay channel can happen, e.g., if the composite neutrino
species have nearly democratic couplings and suppressed hidden-pion couplings. A more
detailed discussion can be found in ref. [819]. The yield Yy, is then determined by A and e
up to O(1) factors, just as were its mass and decay rate. The ¢ relic density is then highly
predictable: at the benchmark values, one finds that €¢ < Qpw.

Being a Dirac fermion, note that £ has four degrees of freedom per species, making &
WDM slightly cooler compared to typical sterile Majorana neutrino DM. This permits to
evade structure formation bounds slightly more easily, including the constraints from Lyman-
a bounds [328, 331, 553] and N-body simulations of subhalo formation [486], see ref. [819] for
details.

6.4.3 3-3-1-models (Authors: A.G. Dias, N. Anh Ky, C.A. de S. Pires, P.S. Ro-
drigues da Silva, N. Thi Hong Van)

The 3-3-1 models [826-829] are distinct SM gauge extensions which can naturally contain RH
neutrinos at keV scale [830-833]. These models belong to a class of constructions where the
SM gauge symmetry SU(2)r, x U(1)y is extended to SU(3)r, x U(1)x in such a way that the
cancellation of the anomalies involves all three families, offering an explanation for the long
standing family number problem [826, 834-836]. As it happens, RH neutrinos are predicted in
3-3-1 models by the reason that they form, together with the SM leptons, representations of
SU(3)r. We will take here one version of the models in which the RH neutrinos do not carry
lepton number from the beginning and, therefore, they will not be related to active neutrinos
by mean of charge conjugation. The ordinary leptons and the RH neutrino are then arranged
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in left-handed triplets, Lo = [V 0, €L,as NE’Q]TN (3, —1/3), and RH singlets e o~(1, —1),
a = e, j1, T, with the numbers in parentheses being the (SU(3)r, U(1)x) quantum numbers.

To generate mass consistently for all fermions in this model, the following three scalar
triplets are considered: x = [x°, x 7, X"]T ~ (3, =1/3), n = [n°, n~, n’°]T ~ (3, —1/3), and
p = [pT, % p'T)T ~ (3,2/3). The symmetry breaking pattern is assumed as SU(3) x
U(1)x/SU(2)r, x U(1)y, occurring through the VEV (x) = [0, 0, vy/]7 with v,y ~ O(1) TeV,
and SU(2), x U(1)y /U(1)em occurring through the VEVs (n) = [v,, 0, 0]7, (p) = [0, v,, 0],
with the scales related according to 1)72] + vg = v? (v =174 GeV). The scale v,/ gives the main
contribution to the mass of the new gauge bosons which are two electrically charged bosons,
V*, two neutral complex gauge bosons UY and U%, and a real neutral one, the Z’. Some of
them, V* and U°, carry lepton number, connecting the charged leptons to the RH neutrinos.
Thus, if produced at the LHC, the decays of those new gauge bosons might imprint distinct
signatures involving RH neutrinos plus SM charged leptons, for example.

Majorana mass terms for six neutrinos are obtained from dimension-five effective ope-
rators involving the leptons and scalar triplets [830-832]. This can be seen by considering a
simpler case than the one analyzed in refs. [830, 831], just assuming a parity symmetry defined
by P = (—1)3B=D)+2s where the following fields are odd (Ng, p't, 7%, x°, x=, V,U) —
—1[837, 838].%5 Such a symmetry forbids the v, — N§ mixing which could happen through the
effective operator (Fx*) (nTL). In this scenario the RH neutrinos are completely sterile with
respect to W and Z°. Therefore, the effective Lagrangian containing the main operators
leading to neutrino masses is

LD (ﬁn*) % <77TL> + (Fx*) % (XTL) + h.c, (6.53)

where f = fop and h = hyp are taken as arbitrary symmetric matrices, and A as a very high
energy scale. Majorana mass terms for the active and RH sterile neutrinos are generated with
the VEVs (1) and (X'}, leading to the mass matrices

ML:().Gf( Uy )2<1012GeV

Vot 2 /102 GeV
My =10h X
25 GeV A >6V’ =100 ( ) (

39TV A > keV .(6.54)

Assuming fo3, hag of O(1) and A = 10'2 GeV, with the symmetry breaking scales Uy, Uy at
TeV and tens of GeV, respectively, masses are generated at the keV scale for the RH sterile
neutrinos and at the sub-eV scale for the active neutrinos. The eigenstate of the smaller
eigenvalue of Mp; in eq. (6.54) corresponds to lightest RH neutrino and is stable, due the
parity symmetry, as required for a particle acting as WDM [830]. Another result in this
scenario is that the next-to-lightest RH neutrino, Np, 5, obtained from diagonalization of My,
in eq. (6.54), decays into the lightest one plus a photon, Ngo = Npi+7, through a one-
loop process involving the V*. This process might be relevant for explaining astrophysical
phenomena involving X-ray lines, as for example the recent observation of the 3.5 keV line [190,
191].

A realization of how the effective operators in eq. (6.53) can be induced at low energies
was done in ref. [832], assuming the existence of a heavy scalar sextet S ~ (6, —2/3). In this
case Majorana mass terms for neutrinos are generated through the Yukawa interaction [831,
833,

Ly D LéyS*L+ h.c., (6.55)

45The new quarks predicted by the model are all odd under this symmetry, too.
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where y = y,, with the VEV of the sextet components (S11) = (A% = vao and (S33) =
(%) = v,0. This leads to the mass matrices [ML],5 = Yapvao and [Mg],5 = yapsvso for the
active and RH neutrinos, respectively. The small values of vao and v,0 are due to a seesaw
mechanism involving the sextet?® and an explicit lepton number violation. Such violation
occurs mainly through the terms in the potential V' > MnTStn + MoxT STy + h.c., where
it is assumed that M; ~ Ms =~ A are very high energy scales in which lepton number is
violated. Thus, considering this and the fact that the mass scale of the sextet is also of
order of A ~ 102 GeV, minimization of the potential leads to constraint equations furnishing
small values for the VEVs, vpo = v7 /M) and vyo = v} /Ma, so that [ML] 5 = Yap vp /A and
[MR],, 5 = Yap 11)2(, /A. These mass matrices have the same suppression factors as the ones in
eq. (6.54). Besides, the mechanism predicts a mass relation for these two types of neutrinos,
as a result of the fact that their masses arise from the same coupling g,g in eq. (6.55). It can
be seen that the RH/active neutrino mass ratio is mp,, /m.,,, = vi,/v% [831, 833], so that
for vy» =~ 1 TeV, v, ~ 10 GeV masses at the keV scale for RH neutrinos are predicted, taking
into account that the active neutrinos have masses of order m,,, =~ 0.1 eV [832]|. The use of a
scalar sextet was also developed in other ways to implement the seesaw mechanisms in 3-3-1
models [840-842].

Another model extending the SM lepton sector only by neutrino fields transforming non-
trivially under a non-Abelian gauge group is the SU(3)r x SU(3)r x U(1)x model [843]. It
has the essence of the left-right models [844, 845], plus the peculiarity that the number of
families is restricted by gauge anomaly cancellation and by the embedding of the 3-3-1 models
of refs. [828, 829|. One of the main features of the SU(3)r x SU(3)r x U(1) x model is that its
rich neutrino content allows to address, simultaneously, problems related to neutrino oscilla-
tion, WDM, and baryogenesis through leptogenesis [843]. In its particle spectrum the model
might have, in addition to the light active neutrinos, three neutrinos at keV mass scale, and six
heavy ones having masses around 10'! GeV. Such neutrinos result from the leptonic field con-
tent Ur o = [Vo.as €L.as Noal ~(3, 1, =1/3) and Ug o = [VRa» €Ras Nral ~(1, 3, =1/3),
with the numbers in parenthesis being the (SU(3)r, SU(3)r, U(1)x) quantum numbers, and
N, being new neutral fermions.

Two sets of scalar triplets, nr, x.~(3, 1, —=1/3) and ngr, xr~(1, 3, —1/3), break the
gauge symmetries and participate in the neutrinos mass generation mechanism. This sets
up by means of the following effective operators [843], when the scalar fields get VEV as
(nL,r) = [vm;,m 0, O]T and (xr.r) = [0, 0, 'UXL,R]Tv
LD (\IJLXL) E (XR\IJR>+(\I/LXL) m (XL‘I’L)‘F(\I’RXR) m (XR‘IJR)+(X —n), (6.56)

where a Zy symmetry, X7, R — —XI,R, is assumed for simplicity. The sterile neutrinos within
this model can be fully stabilized with the previous parity symmetry. The suppression scales
in eq. (6.56) are such that Ay, ~ 10! GeV, meaning that lepton number is broken by
gravitational interactions at the Planck scale, and Ap = 10> GeV, which could be related to
a grand unification scale. The breaking of SU(3)r x SU(3)r x U(1)x/SU3)rL x U(1)n is
taken to occur with the VEVs around this last scale, v, ~ vy, ~ Ap, leaving at low energy
an effective 3-3-1 model plus very heavy singlets [843]. Given that Ay > Ap, it follows from
eq. (6.56) that choosing v, =~ 10 GeV, v, ~ 1 TeV, the mass matrix of the active neutrinos
is M, ~ gnD(géV[)_l(gf?j)T eV. There is also a mass matrix My, =~ 109£(g¥)_1(gf)r[ keV

46This mechanism resembles the known type II seesaw mechanism [130, 197, 200, 839].
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for three sterile neutrinos, with the lightest one being a WDM candidate. Additionally, there
are six very heavy neutrinos following from the mass matrix Mj; ~ 10''diag (97]7\4 , g)jy ) GeV,
which can act in the baryogenesis through leptogenesis for explaining the Universe matter-
antimatter asymmetry [357].

As a final note, it is worth to point out that there are also more complete GUT settings
where light sterile neutrinos can exist and be well-motivated, see the works on Eg [846] as
prominent example.

6.4.4 Anomalous Majorana Neutrino Masses from Torsionful Quantum Gravity
(Authors: N. Mavromatos, A. Pilaftsis)

A potentially interesting radiative mechanism for generating gauge-invariant fermion masses
at three loops has been studied in [847|. It uses global anomalies triggered by the possible
existence of scalar or pseudoscalar fields in U(1) gauge theories and by heavy fermions F
whose masses may not result from spontaneous symmetry breaking. In [848], whose contents
are reviewed here, this mass-generating mechanism has been “geometrized” by applying it to
appropriate field theories of gravity with torsion [849-852], to create low-scale fermion masses
by pure quantum gravity effects. Here, the role of the U(1) gauge field strength tensor F),, is
played by the Riemann curvature tensor R, -, and hence the role of the gauge fields by the
gravitons. Such a gravitationally-assisted mass mechanism could straightforwardly be applied
to fermions without SM quantum charges, such as Majorana right-handed neutrinos. Our
goal is to review briefly this mechanism and provide reliable estimates of the gravitationally
induced right-handed Majorana mass Mjy;. As we shall see, masses in the keV region can
be naturally provided. Although quantum gravitational interactions are non-renormalizable,
nevertheless there are aspects of the theory that can be exact, in a path integral sense,
and these are related to some aspects of torsionful manifolds. Torsion appears as a non-
propagating 3-form in a quantum gravity path integral and as such it can be integrated out
exactly [849-852].

To start, consider Dirac QED fermions in a torsionful space-time. The Dirac action reads:
Sy = % f d‘%ﬁ(@y“@ud) — (5HE)7“¢), where D,, = V,, —ieA,,, with e being the electron
charge and A, the photon field. The overline above the covariant derivative, i.e. ﬁu, denotes
the presence of torsion, which is introduced through the torsionful spin connection wg,,. The
presence of torsion in the covariant derivative in the Dirac-like action leads, apart from the
standard terms in manifolds without torsion, to an additional term involving the axial current
JE =yt Sy > =2 [dh/=g Syt = =2 [[SA*JP, where S = *T is the dual of the
torsion tensor T =d e* +w?® A e, S; = %eabchabc. It is an axial pseudovector field, one of
the three types of structures appearing in the irreducible decomposition of T [850, 853]. The

gravitational part of the action can be written as Sg = ﬁ i d*z\/—g <R+3) + & [ SA*S,

where R is the scalar curvature without torsion and A contains quadratic forms of irreducible
parts of the torsion tensor other than S. In a quantum gravity setting, where one integrates
over all fields, the torsion terms appear as non-propagating fields and hence can be integrated
out exactly. The authors of [853] have observed though that the classical equations of motion
identify the axial-pseudovector torsion field S, with the axial current. It follows that d*S = 0,
leading to a conserved “torsion charge” @ = [*S. To maintain this conservation in the
quantum theory, they postulated d *S = 0 at the quantum level — which can be achieved by
the addition of judicious counter terms. This constraint, in a path-integral formulation of
quantum gravity, is then implemented via a d-function, §(d*S), and the latter via the well-
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known trick of introducing a (pseudoscalar) Lagrange multiplier field ®(z) = (3/x2)Y/2b(x).
Hence, the relevant torsion part of the quantum-gravity path integral Z includes a factor

z = /e—iSGHSw x /DSDbexp [i/(%S/\*S—gS/\*ﬁ—i—(;Q) Ppar 's)]

- /Dbexp[—z’/( db/\*db+fbdb/\*J5 ﬁﬁ *JSH

- /Db exp [—z/( db/\*db—ﬁbG(A W) + Fﬁ ], (6.57)
b

where f, = (3x%/8)1/% = \1\/4—%, and in the last line we have partially integrated the second

term in the exponent in the middle line of (6.57) and took into account the well-known
field theoretic result that in QED the axial current is not conserved at the quantum level,
due to anomalies, but its divergence is obtained by the one-loop result [854]: VMJ5“ =
.y ”FW — M%RWPUEWM = G(A,w), with the tilde denoting appropriate tensor duals.

An interesting example of a torsionful space-time which also provides a concrete UV-
complete theoretical framework for quantum gravity comes from string theory. In string the-
ories, torsion is introduced as a consequence of the existence of the (spin one) anti-symmetric
tensor field By, = —B,, existing in the gravitational multiplet of the string. Indeed, as a
result of the stringy “gauge” symmetry B, — By, + 9, B,, the low-energy string effective
action depends only on the field strength H,,,, = 0,B,,), where the symbol [...] denotes
anti-symmetrization of the appropriate indices. In fact, it can be shown [855, 856| that the
terms involving the field strength perturbatively to each order in the Regge slope param-
eter o/ can be assembled in such a way that only torsionful Christoffel symbols, such as
fffp =T, + \f HY, # ™ ov» appear in the low-energy effective action. In four dimensions,

we may define the dual of H, Y, = —3v20,b = V=9 €upoc H*P, after adopting the
normalizations of [853]. The field b(x) is a form-valued pseudoscalar field, with a canonically
normalized kinetic term which is termed the Kalb-Ramond (KR) axion [857|, in order to
distinguish it from other axion-like field coming, e.g. from the moduli sector of string theory.
It plays a role entirely analogous to the gravitational axion field we have encountered above
in our generic discussion of torsional field theories.

An important aspect of the coupling of the field b(z) to the fermionic matter discussed
above is its shift symmetry, characteristic of axion fields. Indeed, by shifting the field b(x)
by a constant, b(x) — b(z) + ¢, the action (6.57) only changes by total derivative terms, such
as c R p"ﬁu,,pg or ¢c ' F),,,. These terms are irrelevant for the equations of motion and the
induced quantum dynamics, provided the fields fall off to zero sufficiently fast at infinity. The
anomalous Majorana mass generation through torsion consists of augmenting the effective
action (6.57) by terms that break the shift symmetry. To illustrate this last point, we first
couple the gravitational axion b(z) to another pseudoscalar axion field a(x). The proposed
coupling occurs through kinetic mixing. To be specific, we consider the action

87r2

1 b(x) ~
— 4 — | = 2 Uvpo 5 7H5H
/d 2v=g [2@”5) + Topmrg B B + 72 73
" 1 2 . ([ C —
+ 1(0ub) (00) + 5(00)? = yaia (i v — v )] (6.58)
where 1,¢ = (1)g)¢ is the charge-conjugated right-handed fermion g, J° = ¥y,7vs5¢ is the
R T

axial current of the four-component Majorana fermion v = ¥gr + (@ZJR) , and v is a real
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Figure 33. Typical Feynman graph giving rise to anomalous fermion mass generation. The black
circle denotes the operator a(x) Ry,x,R'* induced by torsion. (Similar to Fig. 1 in ref. [848].)

parameter to be constrained later. We have ignored gauge fields, which are not of interest
to us, as well as the possibility of a non-perturbative mass M, for the pseudoscalar a(z).
Moreover, we remind the reader that the repulsive self-interaction fermion terms are due to
the existence of torsion in the Einstein-Cartan theory. The Yukawa coupling y, of the axion
moduli field a to right-handed sterile neutrino ¥z may be due to non-perturbative effects.
These break the shift symmetry, a — a + c.

To evaluate the anomalous Majorana mass, it is convenient to diagonalize the axion
kinetic terms by redefining the KR axion field, b(x) — V/(x) = b(x) + ya(x), and to appro-
priately redefine the axion field to appear with a canonically normalized kinetic term. In this
way, the b’ field decouples and can be integrated out in the path integral, leaving behind an
axion field a(x) coupled both to matter fermions and to the operator R’“’p"éw,pg, thereby
playing the role of the torsion field. We observe through [848] that the approach is only valid
for |y| < 1, since otherwise the axion field would appear as a ghost, i.e. with the wrong
sign of its kinetic terms, which would indicate an instability of the model. This is the only
restriction of the parameter . The resulting effective action reads:

_ 4 — 1 2 ’Ya(x) UV po
Sa—/d Ty —g [Q(aua) 1927T2fb\/mR RMVPO'
iYa —C e L 15 p5m
_ma(% br — Pr) + it |- (6.59)

The mechanism for the anomalous Majorana mass generation is shown in fig. 33. Adopt-
ing the effective field theory framework of [858], one may estimate the two-loop Majorana
neutrino mass My, in torsional quantum gravity with an effective UV energy cut-off A [848],

1 Ya Y KNS _ \/gya’)/’i5A6
(1672)2 19272 f,(1 — %) 49152y/871i(1 — 42)

My ~ (6.60)
In a UV complete theory such as strings, A and Mp are proportional to each other, since
A is proportional to the string scale My = 1/v ' (o/ the Regge slope) and the latter is

2
related to Mp through éME Ve = %’ with g, being the string coupling, and V() the
compactification volume in units of o/. It is interesting to provide a numerical estimate of

the anomalously generated Majorana mass Mj;. Assuming that v < 1, the size of My may

6
be estimated from (6.60) to be My, ~ (3.1 x 10! GeV)<1g“_3> (107_1>< + ) :

2.4x1018 GeV

Obviously, the generation of M}, is highly model dependent. Taking, for example, the quan-
tum gravity scale to be A = 107 GeV, we find that M), is at the TeV scale, for y, = 1073
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and v = 0.1. However, if we take the quantum gravity scale to be close to the GUT scale,
ie. A = 10' GeV, we obtain a right-handed neutrino mass Mjy; ~ 16 keV, for the choice
Yo = v = 1073, This is in the preferred ballpark region for the sterile neutrino ¥r = vg to
qualify as a WDM [662], e.g. in the framework of the ¥MSM model [189)], of interest in this
white paper.

We conclude this subsection by noting that in a string-theoretic framework, many axions
might exist that could mix with each other [859, 860]. Such a mixing can give rise to reduced
UV sensitivity of the two-loop graph shown in fig. 33. For instance, in models with three
axion species, it is possible to obtain two-loop induced masses that are UV finite, and as
such independent of the UV-cutoff A. For more details on neutrino mass estimates in such
string-theoretic settings we refer the reader to [848].
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7 Current and Future keV Neutrino Search with Astrophysical Experi-
ments

Section Editors:
Steen Hansen, Alexei Boyarsky

7.1 Previous Bounds (Authors: A. Boyarsky, J. Franse, A. Garzilli, D. Iakubov-
skyi)

When looking for fermionic DM particles, one should in general search above the Tremaine-
Gunn limit [75] of about 300eV). Essentially, below this mass, the phase space density of
Dark Matter particles that would be required by the observed amount of Dark Matter in
dwarf galaxies, would violate the Pauli-exclusion principle. If the mass is below 2m.c?, such
a fermion can decay to neutrinos and photons with energy E. = %mDM [322]. One can search
for such particles in X-rays [566|, either by aiming to detect the diffuse X-ray background [324]
or by looking at nearby DM-dominated astrophysical objects [566]. As a side note, Ref. [566]
also proposed the stacking method which was later on involved in the detection of the 3.5 keV
hint [190].

The omni-presence of Dark Matter in galaxies and galaxy clusters opens the way to check
the decaying Dark Matter hypothesis [591]. The decaying Dark Matter signal is proportional
to the column density Spy = [ poudl — the integral along the line of sight of the DM density
distribution (unlike the case of annihilating Dark Matter, where the signal is proportional to
J p2..d0). As long as the angular size of an object is larger than the field-of-view, the distance
to the object drops out, which means that distant objects can give fluxes comparable to those
of nearby ones [573, 574]. To be explicit, the flux in a Dark Matter decay signal is given by

_ Mfov FDM
47TD% Mpum

(7.1)

where mpy is the DM particle mass, D the luminosity distance and My, the amount of
Dark Matter in the field of view of the telescope. The decay rate I'p,, is related to the particle
lifetime as 1/7,y and is given by

10247 1078 1 [1keV]®
Ton = 0 27T = 7.2 x 10%? sec { : (2) } { eV] ,
9aG2 sin*(20)m5,, sin®(20) | | mou

if DM is made of right-handed (sterile) neutrinos [177], with sin?(26) the interaction strength
(mizing angle).

In the case of decaying DM, the signal strength also decreases more slowly with increas-
ing distance from the centers of objects as compared to the case of annihilating DM where
the expected signal is concentrated towards the centers of DM-dominated objects. This in
principle allows one to check the Dark Matter origin of a signal by comparison between ob-
jects and/or by studying the angular dependence of the signal within one object, rather than
trying to exclude all possible astrophysical explanations for each target [345, 567, 687].

The DM decay line is much narrower than the spectral resolution of the existing X-ray
telescopes and, as previous searches have shown, should be rather weak. The X-ray spectra
of astrophysical objects are crowded with weak atomic and instrumental lines, not all of
which may be known. Therefore, even if the exposure of available observations continues to

- 137 —



increase, it is hard to exclude an astrophysical or instrumental origin of any weak line found
in the spectrum of individual object. However, if the same feature is present in the spectra of
many different objects, and its surface brightness and relative normalization between objects
are consistent with the expected behavior of the DM signal, this can provide much more
convincing evidence about its nature.

Many studies have indeed been performed on the widest range of objects. From objects
as small as dwarf galaxies and as nearby as the center and halo of our own Milky Way,
to other galaxies and clusters of galaxies, and more specialized searches such as through
stacking of many objects or studying the peculiar ‘dark blobs’ like the Bullet cluster and
A520 (313, 324, 345-347, 485, 560, 566, 569, 581, 587-595, 598-602, 604, 606, 861]).

In reality, of course, after years of systematic search for this signal, any candidate line can
be detected only at the edge of the possible sensitivity of the method. Therefore, one needs
comparatively long-exposure data to cross-check the signal. Moreover, even an uncertainty
at the level of a factor of a few in the expected signal, which is very hard to avoid, can result
in the necessity to have significantly more statistics than in the initial data set in which the
candidate signal was found. The parameter space that is available for a DM sterile neutrino
within the vMSM is shown in fig. 19.

7.2 X-ray telescopes and observation of the 3.55 keV Line (Authors: A. Bo-
yarsky, J. Franse, A. Garzilli, D. Takubovskyi)

Early in 2014, two independent groups reported a detection of an unidentified X-ray line at
an energy of ~3.55 keV in the long-exposure X-ray observations of a number of Dark Matter-
dominated objects: first in a stack of 73 galaxy clusters [190] and in the Andromeda galaxy
and the Perseus galaxy cluster one week later [191].

The possibility that this spectral feature may be the signal from decaying Dark Matter
has sparked a lot of interest in the community as the signal has passed a number of ‘sanity
checks’ expected for Dark Matter decay: it is consistent with the expected mass scaling be-
tween the Andromeda galaxy, the Milky Way center and the upper bound from non-detection
in the blank sky data [191, 608], and also between different sub-samples of clusters [190]. The
signal has radial surface brightness profiles in the Perseus cluster, Andromeda galaxy [191]
and in the Milky Way [608] that are consistent with our expectations for decaying Dark Mat-
ter and the mass distribution in these objects. Instrumental origins of this signal have been
shown to be highly unlikely for a variety of reasons: the signal’s presence in all of XMM-
Newton’s detectors and in Chandra’s; the correct behavior with redshift (especially in the
stacking procedure employed by ref. [190]); its absence in a very-long exposure blank-sky
dataset. It has also not proved possible to attribute the signal plausibly and consistently
between datasets to any known atomic emission line or lines [190, 191, 624, 625].

The center of our Galaxy is a classical target for DM searches. Its proximity allows the
observations to concentrate on the very central part and therefore, one can expect a significant
gain in the signal if the DM distribution in the Milky Way happens to be steeper than a cored
profile. The Galactic Center (GC) region has been extensively studied with XMM-Newton
and Chandra and several mega-seconds of raw exposure have been accumulated to date. Three
recent studies [608-610] argued that this line may be a potassium K XVIII transition (as
it is difficult to put an upper bound on the potassium abundance in the GC). However, as
was argued in ref. [608], the correct question is: Are the observations of the Galactic Center
consistent with the Dark Matter interpretation of the 3.55 keV line of ref. 190, 191]7
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This is a non-trivial question, as the DM interpretation of the 3.55 keV line in M31
and the Perseus cluster puts a lower limit on the flur expected from the GC. On the other
hand, the non-detection of any signal in the off-center observations of the Milky Way halo
(the blank sky dataset of ref. [191]) provides an upper limit on the possible flux from the GC,
given observational constraints on the DM distribution in the Galaxy. ref. [608]| argued that
the flux from the GC falls into this range, while a consistent interpretation of the line in all
the datasets as an atomic transition is problematic [624, 625].

Even though the recent studies of stacked spectra of dwarf spheroidal satellites of the
Milky Way by ref. [596], and galaxy clusters with Suzaku by ref. [612] and ref. [614] are in ten-
sion with the initial value of the DM lifetime from ref. [190] (which is based on their estimates
of the DM content of their galaxy clusters), all of this work still leaves parameter-space for a
common interpretation of all detections and non-detections in terms of DM. An overview of
the detections and how they relate to each other and to the Dark Matter interpretation can be
found in figure 34. Analyses by ref. [611] and ref. [613] make strong claims for ruling out the
DM interpretation using sophisticated techniques. However, uncertainties in the DM content
and distributions are still being debated [191, 608]|; moreover, Ref. [627] revealed problems in
the morphological analysis of [613]. We have to refrain from making comment beyond this
and would like to refer the reader to these references.

Future Searches for the 3.55 keV Line

As mentioned in the previous section, the existing non-detections limit the range of DM-
lifetimes associated with the 3.55 keV excess; specifically to 1y = (7.3 — 15.6) X 10%7 sec
(green and magenta lines in Fig. 34). Given that the comparison of the results from different
objects depends on assumptions about their DM content, the convincing ultimate test of the
DM interpretation of the 3.55 keV signal requires an observation that allows for a detection
of at least 3o for the longest admissible lifetime 7,y = 15.6 x 1027 sec.

By the beginning of 2016, the forthcoming Astro-H [864]| mission and the planned Micro-
X sounding rocket experiment [865] were expected have sufficient spectral resolution to resolve
the line against other nearby features and to detect the candidate line in the “strong line”
regime [602]. In particular, the general hope was Astro-H should be able to resolve the
Milky Way halo’s DM decay signal and therefore all its observations can be used, which
unfortunately did not happen — see paragraph below.

The large field-of-view of the upcoming eROSITA X-ray observatory [866] will allow
for tight constraints on the line by homogeneously covering nearby X-ray bright clusters to
large radii. Cross-correlation power spectra of the cosmic X-ray background in the eROSITA
all-sky survey will deliver additional competitive constraints [867].

A short wrap-up of the sad Hitomi story

The Japanese Space Agency (JAXA) successfully launched the Astro-H satellite from Tane-
gashima Space Center in Japan on the 16th of February 2016. After it was placed in orbit
and its solar panels deployed, the spacecraft was renamed Hitomi. However, JAXA lost con-
tact with the satellite on March 26th, while the it was executing its first test observations
in orbit. Several sources, including the U.S. Joint Space Operation Center and various am-
ateur observers, have reported that the satellite has broken up into several pieces of debris
and changed orbit. In a press briefing on April 8th, JAXA stated that the Hitomi satellite
appears to rotate with a period of 5.2 s, and that this rotation may have led to the separa-
tion of vulnerable pieces from the spacecraft’s main body. It also confirmed that 10 other
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Figure 34. The flux in the 3.55 keV line in the spectra of the Galactic center, the Perseus cluster, and M31,
as well as the 20 upper bound from the blank sky dataset (from ref. [191]) as a function of the expected DM
signal; see also Ref. [313] which provides one of the strongest constraints on the line from the Chandra of M31.
The results from ref. [190] are shown as the diagonal shaded strip (width 1c¢). The vertical sizes of the boxes
are +1o0 statistical error on the line’s flux. The horizontal sizes of the boxes represent systematic errors in
mass modeling: the projected mass density calculated using different literature models of the DM distribution.
Diagonal lines correspond to different lifetimes of DM particles, assuming a decaying DM interpretation of
the signal. Blue shaded regions give an example of the relation between the projected DM mass densities
in the GC and in the blank-sky dataset based on the Milky Way mass model of ref. [862]. The magenta
line shows the estimated sensitivity of 1.4 Msec of Draco observations [863]. The actually derived limits,
however, differ [618, 619], see the discussion in sec. 4.3. The values of the lifetime above the green line
(Tom = 7.3 x 10?7 sec) are excluded at 3¢ level, based on ref. [596].

objects have been detected nearby on April 1st. Already at that time, it seemed possible that
Hitomi (or Astro-H) would lost and could be recovered, which would make XMM-Newton
and Chandra the only operational X-ray telescopes. In spite of the difficulties, the Hitomi
team had been working hard to stabilize the satellite orbit with the hope of recovering part
of the instrumentation. However, despite their best efforts, JAXA ceased efforts to rescue the
satellite on April 28th, as it became clear that the spacecraft could not be recovered. From
the updated information released by JAXA, it seems that the reason behind the failure was
a too fast rotation that was caused unintentionally to compensate for a non-existing rotation
in the opposite direction indicated by the software. This rotation was so fast that it took the
satellite beyond its design limit, therefore causing main parts of the spacecraft to separate.
See http://global.jaxa.jp/projects/sat/astro_h/ for more details. It is worth to not
that, despite the satellite being lost, some data was collected from the Perseus cluster [631];
unfortunately, while yielding en even stronger constraint on a possible line signal, the statistics
achieved had not been large enough to fully clear up the sitution.
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7.3 Lyman-a Methods for keV-scale Dark Matter (Authors: A. Boyarsky, J. Franse,
A. Garzilli, D. Iakubovskyi)

The study of the matter power spectrum in the intergalactic medium (IGM) has been exten-
sively used in the past to constrain the nature of DM — see for example [59, 326332, 553], see
also Section 4.2. The IGM is constituted by the under-dense gas that fills the otherwise empty
space between galaxies. Because the IGM is gravitationally dominated by the DM distribu-
tion, it is sensitive to the spatial distribution of DM; on the other hand its neutral fraction
interacts with light. Hence, the IGM can be used as a probe of the DM power spectrum.

The physics of the IGM is relatively straight-forward with respect to other probes con-
sidered currently in cosmology, being constituted mostly by gas with almost primordial com-
position, and being organized in large scale structures that lie just outside the linear regime.
Because of the relative simplicity of its physical description, the IGM is the natural choice for
constraining cosmology, after the study of the cosmic microwave background. In particular,
we are interested to get new limits on the nature of DM, from the observable of the IGM in
the ultraviolet and optical bands, the so-called Lyman-« forest. This is the signature of the
neutral component of the IGM on the spectra of distant quasars, and it is due to the scatter-
ing of the quasar’s light by the neutral hydrogen atoms through the Lyman-« transition. The
ideal time for investigating the nature of DM through the Lyman-« forest is at high redshift,
when the effect of AGN feedback is not as important as it can be at lower redshift.

Because we are interested in the smallest scales observable with the Lyman-a forest,
where the difference between the CDM and the sterile neutrinos is the largest, we are suscep-
tible to the unknown IGM temperature. In fact, the thermal history of the IGM is largely
unknown, and in [538] the significant effect that arbitrary assumptions on the cosmic ther-
mal history can have on SNe constraints have been made explicitly. Moreover, the authors
have revised the current constraints on SNe, and we recognized that the latest analysis on
high redshift and high resolution Lyman-« spectra, presented in [331], does not constrain the
warmness of DM better than previous works (see [329] and [59]).

The temperature of the IGM has been measured from the broadening of the lines that
constitute the Lyman-« forest, but one of the obstacles has been to discern between the size
of the filaments that constitute the IGM, and the IGM temperature, as both the temperature
and the physical extent of the clouds affect the broadening. In recent work [868|, a new
method for measuring both the size of the filaments and the temperature of the IGM has
been outlined for the first time. Previous works on constraining the nature of DM through
the Lyman « forest considered the flux power spectrum, in which the information about the
initial matter power spectrum is mixed with astrophysical uncertainties. We believe that
the line decomposition method considered in [868| can be adapted to the case of WDM
cosmologies, and that in this way we can obtain new constraints on the nature of the DM,
with an approach that is radically different from the one used in the previous works.

7.4 Pulsar kicks (Author: S. Hansen)

When massive stars end their life in a supernova explosion a neutron star is born, and radio
pulsars are a small fraction of the billions of neutron stars in the Milky Way. Observations
show that these radio pulsars have large velocities, with averages of several hundred km /sec,
and with a non-Gaussian tail extending up to 1600 km/sec [869, 870|. It is non-trivial to
achieve such large velocities in standard core collapse supernova explosions [871]. In addi-
tion, any model predicting these large velocities should preferably also explain the observed
correlation between the spin axis and the velocity of the pulsars [872, 873].
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Standard neutrinos carry away up to 99% of the ~ 10%3erg of gravitational energy re-
leased in the collapse of the supernova, however, due to the large temperatures and densities,
the neutrino scattering rate is in fact extremely high, and standard neutrinos diffuse spheri-
cally from the supernova core. Instead, if sterile neutrinos could be produced asymmetrically,
then they would leave the supernova non-spherically. Indeed, with only a few percent asym-
metry in the neutrino distribution, one could explain both the observed velocities and the
correlation with the spin axis. The magnetic field inside the proto-neutron star provides ex-
actly such an asymmetry by polarizing the electrons [874], and as we will describe below the
combination of a large magnetic field and the mixing between a sterile neutrino with a pu-
or T-neutrino allows for a plausible explanation of both the pulsar velocities as well as the
correlation with the spin axis [171].

The sterile neutrinos are created in the standard reactions

pt+e < n+ru,
n+et < p+ e, (7.2)

reduced by the mixing angle, 1/2 x sin?(20). In vacuum the production rate is negligible
when the mixing angle is small, however, the matter-dependent potential may lead to the an
MSW resonance, which implies that the active and sterile neutrinos are maximally mixed.
This means that, for a given large magnetic field, there may exist a specific radius in the
proto-neutron star where the temperature and density produce sterile neutrinos with a very
specific momentum. And these neutrinos may then escape the supernova unhindered.

The surface of this resonance point is non-spherical due to the magnetic field, and it can
be written as

rres(¢) =rg+9 cos, (73)

where ¢ is the angle between the neutrino momentum and the direction of the magnetic
field and § depends on the magnitude of the magnetic field and the chemical potential of the
degenerate electron gas. The different momenta of sterile neutrinos are therefore created at
different radii (with different temperatures) and this leads to an effective momentum transfer
to the entire proto-neutron star and the asymmetry in the momentum distribution may be
written [171]

Ak, Lle e \1/2 [20MeV 2 B
=0.01 4
poo 00 <100MeV) (SOMeV) < T ) 3% 106G ) (7.4)

where p and u, are the chemical potentials of electrons and neutrons, respectively, while T'
and B are averaged core temperatures and magnetic field strengths.

Detailed calculations [875, 876] find that sterile neutrinos with masses about 5 — 20
keV and mixing angles in the range of 107!! < sin?0 < 5 x 107'° may provide the pulsar
a sufficiently large kick, for proto-neutron star parameters in the range of B > few 106G,
T > 15MeV, and central density p > 1012g/cm3.

An alternative non-resonant production mechanism was described in [877] (see also [875])
which allows one to kick the pulsars sufficiently for slightly smaller neutrino masses, between
2 and 10 keV, and larger mixing angles up to sin?f ~ x1077.

7.5 Supernovae (Authors: S. Hansen and S. Zhou

When a massive star collapses to produce a supernova, the vast amount of gravitational
energy is released mainly in neutrinos. During and immediately after the collapse the active
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neutrinos are trapped in the core of the supernova and they diffuse out slowly on a timescale
of the order 10 seconds. The observed duration of neutrino signals from SN1987A matched
well with the theoretical predictions. However, if one of the active neutrinos is mixed with a
sterile state, then the sterile neutrino may carry away too much of the energy, and thereby
unduly shorten the neutrino burst. The discussion in this section uses exactly this energy-loss
argument to constrain the allowed mass and mixing angle of a new sterile state.

7.5.1 The vacuum limit

When the supernova core emits energy in an invisible channel, the duration of neutrino signals
shortens, potentially leading to disagreement with the observation of SN1987A. The result of
[878] is that such exotic energy loss should obey

e<10¥erggts™!, (7.5)

where & must be calculated at typical values for the density and temperature of the supernova
core, here taken as p = 3 x 10" gem™ and 7' = 30 MeV.

If one of the active neutrinos is mixed with a sterile state, then the sterile neutrinos may
be produced through both oscillations and frequent scattering with background particles, and
carry away energies. The neutrino oscillation length in matter Aosc is much shorter than the
mean free path A\png, at typical supernova core temperatures [879]

Ao 103 (Smw) ( s )2 , (7.6)

Aosc 104 10 keV

which implies that once an active neutrino is produced, it will oscillate many times before
collisions interrupt the coherent development of the flavor amplitude. For high mass sterile
neutrinos, mg > 100 keV, the matter effects can be neglected. The sterile neutrino production
rate is given by

1
Ly=35 sin?20 T, (7.7)

where I'; is the collision rate of active neutrinos on free nucleons. For v, or v;, the neutral-
current collisions are dominant and we obtain I', = G%EBnB /7™ with np being the number
density of baryons. For v,, the production and absorption on nucleons via the charged-current
interaction are important, and the collision rate is T'q = (C3 + 3C3)G%E2np/m. In the case
where one can ignore significant chemical potentials, the energy-loss rate for mixing with v,
or v, becomes [352, 353, 879]

sin?26 1
£y, = <3><108) 10 erggts™t, (7.8)

Together with eq. (7.5) this leads to
sin?260,, < 3 x 107%. (7.9)

For mixing with electron-neutrinos the calculation is slightly more complicated due to
the chemical potential of the electron neutrinos, and the result is [880, 881]

sin?26,, < 10719, (7.10)

The constraints above are valid for sterile neutrinos heavier than m; > 100keV, where
the matter effects can be neglected. However, they are only valid for masses smaller than m, <
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100 MeV: for typical core-collapse temperatures of 30 MeV, the average thermal neutrino
energy is about 100 MeV, and thus heavier sterile states cannot be produced abundantly.
For such massive neutrinos and maximal mixing the lifetime is about 10 us, corresponding to
distances of few km, i.e. of the order of the supernova core, and much longer than the mean
free path of the active neutrinos of the order 10 meters. Thus, all the parameter space of
massive neutrinos is excluded for mixing angles larger than the constraints above [353, 879].
This is shown as “vacuum limit” in fig. 35.

7.5.2 Matter effects

The scattering of neutrinos off background particles will modify the dispersion relation of
neutrinos in matter. This matter effect can be described by an effective potential, V,,, for
each kind of active neutrinos. One therefore has an effective mixing angle which depends on
the properties of the background

sin?26
sin?260 + (cos20 + E/E,)?

sin®20y = (7.11)
where the resonant energy is defined as E, = Am?/2|V,,|. The sign in the second term of
the denominator is taken to be positive for neutrinos and a negative V,,_, and it becomes

negative either for antineutrinos or for a positive potential. For v., the resonant energy is
given by [879]

ms \2 _ _
E, = 3.25MeV (m) ot Yo -V, 7", (7.12)

where p14 is the matter density in units of 10'*gem™3, and Yy = (1 — Y. —2Y},) /4 using
Y. = (ny — nz)/np, where n, and nz stand for the number density of particles z and that of
their antiparticles, respectively. Given Y, = 0.3 and Y,, = 0.07, the effective potential V,,_ is
negative, so the sign in the denominator in eq. (7.11) is positive and the resonant oscillations
happen in the antineutrino sector.

For very large masses, ms; > 100keV, the vacuum limit is obtained whereas for small
masses, ms < 1keV the medium limit reached [880, 881], and the smooth transition between
these two limits lies around 40keV [324]. One effectively has a shift from the vacuum limit
calculation of

4
sin?20 — sin®20 x (40771:;\/) , (7.13)

for small masses. The constraints in the matter dominated region is indicated by “medium
limit” in fig. 35.

With the help of eq. (7.11) one sees that the mixing angle in matter is always suppressed
for neutrinos, whereas antineutrinos may experience matter enhancement when E ~ E,. cos26.
This happens for masses between 20 and 80 keV. The mixing angle of antineutrinos is always
larger than that of the neutrinos, and hence the emission rate of the antineutrinos always
exceeds that of the neutrinos. Hence, an asymmetry between the active neutrinos will there-
fore build up in the supernova core. Some of the effects hereof have been discussed [315, 879]
and the conclusion is, that for masses near the resonance (ms ~ 50keV) the exclusion re-
gion increases by almost an order of magnitude for mixing with a tau neutrino. For mixing
with electron neutrinos the calculation is significantly more complicated due to the high v,
degeneracy and the large electron number. More explicitly, the resonant energy in this case
is [315, 882]

2
E, = 13MeV ( ) prl|l—3Y, — 4y, | (7.14)

_Ms
10keV

- 144 —



UWI| WNNoeA

10°

m, [keV]

102

R
R
@
QQ,
N
g

Figure 35. Constraints on the mixing parameters of a sterile neutrino mixed with a 7 neutrino. The
limits are rather similar for mixing with a g neutrino. For mixing with electron neutrinos the vacuum
limit (high mass) is stronger, sin®26 < 10~1°, however, the calculations are more involved and less
accurately known for smaller masses (ms < 100keV).
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The effective potential V), is initially positive for Y. = 0.3 and Y,, = 0.07, indicating the
resonance in the neutrino sector. However, as the lepton number decreases due to the emission
of sterile neutrinos, the resonant energy is rapidly pushed to infinity corresponding to the
condition 1 — 3Y, —4Y,, = 0. As a consequence, the constraints in the vacuum limit become
applicable to the cases of my < 100keV as well [315, 882].

The mixing with electron neutrinos may also affect the explosion of the supernova itself.
Intuitively one would expect that mixing would reduce the energy of the supernova, and
hence make it even more difficult to make supernovae explode. Several papers have suggested
alternatives, for instance through a reconversion which could transport energy from the deep
core to the region just below the neutrino sphere [883]. This mechanism may be operational
for masses of few keV. Alternatively, an anisotropic neutrino emission is also found to be able
to enhance the energy of the exploding supernova [884].

An interesting possibility for boosting the supernova explosion includes a neutrino with
a mass above the pion mass [354]. Such neutrinos will preferentially decay to a pion, which
immediately decays to two photons [353] vs — vo7® — v4yy. If the mixing angle is extremely
small, such a decay may help re-ionize the Universe [885|, however, if the mixing angle is just
right, sin?26 ~ 1077, then the sterile neutrinos may decay before leaving the supernova. In
this way one may produce the sterile neutrino in the hot core of the supernova, and its decay
may deposit energy near the shock front. Thereby one alters the supernova energetics which
may increase the possibilities of a supernova explosion [354].
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8 Current and Future keV Neutrino Search with Laboratory Experiment

Section Editors:
Susanne Mertens, Loredana Gastaldo

8.1 Introduction

Direct dark matter experiments are an essential probe to complement indirect searches in
a largely model-independent way. In analogy to WIMP searches, two distinct paths can be
considered.

First, one may produce the dark matter particle in a laboratory setup and detect its
presence via kinematic considerations. Section 8.2 focuses on this approach and discusses in
detail a possible realization through tritium £ decay. Section 8.3 explores the sensitivity of
this detection techniques with electron capture on holmium and other isotopes.

The second option is a direct detection of the dark matter particle present in our galaxy
by using large-scale detectors. The density, energy distribution, and cross-sections of sterile
neutrino dark matter is significantly different from WIMPs in typical cold dark matter scenar-
ios. Nevertheless, the ability of existing direct DM search experiments (such as Xenon [36]
and LUX [37]) to detect sterile neutrinos via elastic scattering is currently being investi-
gated [886]. Alternatively, one may consider dedicated experiments directly detecting sterile
neutrino dark matter for example via inverse 5 decay. A detailed discussion of this approach
is given in section 8.4.

Current laboratory limits for the mixing of sterile neutrinos with the electron neutrino
flavour are of the order of |Ue4|2 ~ 1073 in a large mass range of my ~ 1 — 100 keV 47, see
figure 21. The experiments discussed here will provide much stronger sensitivity, possibly
allowing to start probing the cosmological allowed region at |Ues| < 1075, No current tech-
nology, however, allows to reach a sensitivity of the order of [Ues| ~ 1071, which would allow
to test indirect hints for sterile neutrinos of 7 keV mass, see section 4.3.

Finally, we consider the specific case of the ¥MSM [186, 188, 189], where a keV-scale
sterile neutrino and two GeV-scale sterile neutrinos are proposed as a minimal extension of
the Standard Model. We discuss the scientific reach of the proposed SHiP experiment at
CERN to detect the latter heavy sterile neutrinos and thereby to probe the vMSM model.

8.2 Tritium Beta Decay Experiments (Author: S. Mertens)

Tritium S-decay is a platform to probe the existence of keV-scale massive sterile neutrinos
with electron-flavor mixing. A small admixture of a keV-scale sterile neutrino mass eigenstate
to the electron neutrino v, would manifest itself in high resolution S spectroscopy: At a
specific energy below the endpoint corresponding to the keV-scale sterile neutrino mass msg
the reaction kinematics provides enough energy for emission of a heavy sterile neutrino mass
eigenstate along with the electron [127, 887-889].

The [-decay spectrum is given as a superposition of the spectra corresponding to each
mass eigenstate m(v;), weighted by its mixing amplitude |Ug;| to the electron flavor. Since

4"Throughout this section we assume the 4 x 4 or 2 x 2 mixing scenarios interchangeably. The first, considers
the three active neutrino mass eigenstates m1, 2,3 plus one additional, mostly sterile, mass eigenstate m4. The
latter groups the light neutrino mass eigenstates together to a single effective neutrino mass m(v.) and assumes
a single effective heavy neutrino mass ms. In the case of 2 x 2 mixing the mixing amplitude can be written
as \Ue4|2 = gin? 0.
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the mass splittings between the three light mass eigenstates are so small, no current (-
decay experiment can resolve them. Instead, a single effective light neutrino mass m(v.)? =
S8 |UeiPm(v;)? is assumed.

If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass
mg in the keV range, the different mass eigenstates will no longer form one effective neutrino
mass term. In this case, due to the large mass splitting, the superposition of the §-decay
spectra corresponding to the light effective mass term m(v,) and the heavy mass eigenstate
ms, can be detectable. The differential spectrum can be written as

~— = cos® GE(TI’L(VQ)) + sin? Gd—(ms), (8.1)

where 6 describes the active-sterile neutrino mixing, and predominantly determines the size
of the effect on the spectral shape [127]. Figure 36 shows a qualitative example with perfect
energy resolution and no energy smearing from atomic, thermal or scattering effects.

Tritium B decay provides distinct advantages when search for the signature of a keV-
scale sterile neutrino. First, tritium ($-decay is of super-allowed type, and therefore a precise
theoretical description of the spectral shape is possible. Second, the 12.3-year half-life of
tritium is relatively short, allowing for high signal rates with low source densities, which in
turn minimizes source-related systematic effects such as inelastic scattering. Finally, with an
endpoint energy of Fy = 18.575 keV, the phase space of tritium provides access to a search
for heavy sterile neutrinos in a mass range of astrophysical interest.

In this section the possibility of future experiments to measure the full phase space of
tritium (-decay spectra will be discussed. The Troitsk neutrino mass experiment, which pro-
vided together with the Mainz Experiment the current best limits on the effective electron
anti-neutrino mass [17, 128|, is planning to utilize their apparatus to search for sterile neu-
trinos. The upcoming KATRIN Experiment, which is designed to probe the neutrinos mass
with a sensitivity of 200 meV (90%CL) [129, 637| provides a ultra-luminous tritium source,
allowing for a high statistics search for keV-scale sterile neutrinos. Promising novel detection
techniques based on a measurement of the cyclotron radiation of the g electron or cryogenic
techniques and the usage of an atomic tritium source (as opposed to molecular tritium) will
further push the sensitivity of S-decay experiments and are successfully investigated by the
Project 8 [890, 891] and Ptolemny [892] collaborations. Finally, we discuss the advantages
and limitations of a full kinematic reconstruction [893| of 8 decay, which in principle would
allow to detect a heavy sterile neutrino as missing energy in the decay.

8.2.1 The Troitsk Experiment (Authors: V. S. Pantuev, I. I. Tkachev, A. A.
Nozik)

The “Troitsk nu-mass” laboratory is located in the Institute for Nuclear Research (INR) in
Moscow, Troitsk, Russia. The initial intention of the experiment was to set up limits on the
effective electron anti-neutrino mass or to measure it in tritium beta decay. This program has
been conducted from 1985 to 2009 and resulted in the currently best upper limit [85, 128 on
the effective electron anti-neutrino neutrino mass, m(v,) < 2.05 eV. Later on the same data
were used to search for sterile neutrinos with masses from 3 to 100 eV, see Refs. [651, 894].
Limits on the mixing are shown in Fig. 38 as “Troitsk 2013”. Currently, the measurements of
the g-spectrum are continued in INR in a much wider energy range with the intention to set
up limits on sterile neutrinos in the keV mass range [895].
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Figure 36. a: A tritium S-decay spectrum with no mixing (dashed black line) compared to a spectrum
with a keV sterile neutrino mass of 10 keV and a mixing angle of sin® @ = 0.2 (solid red line). One can
clearly see a kink-like signature of the keV-scale sterile neutrino at the electron energy £ = Ey — ms
and its influence on the spectral shape below the kink energy. b: Ratio of a tritium S-decay spectrum
without mixing and a spectrum with a 10 keV neutrino mass and a mixing amplitude of sin? = 10~7.
The error bars correspond to a total statistics of ~ 10'® electrons.

Figure 37. “Troitsk nu-mass” spectrometer.

Current experimental setup At the moment the “Troitsk nu-mass" installation is unique,
as it is the only one in the world (before commissioning of KATRIN) combining a windowless
gaseous tritium source with an electrostatic spectrometer with adiabatic magnetic collimation.
After a recent upgrade and the manufacturing of the new spectrometer, which has been
commissioned in 2012, the best resolution of about 1-2 eV (depending on the settings) in the
range up to 30 keV was obtained. The length of the spectrometer is about 10 meters, it is
shown in Fig. 37.
The major systematical limitations at “ITroitsk nu-mass” are related to:

e insufficiently accurate determination of the electron energy losses in the scattering of
electrons inside the molecular tritium source;

e distortion of the spectrum, caused by the deviation of the transmission function of the
spectrometer from the estimated or inaccurate account of the dependence on the energy
efficiency of the registration;

e clectronics dead time and pile up uncertainty;
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e gas column density fluctuations;

e insufficient high voltage stability.

In order to achieve a statistical error comparable to the known systematics quoted for the
existing equipment, Troitsk needs 15 days of live data acquisition with an integral source
intensity of 10° decays per second (which corresponds to the maximum count rate of 2 - 10*
at 14 kV). The upper 95% C.L. on sterile neutrino mixing parameter, which can be achieved
at the existing equipment with minimal modifications is shown in fig. 38 by the dot-dashed
red curve.

Planned upgrades After these measurements are finalized, necessary upgrades to reach
better sensitivity are planned at Troitsk. In particular this concerns:

e the absolute stability of the high voltage system will be better than 0.1 V;
e the relative stability of the intensity of the electron gun will be better than 0.1%;

e therelative accuracy of the calibration of the spectrometer transmission function will be
better than 0.1%;

e accuracy of determination of the effective dead time of the data acquisition system will
be of the order of 1 ns (at rates up to 200 kHz);

e the absolute accuracy of the determination of the effective thickness of the source will
be of the order of or better than 0.001 in units of inelastic scattering probability;

e the intensity of the tritium source should be increased to get better statistics without
loss of sensitivity at high rates.

The expected limits are approximately two orders of magnitude stronger than the existing
ones, see fig. 38, lower dotted curve.

Finally, in order to extend the probed range of neutrino masses, another new experiment
is in preparation at Troitsk [896]. This new experiment will be employing the conventional
technique of proportional counters filled with tritium gas, but combine it with a modern fast
signal digitization at high count rates — up to 105 Hz.
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Figure 39. Main components of the KATRIN experimental setup. a: rear section, b: windowless
gaseous tritium source, c: differential and cryogenic pumping section, d: prespectrometer, e: main
spectrometer, f: focal plane detector.

8.2.2 The KATRIN Experiment (Authors: S. Mertens, J. Behrens, K. Dolde,
V. Hannen, A. Huber, M. Korcekzek, T. Lasserre, D. Radford, P. C.-O.
Ranitzsch, O. Rest, N. Steinbrink, C. Weinheimer)

The KATRIN experiment is a next-generation, large-scale, single -decay experiment [637,
897]. It is currently under construction at the Tritium Laboratory at the Karlsruhe Institute
of Technology (KIT) and will prospectively start taking data in 2016. The key goal of the
experiment is to probe the effective light neutrino mass m(v,) with a sensitivity of 200 meV
at 90% confidence level (CL) by analyzing the shape of the tritium [-spectrum in a narrow
region below the [-decay endpoint energy, where the impact of the light neutrino mass is
maximal.

Considering that only 10713 of the 3-decay electrons are created within an energy in the
last 1 eV of the tritium S-decay spectrum, an extremely high decay rate is needed to reach the
desired light neutrino mass sensitivity. KATRIN makes use of a gaseous molecular tritium
source of very high activity (\g ~ 1- 10! decays per second) and stability (at the level of
< 1073 per hour). These unique source properties may allow KATRIN to extend its physics
reach to look for contributions of possible heavy neutrinos in the eV to multi-keV range. In
the following we discuss the properties of the KATRIN main components (see figure 39) in
the light of searching for keV-scale sterile neutrinos in the entire tritium S-decay spectrum.

Advantages and Limitations of KATRIN with Respect to a keV-Scale Neutrino
Search The key component of KATRIN in view of the keV-scale sterile neutrino search
is the high luminosity of its molecular tritium source. Its activity of Ay ~ 1 - 10! decays
per second corresponds to a count rate of A, ~ 1.5 - 10'” counts per second (cps) (taking
into account acceptance angle and the transmitted cross section of the source) and a total
statistics of Ngecays ~ 1.4 - 10'8 electrons after 3 years of measurement time. Beyond that,
the KATRIN source features high isotopic purity (95% Ts), which is constantly monitored by
Laser Raman spectroscopy [898-900]. With temperature variations much smaller than 30 mK
and a precise monitoring of the tritium column density [901, 902|, the decay rate is expected
to be extremely stable.

On the other hand, the gaseous tritium source entails a number of systematic effects.
Energy losses of the § electrons due to inelastic scattering in the source are unavoidable [903].
Furthermore, the source section poses magnetic traps for electrons emitted under a large
angle with respect to the beam axis. These initially trapped electrons can escape eventually
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by scattering into the beam. At the cost of reduced statistics, systematic effects due to
scattering may partly be reduced by lowering the source strength.

Another systematic effect related to the KATRIN setup is due to backscattering of
electrons and the emissiono of Auger electrons from the gold surface of the rear wall of the
KATRIN setup [901]. Placing the rear wall in a low magnetic field would be a possibility to
reduce the backscattering and the returning of backscattered electrons into the source. In
depth study of these energy-dependent source and rear wall effects are ongoing.

KATRIN provides a sophisticated tritium retention system, reducing the tritium flow by
14 orders of magnitude from the windowless gaseous tritium source (WGTS) to the spectrom-
eter. This system is based on differential [904]| and cryogenic [905, 906] pumping obviating any
tritium blocking membrane. This fact is extremely advantageous for the search for keV-scale
sterile neutrinos, as it avoids systematic effects due to energy losses of the electrons in such a
membrane. A scenario in which a detector would be installed at the rear section of KATRIN
is disfavored since the tritium flow is not reduced as efficiently at this location.

The KATRIN main spectrometer works as a MAC-E filter, where a magnetic adiabatic
collimation is combined with electrostatic filtering [129], providing an unsurpassed energy
resolution of less than 1 eV at the endpoint energy and linearly decreasing with the electron
kinetic energy. The basic working principle is to apply a certain retarding potential to the
spectrometer, which allows only electrons with a kinetic energy higher than this potential to
pass and reach a counting detector. Hence, by recording the count rate for different retarding
potentials the integral shape of the energy spectrum is measured.

In the case of a keV-scale sterile neutrino search, the entire tritium S-decay spectrum is of
interest and therefore the main spectrometer would operate at very small retarding energies to
allow the electrons of the interesting part of the spectrum to reach the detector. To guarantee
an adiabatic transport of electrons with high surplus energy through the spectrometer [907],
the magnetic field at the center of the spectrometer has to be increased by a factor of ~3
while at the same time the magnetic field in the source section has to be decreased by a factor
of ~10.

One of the biggest challenges in using the present KATRIN experimental setup as
an apparatus to search for keV-scale sterile neutrinos arises from the high count rates of
Ar = 1.5 -10'0 cps when aiming to measure the entire B-decay spectrum. The 148 pixel
silicon detector [908], as well as the electronics and DAQ systems, presently in use for normal
KATRIN operation, are not designed to deal with these electron rates.

Pre-KATRIN measurement Despite the challenges listed in the previous section, a mea-
surement with the first light of KATRIN might be feasible. The idea here is, to significantly
reduce the tritium source strength, to achieve a counting rate of the order of 100 kHz which
can be handles by the current KATRIN detector system. This reduction can be achieved in
a 3-fold way: 1) less tritium is inserted into the WGTS, 2) the acceptance angle is reduced
by reducing the source magnetic field relative to the maximal field, 3) the visible fluxtube is
reduced by reducing the detector magnetic field.

Two measurement schemes are foreseen: 1) a differential measurement, making use of
the current detector energy resolution of about 2 keV (FWHM) at 18.6 keV. In this case, the
spectrometer would be set to a fixed low retarding potential at all times, allowing the entire
part of the spectrum of interest to reach the detector. 2) An integral measurement, as in the
standard KATRIN operation, could be performed, by measuring the count rate for different
retarding potentials of the main spectrometer. The spectrometer would provide an sharp
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(100 eV) energy cut-off. The latter requires high source stability whereas the first method
requires a good understanding of the detector energy response. A combination of both will
help reducing systematic uncertainties.

In general, for a low statistics Pre-KATRIN measurement the requirements on system-
atic uncertainties will less stringent, furthermore a major systematic effect related to inelastic
scattering will be mitigated by reducing the source gas density. Figure 40 shows that from a
statistical point of view, a 7-day measurement at reduced source strength will allow to signif-
icantly improve current laboratory limits. Detailed studies to asses the achievable sensitivity
and to lay out a detailed measurement strategy are ongoing.

Generic sensitivity studies for Post-KATRIN measurement Assuming the full KA-
TRIN source strength being available for a keV-scale sterile neutrino search, a high statistical
sensitivity can be reached. Figure 40 shows the statistical sensitivity assuming the number
of tritium decays KATRIN would provide after three years of measurement time. However,
before addressing the technical realization of such experiment generic sensitivity studies inves-
tigating the effect of theoretical and generic experimental uncertainties have been performed.

In [909] most importantly, the question whether theoretical uncertainties may impact
on the sensitivity of the search was raised. By including the state-of-the-art theoretical
corrections available in the literature and allowing for an normalization uncertainty in these
corrections it was shown that the sensitivity is reduced by about a factor of five. This can be
understood by the fact that the considered corrections are smooth functions of energy and
therefore are not prone to mimic a sterile neutrino discontinuous signature. Furthermore, it
could be shown that, by using the full information of the spectral shape, an energy resolution
of 300 eV (FWHM) is sufficient to detect the signature of a sterile neutrino. This can be
explained by the fact that the imprint of a sterile neutrino on the tritium S-decay spectrum
is not only a local kink-like effect but it leads to a characteristic distortion of the spectrum
in a rather large energy range below the “kink”.

In a second study [910] an alternate approach with the goal of detecting the char-
acteristic kink-like signature of a sterile neutrino without perfect knowledge of the spectral
shape was investigated. This approach is based on wavelet transformation, which detects
which frequencies are present in a tritium [-decay spectrum at a given energy. Hence, in
contrast to Fourier transformation, this method allows for both frequency and energy resolu-
tion. The studies revealed a high potential of this method, allowing to probe mixing angles of
sin?f > 10~%. However, in contrast to the spectral fit approach, a very good energy resolution
of the order of 100 eV (FWHM) is necessary in order to not smear out the kink-like signal,
which is what the wavelet technique is sensitive to.

Novel Detector System for Post-KATRIN measurement To make use of the full
KATRIN source strength, a novel detector system is needed. The combination of high rates
and the smallness of the sterile neutrino signature make the design of a suitable detector
system a very challenging effort. The main physics requirements are the following:

In order to minimize and control systematic effects (such as non-linearities, pile-up,
energy-scale etc.) a sophisticated read-out system will be needed, possibly with a full digiti-
zation of each signal waveform. As a consequence, the number of pixels might be limited to
< 100 000. On the other hand, in order to minimize the rate per pixel and pile-up related
systematic effects, the minimal number of pixels is > 10 000. In order to minimize charge
sharing between pixels the minimal pixel size is 0.3 mm, which together with the number of
pixels determines the minimal size of the detector.
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One of the most dangerous systematic effects will be related to backscattering of electrons
from the detector surface. To mitigate this effect the detector location needs to be optimized.
By placing the detector at a distance from the maximal magnetic field at the exit of the
main spectrometer, most of the backscattered electrons are reflected back to the detector in
short time intervals of less than a few hundreds of nanosecond. Since the magnetic flux area
is increased at lower magnetic field, the detector area needs to be increased accordingly. A
minimal detector radius is rqet > 100 mm. Furthermore, the energy threshold needs to be low
enough (a few hundreds of eV) in order to detect backscattered electrons, which deposit only
a small fraction of their energy in the detector. This in turn, requires a very thin deadlayer
of the order of 10 nm.

To allow for a differential measurement of the tritium [-decay spectrum, a good energy
resolution of 300 eV at 20 keV is necessary. This requires a thin deadlayer, low capacity
and low leakage current. To combine the requirement of large pixel size with low capacity, a
design with small (point-like) read-out contact and steering electrodes is being considered.

Currently, detector prototyping in collaboration with the Max-Planck Semiconductor
Laboratory in Munich, Commissariat a I’énergie atomique et aux énergies alternatives (CEA),
Lawrence Berkeley National Laboratory (LBNL), Oak Ridge National Laboratory, and Karl-
sruhe Institute of Technology is ongoing.

Time-of-Flight (TOF) mode An alternative to an upgrade of the detector system might
be the introduction of a TOF mode. In a similar fashion to a novel detector, a TOF mode also
changes the measurement strategy towards obtaining a differential spectrum. However, this
approach is based on using the existing detector/DAQ infrastructure while applying minor
modifications in the spectrometer section.

The principal sensitivity enhancement of such a strategy has already been shown in the
context of light neutrino mass measurements in [912]. The basic idea is to measure and fit
the TOF distribution of the electrons rather than the integrated energy spectrum. Since the
TOF is dominantly a function of the electron surplus energy relative to the retarding poten-
tial as well as the polar emission angle of the electron, the measurement contains important
information about the energy distribution closely to the retarding potential besides the raw
count-rate (see figure 41). Having this supplementary information is statistically equivalent
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Figure 41. a: Electron TOF as function of the surplus energy relative to the retarding potential
for different starting polar angles and starting radius » = 0 m. The slope is especially higher for
low surplus energies, meaning that a small change in energy will produce a significant change in
TOF. Thus, the TOF spectrum gives information about the energy distribution close to the retarding
potential. b: TOF spectra for sterile neutrino with m = 1 keV, a fixed retarding potential of 17 keV
and different mixing angles. The values of the mixing angles are strongly exaggerated to demonstrate

the signature of a sterile neutrino in the TOF spectrum [909].

to a differential energy spectrum, thus enabling all the benefits of a differential measure-
ment explained above as for instance better signal reconstruction of the ’kink’ and increased

tolerance against systematics.
As for the TOF measurement method, there are two methods being investigated right

now. The first method is based on periodic blocking of the electron flux e.g. by switching the
pre-spectrometer potential between two settings with full and and zero transmission. If the
pulses are sharp enough (in the order of a few micro seconds) and the time interval between
the pulses is sufficiently large, the distribution of electron arrival times at the detector follows
approximately the TOF spectrum. This method has already been tested in the past in the
context of active neutrino mass measurements and proven technically realizable [913]. The
shortcoming of it, however, is the tradeoff between statistics and TOF resolution. In order to
have a good sensitivity on the actual TOF spectrum, the duty cycle needs to be low, resulting
in loss of events. A too high duty cycle leads to a smearing of the TOF distribution. For
small repetition intervals the danger of attributing electrons to the wrong cycle increases.
On the other hand, if the existing detector/DAQ infrastructure is to be used, the count-rate
needs to be lowered, which could be accomplished by using pulses with low duty cycle, giving
sharp timing. Furthermore, positive effects concerning systematics are expected which could
possibly compensate for the loss of statistics [914].

To address these issues, a second option is being investigated. In this strategy the time
dependency is introduced by periodic post-acceleration and -deceleration. This process must
be performed in a delay line behind the analysis plane at low magnetic field to avoid an effect
on the energy filtering. The arrival time of electrons at the detector then depends on the pulse
phase and the electron velocity at the time of entry into the delay line. By this *time-focussing’
[915] it can be arranged, that for a specific electron energy, all electrons within one period
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are arriving approximately at the same time at the detector. To ensure the latter condition
it is most likely beneficial to use the pre-spectrometer instead of the main spectrometer for
the electrostatic energy analysis (as the energy resolution of the pre-spectrometer is sufficient
for keV scale sterile neutrino search) and use the main spectrometer as delay line.

Conclusion It seems feasible to operate KATRIN with changed source and electro-magnetic
design parameters in order to conduct a Pre-KATRIN keV-scale sterile neutrino search. This
measurement has the potential to significantly improve current laboratory limits and will
be provide valuable information for a Post-KATRIN measurement with higher statistics.
Detector R&D, and simulations are currently being conducted to assess the feasibility and
final sensitivity of the latter. A major goal is to ascertain whether a sensitivity of the order
of sin? @ = 1076 is possible with a KATRIN-like approach.

8.2.3 The Project 8 Experiment (Author: B. Monreal)

A relativistic electron in a uniform magnetic field will emit cyclotron radiation. The frequency
f- of this radiation depends on the magnetic field strength B and, due to a relativistic effect,
on the electron kinetic energy K:

fA/:E eB

Y B 2 yme ’

where v = (1 + K/ (mec2)) is the Lorentz factor and f. is the nonrelativistic electron
cyclotron frequency, approximately 28 GHz per Tesla. This radiation is powerful enough that
a modern cryogenic amplifier can detect single electrons. The relativistic shift allows us to
use cyclotron-radiation measurements to measure K, which we refer to as cyclotron radiation
emission spectroscopy (CRES). This was first proposed [890] for a very high resolution (sub-eV
resolution) measurement of the tritium endpoint shape. The first CRES electron detections
were obtained [891] by the Project 8 collaboration, which showed ~10 eV resolution on 83™Kr
conversion electrons held in a magnetic bottle trap.

To search for keV-scale sterile neutrinos in the tritium spectrum, we expect to need the
highest possible statistics but an energy resolution of only AFE, ~ 100 eV (~5 MHz/T when
measured as frequency). The electron energy resolution of CRES is determined by several
factors. One of these is the gas pressure in the source. Electron scattering on residual gas can
be thought of as pressure-broadening of the cyclotron emission line, so we choose a density
where the scattering rate is below the desired frequency resolution. The magnetic field needs
to be uniform at a level of AB/B = AFE,/me; specifically, this precision applies to the time-
averaged field experienced by trapped electrons (which are trapped along different B field
lines and explore them with a range of different pitch angles).

Design parameters for such an experiment are shown in tab. 15. In contrast to an
endpoint experiment, we will see numerous electrons radiating into each frequency bin at
any time, unless the experiment is very highly segmented. This does not cause a “pileup”-
like problem if we simply measure the average cyclotron radiation power as a function of
frequency. Over a broad range of parameters, electron counting statistics (rather than, e.g.,
thermal noise statistics) are the main source of fluctuations, just like in a counting experiment.
We can, of course, obtain a counting-experiment behavior by subdividing the tritium source
into independently read-out subvolumes.

A mean-power measurement has notably different instrumental effects than a counting
measurement. Frequency-dependent variations are expected in the noise temperature, cavity
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resonances, gain, and digitizer dynamic range. In a counting measurement, these effects
may result in counting-efficiency corrections. In a power measurement, gain variations simply
rescale the observed power. In either case, to measure the tritium spectrum in the presence of
these variations, we need to exploit the variable B field. In a CRES experiment, true electron-
related spectral features will move in frequency space when B changes. Gain shape variations
and other equipment-dependent effects are fixed in frequency space and independent of B.
Therefore, on top of whatever other gain calibrations are possible, a careful B scan ought
to allow reconstruction of an instrument-independent measurement of the electron emission
spectrum.

An electron may undergo inelastic scattering (losing 10-20 €V) but remain trapped and
continue radiating at its lower energy, or it may undergo an angle change that allows it to
escape from the magnetic mirror. The magnetic mirror configuration determines the range of
pitch angles which are trapped, and hence the average number of energy-degraded electrons
which contribute to the power spectrum. A strong mirror will retain an electron through a
large number of scatters, resulting in a resolution function with a very long low-energy tail. In
this case the instrument behaves somewhat like an integrating spectrometer. A weak mirror
will allow for a narrower resolution function but at a cost in acceptance.

The scattering resolution function would itself need to be known very precisely in order
to measure the overall tritium spectrum shape. In a sterile neutrino search, looking for
a fairly sharp spectral discontinuity, the only requirement is that the resolution function
varies smoothly with energy. We have not identified any likely sources of discontinuities
in this function, but the question can be answered experimentally using higher-resolution,
single-scatter-resolving measurements with CRES. More generally, any source of sharp energy-
dependent behavior (in radiated power, scattering, trapping, non-tritium backgrounds, etc.)
might be a source of systematic error; since the CRES technique is very new we do not have
a complete understanding of such systematics.

8.2.4 PTOLEMY Experiment (Authors: B. Suerfu, C. G. Tully)

The Princeton Tritium Observatory for Light, Early-universe, Massive-neutrino Yield,
PTOLEMY, proposes a novel search strategy that combines ultra-high resolution calorimetric-
based methods with simultaneous high-precision side-band integration made possible through
a multi-band spectroscopic MAC-E selection. The systematic uncertainties from knowledge
of the energy resolution of the calorimetry limit the sensitivity in tritium [S-decay spectrum
analyses and make the need for high resolution information unavoidable for sterile neutrino
mixings below [Ue1]? ~ 107, Studies of the PTOLEMY multi-band spectroscopic selection
with simulation achieve sterile neutrino search sensitivities down to [Ue1|? ~ 107 in the mass
range of 2-14 keV for a tritium exposure of 300 u g - years.

Introduction PTOLEMY is a prototype cosmic neutrino background experiment located
at the Princeton Plasma Physics Laboratory (PPPL) [892]. The energy of tritium S-decay
electrons is measured with a high-resolution calorimeter with a target resolution of 0.15 eV at
100 eV. In a tritium end-point analysis, the 18.6 keV electrons from tritium are decelerated
down to 100 eV following a 10~2-1073 precision MAC-E filter. The electrons are guided into
a thin absorber layer thermally coupled to a transition-edge sensor (TES) for calorimetric
measurements. Assuming that an anomalous X-ray observation preceeds the sterile neutrino
search in the tritium spectrum, the energy window of interest, centered on the kink in the
tritium (S-decay spectrum, is known in advance. The candidate sterile neutrino mass is twice
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Table 15. Parameters of the search for a 7 keV sterile neutrino with a 100 eV resolution CRES
instrument. “Source density” is the tritium density compatible with this resolution. “Bandwidth”
is the required readout bandwidth for a single 100 bin. “Rate per bin” is the rate of detectable
electrons in 100 €V bins at the energy of interest. “Occupancy” is the number of (new) electrons
apppearing to each sample, assuming a non-subdivided experiment. “Stat error, 1y” is the fractional
statistical precision on the spectrum obtained in 1 y. We give explicit numbers for (a) small experiment
which could be realized within a few years and (b) an ambitious experiment aimed at approaching
astrophysically-motivated mixing angles.

General case Small Large
experiment experiment
field B 1T 4T
volume v 0.01 m? 10 m?
pitch angle 6,, 5° 5°
Source density, Bq/cm? 2x107 T-1 2x107 8x107
Bandwidth, MHz 5.2 5.0 20
rate, s~ 8x10* B —sin(6,,) 7x107 3x 10
Pileup occupancy 0.008 - —5 - sin(6y,) 7 7000
Stat error, 1y 3.5x1073/, / BlusinlOm) 2.1x107% 3x10710
Ty

the X-ray energy, for X-rays emitted in the rest frame of the sterile neutrino, and the energy
resolutions achieved with X-ray observatories based on the TES-technology are typically a
few eV [916].

This study investigates an approach to fit the tritium spectrum that can yield high
sensitivity to low active-sterile mixing angles across a broad range of keV-scale sterile neutrino
masses. The most sensitive signal shape information for the sterile neutrino search is within
a narrow energy window in the vicinity of the predicted kink. The side-bands of the kink
region provide predominantly normalization constraints which can be integrated at lower
resolution. The separation of the electrons with energies in the vicinity of the kink region
from the side-band region requires spectroscopic selection. Spectroscopic selection has a vital
impact on the rates seen by calorimetry in the central energy window. In the central energy
window, the 1072 reduction in rate will allow calorimeter pixels to maintain a relatively slow
readout rate, 10 kHz, compatible with ultra-high resolution TES. For a tritium mass of 100 ug,
roughly 10 high-resolution calorimeter cells are needed. The reduction of the number readout
channels could be achieved with microwave multiplexing techniques, allocating MHz analog
bandwidth per channel with resonance frequencies of a few GHz. The side-band calorimeter
readout would benefit from windowless avalanche photo-diode (APD) detectors with 40 MHz
readout, as currently used in the PTOLEMY prototype [892]. The resolution in the side-
bands is expected to be roughly 300 eV. To meet rate requirements with low cell occupancy,
approximately 103 low-resolution calorimetry channels would be needed.

Method Initial simulations of tritium endpoint electrons in a multi-band MAC-E filter
show that spectroscopic selection is indeed possible. An example electron trajectory with
toroidal coils and E x B drifting is plotted in fig. 42. The magnetic adiabatic collimation
of the spiral trajectory of the S-decay electron drifts the electron from a high B field region
in the inner torus to a low field outer torus. The phase space of the system grows radially,
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allowing for narrow selection of the energy band of interest within an azimuthal slice of the
coil and electrode geometry. Details of the multi-band MAC-E spectroscopic selection are not
described here. Instead, we assume that it will be possible to select a 100 €V energy window
centered on a candidate sterile neutrino mass, based on mass information from an observation
of an anomalous X-ray line. A mass uncertainty of 20 eV or smaller is sufficient for setting
the energy window. We also assume that neighboring bands will be instrumented with lower
resolution calorimetry with a stable and well-known efficiency to provide a high-precision side-
band shape and integration. The purpose of this study is to examine whether the multi-band
approach with high resolution calorimetry in the kink region has the sensitivity required to
probe relevant mixing angles for WDM models.

©lkeV-WP

Figure 42. Spectroscopic multi-band MAC-E filter simulation of a tritium endpoint electron trajec-
tory showing radial drift (on the left). On the right, a zoomed view of the same trajectory shows the
cyclotron motion and magnetic bouncing near the coils.

The relative importance of calorimeter energy resolution against sources of energy smear-
ing in the tritium decay and electron propagation to the calorimeter are considered. We take
typical scales for atomic and Doppler shifting and assign a 5 €V energy smearing to the (-
spectrum. We then compare the 5 eV smeared spectrum to an energy smearing of 50 eV,
as shown side-by-side in fig. 43. A smearing of 50 eV models the approximate performance
of a low resolution calorimeter based on semi-conductor technology and limited by counting
statistics from a large conduction-valence band-gap. This scale is also typical for the energy
loss from inelastic electron scattering on tritium atoms or diatomic hydrogen. One can clearly
see that fine features of the shape information are washed out in the rapidly falling region
near the Q — M; endpoint. Large resolution smearing lowers the average signal-to-noise by
spreading the sharp part of the signal over a broad range of energies.

The statistical uncertainties in the bins of the tritium S-decay spectrum are modeled
directly, as opposed to throwing individual trials for on order 10'® events. This is achieved
by constructing the underlying distribution, either with perfect resolution or convoluted with
Gaussian energy resolutions, and then by finely binning the distribution into 0.1 €V bins in
a 100 eV energy window centered around the kink. The height of the bin contents are then
smeared with a Gaussian counting statistics uncertainty corresponding to 300 ug-years of
tritium exposure. We have not considered the exact atomic energy smearing and excitations
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Figure 43. A comparison of the tritium S-decay spectra with 5 eV (left) and 50 eV (right) energy
smearing in the presence of a 10 keV sterile neutrino with a large mixing (sin2 6 = 0.05) with electron
neutrinos. The detailed shape information is washed out in the rapidly falling region near the @ — My
endpoint.

in this study. In the PTOLEMY calorimetry-based approach, we plan to explicitly measure
and unfold the atomic smearing distributions with sub-eV precision. In particular, we expect
to be able to differentiate between the ~2 eV scale smearing present in diatomic tritium from
the sub-eV smearing expected from weakly bound tritium on the surface of graphene through
explicit measurement at the endpoint.

The direct measurement of the endpoint smearing with sub-eV resolution will reduce
systematics on the knowledge of the signal shape for the heavy sterile neutrino search. Simi-
larly, a narrow window shape analysis is less sensitive to S-decay spectrum shape variations
that span many keV in electron energy, or correspondingly a few eV in outgoing *He kinetic
energy. The side-band integrals using lower resolution calorimetry will provide complemen-
tary sensitivity to the narrow window fit and with different systematics. Slowly varying shape
information is the largest contributor to the sensitivity in the side-bands, especially when one
considers that a single bin of 0.1 eV is roughly 1075 of the full integration range. The step in
the side-band normalization on either side of the narrow window is an important closure test
to validate the self-consistency of the presence of a kink in the spectrum using independent
data over the full phase space of heavy neutrino production from tritium S-decays.

Result The narrow window fits for the heavy neutrino mixing as a function of sterile neu-
trino mass reproduce the input mixing parameters down to sin®# ~ 10~ in conditions where
the exact energy smearing is known. The fractional error on the fitted heavy neutrino mixing
for these fits is plotted in fig. 44 in conditions of perfect resolution. Over 3o sensitivity is
achieved at sin? @ ~ 1078 for sterile neutrino masses above 4 keV for 300 ug-years of tritium
exposure. For finite resolution the results are degraded, as shown in fig. 45, for energy reso-
lutions of 5 €V and 50 eV. Over 3¢ sensitivity is achieved at sin? # ~ 10~® for sterile neutrino
masses above 5 keV (8 keV) for an energy smearing of 5 eV(50 €V) in the case of 300 ug-years
of tritium exposure.

One would argue that the degradation from 5 eV to 50 eV is not that significant relative
to the order of magnitude sensitivity achieved in the mixing. However, the energy smearing
is known to be a leading systematic for such searches. If we vary the knowledge of the energy
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Figure 44. The fractional uncertainty on the fitted heavy neutrino mixing is plotted as a function
of the mixing and heavy neutrino mass in conditions of perfect resolution. Over 3o sensitivity is
achieved at sin® § ~ 1078 for sterile neutrino masses above 4 keV for 300 pug-years of tritium exposure.
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Figure 45. A comparison of the fractional uncertainty on the fitted heavy neutrino mixing is plotted
as a function of the mixing and heavy neutrino mass with 5 eV (a) and 50 €V (b) energy smearing.

smearing by 10%, then the mixing sensitivity for 50 eV energy smearing deteriorates rapidly
in the sterile neutrino search. Below sin?6 ~ 107%, the extraction of the mixing parameter
from the fit fails for 10% uncertainty on a 50 €V energy smearing, as shown in fig. 46.

Conclusion The general approach of using a narrow energy search window with high-
resolution calorimetry measurements have been applied to the heavy sterile neutrino search
in the vicinity of the expected kinematic edge. The results show promising sensitivity for
resolutions of 5 eV in a 100 eV window when the energy smearing uncertainty is constrained
at this precision by direct data measurements. Over 3¢ sensitivity is achieved at sin? 6 ~ 1078
for sterile neutrino masses above 5 keV for 300 ug-years of tritium exposure. The information
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Figure 46. The fractional difference on the fitted heavy neutrino mixing is plotted as a function of
the mixing and heavy neutrino mass in conditions of 50 eV energy resolution and 10% uncertainty on
knowledge of the energy smearing. Below sin? @ ~ 1079, the extraction of the mixing parameter from
the fit fails.

from side-band integration from lower resolution calorimetry and the slow variation in the
shape predicted by heavy sterile neutrinos would provide important independent confirmation
of the heavy sterile neutrino hypothesis over the full production phase space of the S-decay
spectrum.

8.2.5 Full kinematic reconstruction of the beta decay (Authors: F. Bezrukov,
E. Otten)

The mass (ms) of the unobserved sterile neutrino can be determined in principle from a
single B-decay event, if one can reconstruct its energy and full momentum from the measured
observables, namely the full momenta k and p of the emitted electron and the recoiling
daughter, assuming that the parent nucleus was at rest [917-920].

m? = (Q — Ee — Eq)* — (p + k)% (8.2)

where E, = /m?+k? — m. and Eq = \/M? + p? — M are electron and recoil ion kinetic
energies. The search should be limited to moderate neutrino energies not surpassing the
expected mass by too large factors. On the other hand, the energy limit cuts back the phase
space of the emitted neutrino and hence the rate of accepted events; it shrinks in proportion
to the third power of the energy. This dilemma is particular painful in any attempt to
search for the mass of the light neutrinos in 5-decay, which so far have lead to an upper limit
m, < 2eV [17, 18]. This result — like all preceding ones — has been obtained from investigating
the S-spectrum of tritium near its endpoint at 18.6 keV. The various ideas for determining
the mass of the light neutrinos alternatively by measuring the full S-decay kinematics have
not made it to the floor, yet. The difficulties of measuring energy and momentum of daughter
and electron with uncertainty < eV, together with the rate problem near the endpoint, seem
yet insurmountable.
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In case of searching for sterile neutrino emission in tritium decay in the mass range of keV,
however, the problems of reaching sufficiently small uncertainties of the observables, as well
as that of avoiding high ~-factors of the neutrino, are relaxed by 3 orders of magnitude. Hence
it makes sense to check the chances of a missing mass experiment under this aspect anew.
The ColTRIMS technique (Cold Target Recoil ITon Momentum Spectroscopy), pioneered
and reviewed by the atomic physics group at Frankfurt [921, 922| seems to offer a viable
experimental ansatz, since it is capable of measuring the tiny recoil ion momentum occurring
in tritium decay with sufficient precision. While for measuring the mass of an active, light
neutrino precision of momenta measurements of order 1 eV or better is required, for the case
of a keV neutrino precision of about 0.5 keV in momenta measurement would be sufficient. For
the example of 3H decay this corresponds to a relative precision in momentum measurement
of a few per mill.

There are a set of theoretical and experimental obstacles that limit the sensitivity of the
full kinematic reconstruction technique. They concern the problem of luminosity and finite
temperature of the source and the precision of the reconstruction of the event kinematics
necessary to avoid contamination of the signal by active neutrino events. In the following
we will present the principle components of a particular ColTRIMS scheme which might
suit our purpose and analyze a few typical decay events with respect to the uncertainties
of the results which are imposed by the instrument. We will then discuss the three major
sources of systematic uncertainties of the final state kinematics which cause background from
light neutrino events in the kinematic domain of heavy sterile ones. They stem from (i) the
finite temperature of the source, (ii) the emission of an additional, unobserved ~y-particle,
and (iii) scattering of the recoiling daughter-ion within the source. Whereas the temperature
problem seems manageable, the two others will cut back the sensitivity towards small mixing
probabilities 2 seriously.

Cold *H-source The luminosity problem arises in particular at small #% and requires
either a rather large source or a rather dense source. The former choice will deteriorate the
angular resolution of the momenta k and p, as well as the time of flight measurement (TOF)
of the recoil ion by which the amount of its momentum is determined. The latter choice leads
to enhanced scattering of the electron and in particular of the slow recoil ion from source
atoms, affecting the angular distribution again.

Currently [921], one can build supersonic gas jets with particle densities of about 101! —
10" ¢cm ™2 and internal temperature of the moving jet of the order of 0.1 K. Alternatively one
may choose the well known optical traps either of the magneto-optical or of the electric dipole
type reaching densities of 10'° cm™3 and temperatures below 0.1 mK. These methods provide
105 — 10® beta decays per year for the source size of about 1 mm3. Still higher rates would
be problematic in view of the rather wide TOF-window of the recoil ions (see Figure 47),
during which accidental coincidences of different decay events will occur. Part of them may
fall into the kinematic domain of heavy neutrino decay and hence produce indistinguishable
background events.

The ideal source material would be a gas of spin polarized atoms since they do not
recombine. They could be trapped for instance by an electric dipole trap, i.e. within the
focus of a laser cavity by the electric polarization potential V = —%QEZ where « is here
the electric polarizability and E the electric field strength of the laser field. Taking for « the
estimate of the static polarizability of the hydrogen atom oy = 4mey(9/2)a? (in SI units, ag is
the Bohr radius) one finds that a laser power of 100 kW, focused onto a focal spot of 10™* cm?

- 163 —



within the cavity of a COq laser, would be sufficient for trapping a gas at a temperature of
0.01 K.

Detectors for recoil-ions and electrons In view of the extremely small mixing angle
as suggested by X-ray astronomy, one has to aim on optimized detection efficiency of the
rare sterile neutrino events. The ColTRIMS technique allows projecting the total flux of
the slow recoil ions onto a multichannel plate detector by help of a weak electric drift field.
p is reconstructed from the coordinates of the hit channel and the time of flight with high
precision thanks to the excellent angular and temporal resolution of this device. This option
is not given, however, for the energetic and very fast decay electrons. Instead one has to
look out for a detector array which offers sufficient angular and energy resolution as well as
a reasonably large solid angle. Covering a fraction of of AQ/4m = 10% of the full solid angle
with angular resolution of ~ 0.5° would require segmentation into ~ 6000 pixels. In view
of the marginal resolution of commercial items one may resort here to cutting edge R&D
results. An appropriate detector might be built from the sophisticated calorimetric 64-pixel
chips described in [923, 924|. At 6 keV particle energy they feature signals of 2 eV full
half-width within 90 ns rise time. The electron signal would be fast enough as to determine
the moment of decay with sufficient precision.

Analysis of selected heavy and light neutrino events In order to get an impression
about the precision of results expected from such devices we have analysed a few characteristic
events (see Fig. 47). E, has been set to 2000(2) eV, close to the maximum of the 8-spectrum,
ms to 7 keV as suggested from X-ray astronomy, and the angle ¢ enclosed by p and k has
been chosen to 0°, 90°, and 180° respectively. The time of flight of the daughter, TOFq4, has
been calculated for a flight path of 0.2 m. Choosing a TOF-uncertainty o(TOF4) = 0.1 us
and an uncertainty o(«) = 0.5° for the angle ¢ enclosed by p and k, we calculate for the 7 keV
sterile neutrino uncertainties o(ms) as given in line 6 of Fig. 47. For the stretched events,
given in row 3 and 5 of Fig. 47, o(ms) is mainly due to o(TOFy). o(pe) is negligible in view
of the high energy resolution of the envisaged electron detector. The mass uncertainties of
0.42 keV and 0.1 keV are satisfactory and could be improved further by choosing a longer
flight path. However, stretched events are quite rare since the differential solid angle vanishes
there in first order, whereas it maximizes at ¢ = 90°. But towards ¢ = 90°, o(ms) rises up
to 1.2 keV (row 4), since it is dominated there by o(«).

In the lower half of Fig. 47 we have analyzed competing events with emission of light
neutrinos, choosing E, = 2000(2)eV again and TOFg4-values as calculated in line 4. The
before stretched events are now kinked by 8° and 11° degrees, respectively. But in the region
of favorable rates around ¢ = 90°, the #-angle differs by only 1.9° corresponding to a distance
of 3 pixels. Hence separation of these events can only work if ion optics is perfect and any
scattering excluded.

Background induced by source temperature and unobserved 7 - emission. We
turn now to the discussion of the before mentioned three major effects which cause irreducible
broadening of the momentum distribution such that the kinematic domains of the dominant
light and the rare heavy neutrino decays might overlap. In this case one would face an
indistinguishable background from light neutrino emission in the kinematic domain of heavy
sterile neutrino emission. The first stems from the thermal velocity of the decaying nucleus;
it has been treated already in an earlier publication (c.f. [893]). The second concerns the
possible emission of a soft photon during the decay process, which escapes detection. If the
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Figure 47. Analysis of selected heavy and light neutrino events as explained in the text

decaying nucleus was moving with thermal velocity v, and a photon of momentum k. escaped
detection, then the uncertainty of the determination of the neutrino mass induced by these
two unobserved momenta is

2

k
02(my’(s)) ~q(Mv+k,) — (Mv+k,)*+2(Q —

7ol | (33)

where q = p+k is the reconstructed neutrino momentum, M is the mass of the decaying
nucleus, and we neglected all terms suppressed by M. The danger of this error is the possibility
of misidentifying a massless neutrino event (which are abundant) as a massive neutrino event.
In so far as the latter are rare, only a fraction of #2 of the total events, this background should
be strongly suppressed. Hence the temperature should be low enough in order that only the
far wings of the Maxwell distribution can interfere. The rough, conservative bound on the
temperature of the source as function of ©2, mg, M, and Q is then [893]

T< <ln 104> ( ms )4 <3 GeV> <18.6 keV>2 (03K). (8.4)
In(6?) 7 keV M Q

It marks the temperature above which the background rate from light neutrino decays would

exceed the one from heavy neutrino decays searched for. The bound relaxes rather fast with

increasing sterile neutrino mass, and becomes slightly (logarithmically) stricter for smaller

mixing angles. Note, that one can put a constraint on the reconstructed neutrino momentum

la| = |p + k| < C, making the temperature requirements weaker but suppressing the overall
event count.

The second contribution to the mass uncertainty in Eq. 8.3 is due to the missing photon

momentum k. The probability that such an unobserved photon emission occurs in a light

neutrino event and hence simulates via Eq. 8.3 a heavy neutrino event with mass mg has been
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Figure 48. Estimate of the relative branching per keV for undetected photon emission imitating the
neutrino mass mg in an event H — 3He + e + 7, + 7.

estimated and is plotted in Fig 48. Within the interval 2 keV < mg < 16 keV it drops from
107* keV to 107 keV. For the most interesting case of a 7 keV sterile neutrino it amounts to
about 107 keV. No attempt has been made up to date to study the possibility of reducing
this background by efficient detection of this radiation tail. It would be very hard.

Background by scattering of recoil ions from source atoms Another obstacle to the
experiment is the large scattering probability of the slow recoil ions within the source. The
total elastic cross section for H on 3H collisions is about 1071* ¢cm? [925]. A similar value will
hold for 3He™t on 3H. Assuming a source of e.g. 2-10'°3H-atoms and a 10% efficiency of the
detector, one would collect about 10% events per year which seems necessary for a competitive
sterile neutrino search. Trapping this source by laser in a volume of order 10~% cm?® would
present a column density of 2 - 10 cm?, causing a fatal scattering probability of order 1. If
one would observe 2H decay from a jet source instead, the same number of atoms may occupy
a 1000 times larger volume. This would ease the scattering problem by a factor 100 which is
still insufficient for a sensitive search.

Summary Todays experimental technology allows in principle to search for a missing mass
of order keV in tritium beta decay by full kinematic reconstruction of the event, although
such an undertaking would require a very extensive design and R&D phase in order to arrive
at a functioning setup. Still the sensitivity for detecting a very small admixture of heavy
neutrino events in the decay will be handicapped by residual shortcomings in the full kinematic
reconstruction. They concern predominantly two effects: (i) the missing momentum of an
unobserved photon accompanying the decay, (ii) the scattering of the recoil ions from source
atoms.

8.3 Electron Capture Experiments (Author: L. Gastaldo)

The study of the calorimetrically measured electron capture (EC) spectrum of 1%3Ho is
presently a promising method for the investigation of the electron neutrino mass in the sub-
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eV range. With experiments based on '3Ho it appears possible to reach, for the electron
neutrino mass, the same sensitivity which tritium based experiments, as KATRIN [129, 897|
can achieve for the electron anti-neutrino mass.
163Ho is considered the best candidate among all nuclides undergoing electron capture pro-
cesses to be used in an experiment for the investigation of the neutrino mass because of
its extremely low energy available to the decay, Qrc = 2.833 £ 0.030stat £ 0.0154ys; keV
[926, 927]. Such a low Qgc allows for a reasonable fraction of counts in the endpoint region
of the spectrum to be analyzed for identifying effects due to a finite effective neutrino mass.
The idea to use the analysis of the calorimetric spectrum of 93Ho to determine the
electron neutrino mass was first proposed by De Rujula and Lusignoli in 1982 [928|. After
about 30 years the feasibility of such an experiment was demonstrated by the ECHo collab-
oration [923, 929] by showing the possibility to perform high resolution measurements of the
163Ho electron capture spectrum using low temperature metallic magnetic calorimeters [930].
Meanwhile there are three large international collaborations which aim to reach the sub-eV
sensitivity on the electron neutrino mass by the analysis of high precision and high statistics
EC spectrum of 1% Ho: the already mentioned "Electron Capture in '3Ho" (ECHo) collab-
oration [923, 929], the "Electron Capture Decay of 1%*Ho to Measure the Electron Neutrino
Mass with sub-eV sensitivity" (HOLMES) collaboration [931| and the "Neutrino Mass via
163Holmium Electron Capture Spectroscopy" (NuMECS) collaboration [932]. Intrinsic to the
calorimetric measurement approach is the fact that all events occurring in the detectors give
a measurable signal. Because of that, all these three experiments would have the possibility
to analyze the data not only in the endpoint region to look for a deviation of the shape in
respect to the case of massless neutrinos, but also over the full spectrum to look for a small
kink which would be the signature of the existence of a fourth mass eigenstate, my4, and
therefore proving the existence of sterile neutrinos. In the following one of these experiments,
ECHo, will be described in more details as well as the approach to investigate the existence
of sterile neutrinos.

163Ho electron capture spectrum In an EC process a nucleus ’E‘X decays by capturing an
electron from the inner atomic shells and emitting an electron neutrino to ‘gle. Considering
only the leading first order excitation, the daughter atom after the capture of the electron
is left with one hole in the internal shell and one electron more in an external shell. Higher
order excitations would include the presence of more than one holes in the atomic shells which
happens with a much lower probability. The structures due to the higher order excitations
could make the analysis of the spectrum more complicated both for the determination of the
electron neutrino mass as well as for the identification of a kink due to a heavy neutrino
mass state. Preliminary work to investigate the effects of higher order excitations in the
analysis of the '%3Ho spectrum has already been done by the ECHo collaboration and will be
discussed in the following paragraph. The atomic de-excitation is a complex process, which
includes cascades of both x-rays and electron emissions (Auger electrons and Coster-Kronig
transitions). The possibility to measure all the energy released in the decay minus the energy
taken away by the neutrino simplifies the description of the spectrum. The expected shape
of the calorimetrically measured EC spectrum, considering only first order excitations with
only one hole in the internal shell, is:

N g Que — Ety |1 - " Cyn B 64(0)—— (8.5)
— = - -t n :
aBg — TN (Qpo — Bop &= R O e+
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Table 16. The binding energies Egi“ of the electron in Dy and the linewidths F%i{t as reported in
[933].

H MI MIT NI NII OI
ER™ [eV] [934] 2046.9 1844.6 420.3 340.6 49.9 [935]
Tl [eV] [936] 13.2 6.0 5.4 5.3 3.7 937]

and shows Breit-Wigner resonances centered at an energy, Fy, where H indicates the level
from which the electron has been captured, given in first approximation by the difference
between the energy of the electron that has been captured and the energy of the extra-
electron in the outer shell, in respect to the daughter atom. The resonances have an intrinsic
width I'y related to the half-life of the excited states. The intensities of these lines are given
mainly by the squared wave-function of the captured electron calculated at the nucleus ¢2H (0),
with a small correction, By, due to exchange and overlap. These factors are then multiplied
by the nuclear shape factors Cy and the fraction of occupancy of the H-atomic shell nyg. The
Breit-Wigner resonances are then modulated by the phase space factor, which depends on
the square of the electron neutrino mass m(v,)? and the energy available to the decay Qgc.
A is a constant. In case of '3Ho, due to the extremely low energy available to the decay,
only capture from the 3s and higher shells are allowed and due to the overlap of the electron
wavefunctions with the nucleus, only electrons from the s and py/, shells can be captured.
Therefore the 1%3Ho spectrum will consist of the following lines: MI (3s electrons), MII (3p, /2
electrons),NT (4s electrons), NII (4p;/9), OI (5s electrons), OII (5p;/, electrons) and PI (6s
electrons). The binding energy of these electrons, EI'?Ii“, and the intrinsic linewidths 'y of the
transition are given in Table 16.

The electron neutrino mass that can be investigated with '3Ho-based experiments can
be written in terms of the single mass eigenstates, in the scenario of only three active neutrinos,

Z\ 2 lm(1)? (8.6)

In case keV sterile neutrinos would exist, at least a fourth neutrino mass eigenstate, my,
would mix with the three "active" mass eigenstates to give the electron neutrino emitted in
EC processes. In such a case, and considering the approximation that the three light neutrino
mass eigenstates are much lighter than my,, the electron neutrino state can be written as:

ZI Alm()? + UG Im(va)? = (U Im3 + Uy mi (8.7)

By substituting this equation for the electron neutrino mass in the formula of the spec-
trum and by using the approximation that m, = 0 €V, the following expression is obtained:

2
my

A = A((QECEH) (1-U) + (Qec — En) Ue24\/1(QEC—EH)2

> CunnBu ¢%(0)

(8.8)
It follows that the evidence in the spectrum of the existence of the fourth neutrino mass
eigenstate is a kink positioned at the energy Qgc - m4 and with an amplitude proportional to
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Figure 49. a) Comparison between the expected calorimetrically measured '®3Ho spectrum in the
case of no sterile neutrino (black dashed line) and in the case of a heavy neutrino mass my = 2 keV
with a mixing of U2, = 0.5. b) A magnification of (a) in the region of the kink.

|U824|. With the analysis of the electron capture spectrum of 163Ho it is possible to investigate
the existence of sterile neutrinos only for my4 smaller than the Qgc value of the decay of about
2.5 keV. Figure 49 shows the comparison between the expected calorimetrically measured
163Ho spectrum calculated using Equation 8.8 in the case of no sterile neutrino (black dashed
line) and in the case of a heavy neutrino mass m4 = 2 keV with an unrealistic mixing of
U2 = 0.5. The two spectra have been normalized to both have an integral equal to 1. The
magnification in Figure 49 shows, in more details, the region of the kink.

8.3.1 The Electron Capture in '*Ho experiment ECHo (Authors: L. Gastaldo,
T. Lasserre, A. Faessler)

The Electron Capture in '%3Ho Experiment, ECHo, has been designed to investigate the
electron neutrino mass in the energy range below 1 €V by a high precision and high statistics
calorimetric measurement of the '®3Ho electron capture spectrum [923].

Presently the detectors that can detect with the highest precision energy input below 3 keV,
as is needed for the calorimetric measurement of the '93Ho, are low temperature micro-
calorimeters [938|. They are energy dispersive detectors typically operated at temperatures
below 50mK. These detectors can be classified on the basis of the temperature sensor.
Within the ECHo experiment, low temperature metallic magnetic calorimeters (MMCs) will
be used [939]. The spectral resolving power of a state of the art MMCs for soft X-rays is above
3000. For completely micro-structured detectors, an energy resolution of AEpwmnm = 1.6eV
at 6keV has been achieved [940]. Sub-eV energy resolution is expected to be reached in fu-
ture design with SQUID readout integrated on the detector chip. Such an energy resolution
will allow to have a precise characterization of the endpoint region of the spectrum with a
minimal spread of the events. The typical signal rise-time is 7, = 90ns [941|. Among the dif-
ferent temperature sensors presently used to read-out the temperature of micro-calorimeters,
MMCs show the fastest risetime. This feature is extremely important to reduce a source of
background which is intrinsic to the calorimetric measurements: un-resolved pile-up events.
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The spectral shape of this background is given by the autoconvolution of the '%3Ho spectrum
with the integral given by the so-called unresolved pileup fraction which can be written in
first approximation as the activity in the detector A times the risetime of the signal 7,. For
the ECHo experiment an unresolved pile-up fraction below 107° is required. This unresolved
pile up fraction, combined with the typical risetime of MMCs, implies a limit in the maximal
activity per pixel to a few tens of Bequerel. Figure 50 compares the '%Ho spectrum without
unresolved pile up (blue dashed line) with the %3Ho spectrum in the case of an unresolved
pileup fraction of 107¢ (red solid line).

In the ECHo experiment, the required activity of 1% Ho to reach a sub-eV sensitivity is a few
MBq. The reduced activity per pixel, in order to limit the unresolved pile-up events, implies
that in the order of 10° single detectors have to be simultaneously measured. A convenient
approach to read out so many detectors is the use of a multiplexing scheme. The choice
within the ECHo collaboration is to use the microwave SQUID multiplexing scheme [942]
which allows to have a large bandwidth for each pixel and a reduced degradation of the
detectors performance respect to the single pixel readout [943].

The ECHo collaboration has already demonstrated the possibility to perform a calorimet-
ric measurement of the '%3Ho with high energy resolution using MMC detectors with ion
implanted '93Ho [930]. The '®3Ho activity per pixel was about 1072 Bq. The implanta-
tion process did not degrade the performance of the MMC [944]. An energy resolution of
AFEpwaMm =~ 7.6eV, at a working temperature of about 30 mK, and the rise-time 7, ~ 130ns
have been measured. One of the next important goals within ECHo is to demonstrate that
very good energy resolutions, AEpwmn < 2€V can be achieved for MMCs having '®3Ho ions
embedded in the absorber and read out using the microwave multiplexing technique.

The information on the neutrino mass is obtained by the analysis of the events in a very
small energy range around the endpoint of the spectrum. Therefore to have an independent
measurement of the Qgc for the '3Ho decay to be compared to the value that can be extracted
by fitting the spectrum is of outmost importance for the reduction of systematic errors. By
the analysis of calorimentrically measured spectra the best values for Q¢ are approximately
2.8 keV [930, 945]. These results do not agree with the recommended value Qrc = (2.55 £
0.016) keV published by the Atomic Mass Evaluation edited in 2012 [946].

One of the priority of the ECHo collaboration was therefore to perform and independent
measurement of the Qrc by precisely measuring the mass of the parent atom, '%*Ho, and
daughter atom '%3Dy. This has been performed by high precision Penning traps mass spec-
trometry [947]. The measurement has been performed at the Penning-trap mass spectrometer
SHIPTRAP [948] applying the novel phase-imaging ion-cyclotron-resonance technique [949]
and the laser ionization of the source developed at the TRIGA-TRAP [950, 951|. This mea-
surement has been able to strongly reduce the uncertainties on QQgc. The value that has been
obtained, Qpc = (2.833 4 0.030%%% 4- 0.015%%!) keV [926] is in very good agreement with the
Qrc-value obtained by the analysis of calorimetrically measured '%Ho spectra.

In order to remove systematic uncertainties, at a few eV level, on the Qgc-value as determined
by the analysis of the calorimetrically measured spectra, which could derive from solid state
effects, an independent measurement at 1 eV precision level is of outmost importance. This
precision will be achieved by measuring the masses of 1%Ho and 3Dy with the newly devel-
oped PENTATRAP [952, 953] at the Max Planck Institute for Nuclear Physics in Heidelberg,.
The spectral shape as described in equation 8.5 considers only first order transitions where
the excited states of the daughter atom 93Dy can be characterized by a hole at the level
of the captured electron and an additional electron in the 4f—shell. In order to describe
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small structures in the spectrum above the NI-line, second and third order excitations have
been theoretically investigated [954-956]. Presently there is no good agreement between the
experimentally observed structures and the ones expected by the theoretical models. Though,
some of the theoretically calculated structures coincide in energy with observed ones. New
models for the description of atomic de-excitation are under investigation [957] as well as
dedicated experiments will be performed to better characterize the electron capture decay in
163HO.

The aim of the ECHo collaboration is to gain a precise understanding of background sources
which could affect the '%3Ho spectrum and to develop methods to reduce them to a level where
their contribution will be smaller compared to the unresolved pile-up events in the endpoint
region of the spectrum. To reach this limit the background level should be smaller than 10~°
events/eV /day/det. The next step of the ECHo collaboration is to perform a medium scale
experiment, ECHo-1k, which will run during the years 2015-2018. In ECHo-1k first prototypes
of MMC array with implanted '3Ho will be fabricated. The '%3Ho source will be produced
through neutron irradiation of a '92Er-enriched target and dedicated chemical purifications
step along with mass separation will be used to remove radioactive contamination to a not
detectable level. The sum of the activity of all the pixels will be approximately 1 kBq. With
this first medium scale experiment the ECHo collaboration aims to reduce the present limit on
the electron neutrino mass by more than one order of magnitude, from a present upper limit
of m(ve) = 225 eV [958] to below m(ve) = 20 €V and show the scalability of the developed
techniques for the construction of the next generation experiment, ECHo-1M. The goal of
ECHo-1M is to measure a %3Ho EC spectrum with a statistics of more than 10'* events
using a '%3Ho source of the order of 1 MBq distributed over a very large number of single
pixels. With such an experiment it will be possible to reach the sub-eV sensitivity on the
electron neutrino mass.

keV sterile neutrino program in ECHo The calorimetric technique to measure the
163Ho spectrum has the intrinsic property that all the events generated in the detectors
produce a signal. Therefore, in respect to an experiment as KATRIN, where a MAC-E filter
selects only electrons close to the endpoint of the Tritium spectrum, in ECHo there is the
possibility to acquire all the events occurring in the detector, even if for the determination
of the electron neutrino mass mainly the events at the end point are important. The ECHo
program to investigate the effect of keV sterile neutrino on the 1%Ho EC spectrum can be
divided into two parts:

e assess systematic effects and analysis of high statistics 1%3Ho EC spectra searching for
a kink at Qgc — my4

e develop efficient methods to acquire and store large number of events

The first part of this investigation will be carried on during the first stage of the ECHo
experiment, ECHo-1k. The assess of systematic effects due to the not precise knowledge of
the calorimetrically measured spectrum of '3Ho is a fundamental milestone to reach the sub-
eV sensitivity. The precise knowledge of the Qg is of outmost importance not only for the
investigation of the "standard" effective electron neutrino mass, but also to define with high
precision the value of the heavy neutrino mass my4 through the difference between the position
of the possible kink and the endpoint of the spectrum. The uncertainties on the Qrc have
already been strongly reduced by the measurements performed using Penning traps [926] and
this achievement paved the way for future experiments aiming to the 1 eV precision.

- 171 —



Figure 50. The '®3Ho spectrum with no unre-
solved pile up (blue dashed line) is compared with
the '93Ho spectrum in the case of an unresolved
pileup fraction of 1076 (red solid line) for a total
statistics of 10'* events.

Counts/ 0.1 eV

Energy / keV

The effects due to higher order excitation states in the 13Dy atom after the electron capture
in '%3Ho is presently a topic of high interest. In the high resolution spectrum measured within
the ECHo experiment, additional structures above the NI-line, which can hardly be explained
as being due to background sources, have been detected [959]. This experimental evidence
has already triggered the work of different groups [954-957|. In these works, some of them
performed within the ECHo experiment, the modifications to the calorimentrically measured
spectrum due to excitations in the 93Dy atoms including two and three holes have been
calculated. Presently the agreement between theoretical calculations and the ECHo data is
still not satisfactory, but there is already evidence that this approach can be used to refine the
description of the spectrum. Within ECHo-1k several experiments will be performed to better
understand the shape of the 1%3Ho spectrum. In particular spectra with higher statistics and
with a reduced background level, in a way that the shape of the additional structures will be
better characterized, will be available to the theorists.

As already mentioned, one of the milestones of ECHo-1k is the identification and reduction
of the background in the '®3Ho spectrum deriving from contaminations in the '®3Ho source,
from natural radioactivity and from cosmic rays. The goal is to reduce all these contributions
to a negligible level with respect to the intrinsic background due to unresolved pile-up events.
This requirement, in the case of an unresolved pileup fraction of 107, leads to an allowed
background activity per pixel of less than 1075 events eV /det/day in the energy region below
the endpoint of the '3Ho spectrum.

A good theoretical description of the 1%3Ho spectrum as well as of the background spectrum
will allow also for a precise description of the unresolved pile up spectrum. The presence of
additional small structures in the spectrum due to unresolved pileup could complicate the
identification of a kink due to the existence of sterile neutrinos. Even if the choice made by
the ECHo collaboration to keep the level of the unresolved pileup fraction below 1072 implies
that over a large part of the spectrum, the number of the expected unresolved pile up events
is smaller than the statistical error for the counts in the '3Ho spectrum, a precise knowledge
of this background spectrum is very important to push the sensitivity to detect a kink to
heavy neutrinos having a very small mixing element. One of the aims of ECHo-1k is therefore
to define a precise paremeterization for the calorimetrically measured '%3Ho spectrum.
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Figure 51. Achievable sensitivity 90% C.L. for the detection of a kink in the calorimetrically measured
spectrum in the case of a perfect knowledge of the expected shape and for a total statistics of a) 10°
and b) 10 events.

With the planned activity of 1 kBq and a measuring time of about one year a total statistics
in the spectrum of about 10'° events will be acquired at the end of the first phase of the
ECHo experiment. Figure 5la shows the achievable sensitivity for the detection of a kink in
the calorimetrically measured spectrum in the case of a perfect knowledge of the expected
shape of the spectrum and for the total statistics foreseen for the ECHo-1k experiment. For
these calculations, Qgc = 2.8 keV has been used. The best sensitivity to detect a kink in the
spectrum is achieved for a heavy neutrino mass 1keV < my4 < 2keV, which corresponds to
the part of the spectrum between the M- and N-lines. In this energy range it will be possible
to test the mixing element down to about |Ues|? = 4 -107°. For the second phase of the
ECHo experiment, ECHo-1M, an activity of 1 MBq to a few MBq is foreseen. With such an
activity it will be possible to acquire, within one year of measuring time, about 10'* events
in the '%3Ho spectrum. With this statistics it will be possible to improve the sensitivity to
find evidence of sterile neutrinos. Figure 51b shows the achievable sensitivity with a total
statistics of 10" events and a perfect knowledge of the spectral shape. In this case, for
1keV < my < 2keV, the mixing element could be tested down to about |Ues|? = 4-1077.

The sensitivity to detect a kink due to sterile neutrinos achieved considering only sta-
tistical errors on the counts per bin is very promising. More investigations are going on to
define the influence on the reachable sensitivity of the finite energy resolution of the detectors
and of the presence of background, in particular of the unresolved pile-up events.

From the experimental point of view it is important to point out that the acquisition
and the storage of the '%Ho events over the full spectrum is not a negligible aspect of the
investigation. During ECHo-1k about 1000 '%*Ho events per seconds will occur. For this
moderate rate, the acquisition of the full signal shape for all the events will still be possible.
With the corresponding data it will be possible to develop routines to be applied for the
on-line analysis of the data in the next stage of ECHo, ECHo-1M. In this experiment only
a few characteristic parameters of each signal will be stored for the building of the complete
spectrum. Nevertheless the aim is to store information for the pulses all over the energy range.
This is not only important to reduce systematics in the analysis of the end point region of
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Table 17. Nuclides with relevant energy balance and suitable half-life to be used in potential future
experiments to investigate keV sterile neutrinos by the analysis of the calorimetrically measured
electron capture spectrum

Nuclide T /2 Qrc [keV] E; [keV] E; [keV] ¢12(0)/ d)JQ (0)
[961] [962] [963] [963] [964]
57T 71 a 60.04 K: 50.2391 LI: 8.3756 7.124
163Ho 4570 a 2.833 [926] MI: 2.0468 NI: 0.4163 4.151
179y, 1.82 a 105.6 K: 65.3508 LI: 11.2707 6.711
193pg 50 a 56.63 LI: 13.4185 MI: 3.1737 4.077
205pt, 15 Ma 50.6 K: 15.3467 LI: 3.7041 4.036

the spectrum, but it will allow for the analysis, over the complete spectrum for the search of
a kink related to the existence of sterile neutrinos.

8.3.2 Other nuclides from the electron capture sector (Authors: L. Gastaldo, Y.
Novikov)

Several models and observations allow the sterile neutrino mass mg to cover a large range. In
the electron capture sector, the analysis of the 1%3Ho electron capture spectrum allows only to
investigate heavy neutrino masses up to the Qrc value which, even allowing for uncertainties
due to solid state effects , will hardly exceed 3 keV. On the other hand, the same methods
applied within the ECHo experiment [923] could be adapted to other nuclides showing higher
Qrc therefore allowing for investigating massive neutrinos in a larger mass region. The idea
is to perform a calorimetric measurement of the electron capture spectrum of the interesting
isotopes and search for the signature of a heavy neutrino mass. The method consists in em-
bedding the source in the absorber of low temperature micro-calorimeters in a way that all
the energy released in the electron capture process is measured by the detector. In low tem-
perature micro-calorimeters the relatively small energy release in electron capture processes
leads to an increase of temperature, which is measured by very sensitive thermometers. For
the ECHo experiment, low temperature metallic magnetic calorimeters [939] will be used.
These detectors are also suitable to be used for the calorimetric measurement of the electron
capture spectrum of a large variety of other nuclides. The possibility to use metallic magnetic
calorimeters for the search of the signature of sterile neutrinos in calorimetrically measured
electron capture spectra was first investigated by Filianin et al. [960]. In that work, the
achievable sensitivity to detect the effect of massive neutrinos of different masses and mixing
was discussed for several nuclides in the electron capture sector. The proposed isotopes were
selected on the base of their Qgc value and/or half-life. Table 17 shows a list of nuclides
which have been selected from the list proposed in [960]. With respect to the other nuclides
presented in [960] the ones listed in Table 17 are more suitable, due to their decay schemes,
to be investigated with micro-calorimetric techniques in future experiments, as discussed in
the same paper.

The sensitivity to investigate the mass and mixing of sterile neutrinos can be determined
by considering the fact that the presence of a massive neutrino will reduce the phase space for
energy above (Qrc — msg). If the value (Qrc — ms) were between the binding energies of two
electronic states from which electrons can be captured, then the ratio between the amplitude
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of the two corresponding lines in the calorimetrically measured spectrum would be affected.
From Eq. 8.5, where the expected shape of the calorimetrically measured EC spectrum was
given considering only first order transitions, the amplitude for each line can be calculated:

2

(QECI771+E}I)2 CnnuBu ¢12—I (0) (8.9)
with a scaling constant A, the peak energy FEy, the nuclear shape factors Cy, the fraction
of occupancy of the H-atomic shell ny, the squared wave-function of the captured electron
calculated at the nucleus ¢2H(0) and the exchange and overlap correction, By. The Breit-
Wigner resonances are then modulated by the phase space factor which depends on the square
of the electron neutrino mass m(ve)? and the energy available to the decay Qgc. Second order
transitions which require the formation of two or more hole states in the final atom are here
neglected since at the present level of investigation their effect would be marginal.

By explicitly introducing the dependency on the neutrino masses and reducing this to a 1+1
model, the electron neutrino state is given by the sum of a massless neutrino |v,), to represent
the three small mass active neutrino masses, and one massive neutrino |vy):

An = A(Qrc — EH)2\/1 —

3

‘Ve> = Z Uei‘Vi> + Ue4|V4> = Uea’Va> + Ue4|V4> (810)
=1

With this approximation the amplitude of the line H can be written as:

2

Ap = A ((QEC — En)*(1 - UZ) + (Qec — EH)2U34\/1 - )2> CunuBy ¢5(0)

(Qec — En
(8.11)

If no keV sterile exists, then the amplitude of the line H in the approximation of vanishing
active masses can be written as:

A = A(Qrc — Eu)? CunuBu ¢71(0) (8.12)

Using Equation 8.11 and Equation 8.12 the ratio between the amplitude of two lines in the
spectrum can be written as:

<Ai> _ </\i> U2 (H[(@uc — Br) = ma] /1= mZ/(Qec — By) — 1) +1 6.13)
Aj Ai/ act U2, (H [(Qec — Ej) — ma] /1 —m3/(Qrc — Ej) — 1) +1 .
with H [(Qrc — Ei) — my] the Heaviside step function and
Ai _ (Qrc — E1)* CiniBi ¢7(0) 4
(N)m ~ (Qrc — Bj)? OB ¢3(0) (8:14)

From Eq. 8.13 it appears evident that the signature of the existence of a sterile neutrino is a
deviation of the ratio between the amplitudes of two lines of the electron capture spectrum
with respect to the value expected in the case of only three active neutrinos. The magnitude
of this deviation depends on the position of (Qrc —ms) with respect to the energy of the two
lines and of course on the mixing of the sterile neutrino UZ,.

In order to be able to identify the effect of the existence of a sterile neutrino by the
analysis of the ratio between two lines of the electron capture spectrum, it is important to
minimize all systematic effects which could mimic a deviation from the expected amplitude
ratio for only active neutrinos. The most relevant aspects that need to be considered are:
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e a precise knowledge of the Qgpc-value

a precise knowledge of the de-excitation processes after the electron capture

a reduced unresolved pile-up fraction

a reduced unknown background

A precise knowledge of the Qgc-value is very important since the amplitude of the lines
in the electron capture spectrum is modulated by the phase space factor. The more a line
in the spectrum is close to the end-point, the more the amplitude of this line is reduced
with respect to the factor Cyn; By ¢12{(0). A large uncertainty in this value leads to a large
uncertainty in the expected ratio between the amplitude of two lines of the spectrum. The
most promising method to determine the QQgc-value of radioactive nuclide is by the precise
measurement of the mass of parent and daughter atoms whose difference provides the energy
available to the decay. Penning trap mass spectrometry [947] is presently the best technique
to precisely measure the mass of atoms. In these measurements, the cyclotron frequencies v¢
of the initial and final ionic states of the transition are measured in the crossing electrostatic
and strong homogeneous magnetic field B. The mass M of an ion having charge ¢ can be
determine using the following relation:

_ 4B

oM
In order to reach eV precision for the Qgc-value of heavy nuclides, a novel cryogenic Penning-
trap mass spectrometer, PENTATRAP, is currently under construction at the Max-Planck
Institute for Nuclear Physics in Heidelberg [952, 953]. With this mass spectrometer a relative
mass accuracy of 10~ will be reached allowing for a few eV precision on the Qgc-value of the
discussed nuclides. Figure 52 shows, at the 90% confidence level, the sensitivity for the sterile
neutrino mass and mixing that can be reached by the analysis of the calorimetrically measured
spectrum of the nuclides listed in Table 17, under the assumptions that the uncertainties of
the absolute atomic mass difference are 1 eV and that the capture probability for each line
is perfectly known while the position of the lines is known with an uncertainty of 0.1 eV .
In this approach, the limiting factor for the achievable minimal sterile neutrino mixing is the
relative error for the Qgc-value.

The curves in Figure 52 have been calculated by considering that the de-excitation processes
after the electron capture, which define the intrinsic amplitude of the lines, are perfectly
known. Recently the case of the electron capture in 3Ho received attention due to the
identification of additional small lines above the line corresponding to the capture of 4s
electrons, the Nl-line, in calorimetrically measured spectra [930]. A possible explanation of
these lines seems to be related to higher order transitions which include the creation of two
holes in the atom after the capture process [954, 955]. Presently there is still not satisfactory
match between models and data. More theoretical investigations are presently on going to
determine the mechanism which leads to the satellite lines observed in the '%3Ho spectra.

A possible way to remove the uncertainty given by the limited knowledge of the intrinsic
amplitude of the lines is to compare the same ratios for the intensities in different isotopes of
the same chemical element. As the authors of [960] discussed, the influence of the uncertainties
on the intrinsic amplitudes cancel to a large extent. The capture intensity ratios for the
isotopes 1 and 2 can be written as:

Ve (8.15)

(Ai/Ay)2

o= Wi/ (8.16)
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Figure 52. Minimal sterile neutrino mixing matrix element to the square that can be deduced at 90
% confidence level versus the mass m4. The curves are calculated for a total statistics in the spectrum
of 103 events under the assumptions that the uncertainties on the absolute atomic mass difference
are 1 eV and that the capture probability for each line is perfectly known while the position of the
lines is given with an uncertainty of 0.1 eV.

2 / my 2 / mj
Ue <H1i 1- (QECliEi)Q o 1) +1 Uy <H2j 1- (QEC2iEj)2 o 1> +1

O = 0O, (8.17)
/ m?2 / m2
U924 <H1j 1- (QECliEj)Q o 1> +1 U924 <I{2i 1- (QEC?iEj)Q o 1> +1
with
(Qec1 — E)(Qrc2 — Ej):|
Ouet = 8.18
' [(QECI — E5)(Qrc2 — Ei) (8.18)
and
Hyi = H [(Qrck — Ei) — my] (8.19)

the Heaviside functions to ensure real solutions for the square roots. In [960] two interesting
cases have been discussed: the pair '*"Tb-1"8Tb and the pair 202Pb-29Pb. While the calori-
metric measurements of 1°"Tb and 2°°Pb do not present particular difficulties, the analysis
of the ¥Tb and 2°?2Pb spectra is complicated by their decay modes.

In the case of 1%8Tb there are two aspects which could complicate the analysis. First of all, a
completely calorimetric measurement on the full spectrum can not be performed due to the
high Qgc-value of about 1.2 MeV. On the other hand, for the important energy range, up
to the Kl-line, the total energy released in the decay minus the one of the neutrino can be
measured, and therefore the study of the effects due to the existence of heavy neutrinos will
still be possible after estimating the effects on the spectrum of EC processes of higher energy.
A more important aspect to consider is the fact that ®Tb undergoes in 16.6 % of the cases
a beta decay to 1°®Dy. The energy released by the electrons in the microcalorimeters should
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then be precisely modeled in order to extract the features of the spectrum due to the EC
processes.

In the case of the 292Pb it is important to understand the background in the spectrum due
to the partial a-decay to "®*Hg and due to fact that the daughter atom following the EC in
202pp,, 29277, is not stable and decays via EC/B% to stable 292Hg.

The cases of 18Tb and 2°2Pb show that decay schemes which are different from the one branch
mode, where the daughter atom is a stable nuclide, lead to the presence of additional events
in the measured spectra, which do not belong to the interesting EC branch. Therefore, before
planning experiments with such nuclides, it is important to characterize the calorimetrically
measured spectra related to the different decay modes. In this way the contribution to the
background related to these events can be reduced.

On the other hand the calorimetric measurements of the electron capture spectra have an
intrinsic background which consists in the un-resolved pile-up events. Such events are gen-
erated when two or more EC decays occur within a time interval which is shorter than the
rise-time of the detector signal. The fraction of these events is given by the product of the
activity in the detector and the rise-time. As was discussed in the case of 1%3Ho the reduction
of this background leads to a reduced allowed activity in the detectors which in turn leads
to a large number of single detectors to host the required activity. The shape of the unre-
solved pile-up spectrum can be calculated with confidence if all the parameters describing
the EC spectrum of the decay under study are also know with confidence. Other sources of
background due to natural radioactivity and cosmic rays should also be characterized with
high precision and reduced to minimum to avoid that possible structures of the background
spectrum could mimic additional counts in one of the interesting lines of the EC spectrum.
The nuclides discussed here, besides the case of '3Ho, are presently not considered to be
employed in large experiments for the search of sterile neutrino signatures. Figure 52 shows,
for the different nuclides, the mass region for the heavy sterile neutrino state where the
highest sensitivity to the mixing element can be reached. The minimum mixing factors
showed in Figure 52 are mainly limited by the uncertainties on the Qpc-values. If future
observations would indicate that an interesting mass region for the heavy neutrino state
would be one of those where the discussed nuclides have higher sensitivity, a different method
of analysis should be considered which reduces the effects of the uncertainties on the spectrum
parameters. As already demonstrated by the KATRIN collaboration [129] as well as by the
ECHo collaboration (see Section 8.3.1) the fitting of the kind at Qrc — m4 leads to higher
sensitivity. In this case the uncertainties on the Qgc-value will lead to an uncertainty on
the value of my4 while the uncertainty on the mixing element will be related to the precise
knowledge of the spectral shape and of the background.

8.4 Direct Detection

A measurement of relic sterile neutrinos in the laboratory will ultimately provide the strongest
evidence for this interpretation of the dark matter. Whereas other experiments, e.g. the search
for kinks in beta decay spectra, may establish sterile neutrinos as a part of the fundamental
theory of Nature, such measurements do not directly assess the role of sterile neutrinos as
the dark matter. Similarly astrophysical observations such as X-ray spectroscopy may reveal
the dark matter to be an unstable particle, but they leave open the possibility that the dark
matter is not a neutrino. Thus it is necessary to explore strategies for the direct detection of
relic sterile neutrinos in the laboratory.
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8.4.1 Direct Detection via inverse § decay (Authors: Y. Li, W. Liao, and Z.
Xing)

One of the most promising methods for direct detection of keV sterile neutrino DM in the
laboratory is the captures of cosmic electron neutrinos on radioactive S-decaying nuclei [965,
966]. Through the mixing with the active electron (anti)neutrino ve(7,), the DM candidate
N, at the keV mass scale can undergo the capture reactions

N, +N(AZ) = N'(A,ZTF1)+et, (8.20)

where A and Z are the mass and atomic numbers of the parent nucleus respectively. The
signatures of the capture reactions are measured by the outgoing mono-energetic electrons
(positrons), which are located beyond the corresponding (-decay endpoint Q3. A measure-
ment of the distance between the decay and capture processes will directly probe keV sterile
neutrino DM and determine or constrain the corresponding mass and mixing parameters.
It should be noted that similar capture methods have been considered for detection of the
cosmic neutrino background [967-971].

The differential capture rate of keV sterile neutrino DM is the product of the capture
cross-section times neutrino velocity (i.e., o, X v,), the neutrino number density (i.e., n,),
and the squared norm of the active-sterile mixing (i.e., |U,,|?). Among the above mentioned
factors, the cross-section times neutrino velocity can be derived as [967]

272 In2
Oy XUy = —— + —, (8.21)
v v A T1/2

where A is the nuclear factor and T /5 the half-life of the decaying nuclei, respectively. A is
the function of the neutrino energy and characterized by Qs and Z. Here the half-life 7} 5
is introduced to express the nuclear matrix element of this process using the experimental
data of the associated beta decay, which is of the same energy scale as the process under
discussion.

Assuming the mass density of DM around the Earth is 0.3 GeV ecm™3 [171], we can
calculate the DM number density as n,, =~ 10° (3 keV/m,) cm™3, where m, is the mass of
the sterile neutrino DM candidate. The estimation of the mixing parameter |U, e4|2 depends
on the production mechanisms at the early Universe. A search for the X-ray flux from the
radiative decay of IV, can set a model-independent bound as follows:

! kev>5 . (8.22)

U,?< 1.8x107°
Ual? < (o

Finally another important factor for the nuclei candidate selection is the average target num-
ber during the detecting time interval ¢,

Nt = N(0) - % : (1 - e—“) , (8.23)

where N(0) is the initial target number at ¢ =0 and A = In2/T} 5.

To maximize the observability of the neutrino capture process, one should find the
nucleus candidate with a larger cross-section times neutrino velocity, and require the half-life
to be at least compatible with the exposure time. Therefore, we consider the ruthenium
(*%Ru) and tritium (*H) nuclei as the candidate targets to capture keV sterile neutrino DM.
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Figure 53. The keV sterile neutrino capture rate as a function of the kinetic energy of electrons
with 19°Ru (left panel) and *H (right panel) as the capture targets [966]. The solid (or dotted) curves
denote the signals with (or without) the half-life effect.

The typical values of Q) g I /2 and o, x v, for these two kinds of nuclei are quoted as follows
967]: Q5 = 394 keV, T}, = 3.2278 x 107 s and 0, x v, = 5.88 x 107% cm? for '%Ru or
QB = 18.59 keV, T1/2 =3.8878 x 108 s and 0, x v, = 7.84 x 107*> cm? for 3H. Taking 10 kg

3H and 1 ton '%Ru as the target masses, and assuming m, = 2 keV and |U,,|> ~ 5 x 1077,
we calculate the event rates of 1°Ru and 3H respectively as

R*V(1 ton ®Ru) ~ 1.8 year !, R*V(10 kg *H) ~ 1.3 year ! . (8.24)

Next we shall discuss the relevant backgrounds for neutrino capture signals. The cor-
responding [-decay events can extend to higher energy regions due to the finite energy res-
olution, and therefore mimic the desired neutrino capture signals. To suppress the §-decay
background, the energy resolution A (i.e., full width at half maximum) should be smaller
than m, /4, which is A < 0.5 keV for the above assumption of m, = 2 keV. In the numerical
illustration of Figure 53, we take A = 0.4 keV as an example, and present the keV sterile
neutrino DM capture rate as a function of the kinetic energy of electrons with Ru (left
panel) and H (right panel) as the capture targets [966]. The solid (or dotted) curves denote
the signals with (or without) the half-life effect. The lifetime effect is negligible for 3H, but
important for 1%Ru. It can reduce around 30% of the capture rate on '°Ru.

Another potential background is the electron events produced by the scattering of low
energy solar pp neutrinos with electrons in the target matter [972|. Taking account of the
bound state features of orbital electrons in the °Ru atom, one can estimate the background
rate of '®Ru as [972]

RPP(1 ton '°Ru) ~ 0.02 x year !, (8.25)

10 eV
In comparison, the background rate of 3H is two orders of magnitude smaller because of the
much smaller target mass of *H. From Eq. (6), one find a better energy resolution is desirable
to suppress the scattering background of solar pp neutrinos. The background generated by
captures of low energy solar pp neutrinos on '%Ru or ®H is 1073 per year [965] for the target
masses of Eq. (5), and is negligible in our studies.
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As can be seen in the nuclear factor A of Eq. (2), a great virtue of the neutrino capture
reaction is that the energy scale of this process is determined by the energy release of the
corresponding [-decay, not by the mass of keV sterile neutrino DM, i.e., 0, x p.FEe, where
pe and E. are the momentum and energy of the outgoing electron respectively, with E, =
me + Qg +my = me+ Q. As a consequence, the cross section of this process can be several
orders of magnitude larger than the neutrino scattering process Ny +e~ — v;+e~ (i = 1,2, 3),
in which the energy scale is characterized by the mass of keV sterile neutrino DM [973, 974].

[-decaying nuclei can only be used to capture the neutrino component of DM. One
need consider the electron-capture decaying nuclei as possible capture targets of keV sterile
antineutrino DM. In this regard the isotope '%3Ho is an interesting candidate [975]. A signal
rate of one per year requires a target mass of 600 ton '®3Ho in assumption of my = 2 keV
and |U_4|? ~ 5x 1077, One should stress that captures of both the neutrino and antineutrino
components are important to test the symmetric or asymmetric nature of the warm DM
candidate, which is otherwise impossible with only the S-decaying nuclei.

In summary, we have discussed direct detection of keV sterile neutrino DM using -
decaying or electron-capture decaying nuclei. We calculated the capture signal rates for the
106Ry and ®H nuclei and identified the main sources of backgrounds. We stress that although
the current experimental approach meets several technical challenges, but it should not be
hopeless in the long run.

8.4.2 Prospects for Sterile Neutrino Dark Matter Direct Detection (Author: A.
J. Long)

Two strategies for direct detection will be discussed: neutrino conversion on atomic electrons
and neutrino capture on beta decaying nuclei. Conversion refers to the scattering v4 + e~ —
v;+e~ in which a sterile neutrino (heavy mass eigenstate) v4 becomes an active neutrino (light
mass eigenstate) v;, and the signal is an electron that recoils with momentum of order the
sterile’s mass p. =~ my4. Capture may occur when a neutrino is incident on a beta decaying
nucleus, v + N(A,7Z) — e~ + N'(A,Z + 1), and the signal is a peak in the beta decay
spectrum at AE. ~ my4 above the endpoint. The leading-order Feynman graphs are shown
in Fig. 54.

The prospects for relic sterile neutrino detection through the neutrino conversion process
was studied by Ando & Kusenko (2010) [973|. In the laboratory frame, the spin-averaged
scattering cross section is given by [973]

G2 |Ues|?
2UplVe 2( 2 2
Tcony = 4" —5———mj (¢t +3c%) , (8.26)

where v ~ 1073¢ is the sterile neutrino velocity, and the active-sterile mixing is assumed to
be dominated by the matrix element U.4. Averaging the spin of the non-relativistic neutrino
vy brings a factor of 1/2 that had not been included in Ref. [973]. The momentum transfer is
Pe ~ my, and if the corresponding de Broglie wavelength exceeds the atomic radius, h/(pe) 2
1078 cm or my < O(10keV), then the neutrino interacts coherently with all the electrons in
the atom, which enhances the cross section by a factor of the squared atomic number, Z2.
Consider an experiment consisting of IV target atoms that each have atomic number A,
and thus the total mass of the target is M ~ N Au with u the atomic mass unit. The rate
of sterile neutrino conversions is given by I'cony & Oconvtn4N where ny is the density of vy
at the Earth. If sterile neutrinos make up all of the dark matter, then ny ~ ppy/m4 where
pom =~ 0.3GeVem™ is the local dark matter energy density inferred from stellar motions
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Figure 54. The leading order Feynman graphs contributing to the neutrino conversion (la and 1b)
and neutrino capture (2) processes.

[976]. The expected signal rate at a Xenon-based detector (Zx = 54 and Ax, = 131) using
M =~ 1000 kg of target material is approximately

1 [ |Ues)? my ZN\N* (AN '/ M
Paome ~ (0531~ [ | ) I (e ) 2
conv = (0-5yr )<1o—6) <10keV) (54) 131 10° kg (8:27)

The recoiling electron carries a kinetic energy T, ~ m?2/(2m.) ~ (98 eV)(m4/10keV)2. With
sufficient energy, the electron can ionize nearby atoms producing a detectable signal. It has
recently been suggested that a WIMP direct detection experiment could have sensitivity to
sterile neutrino dark matter in this channel [886].

The capture of neutrinos on beta decaying nuclei was originally proposed as a strategy
to measure the cosmic neutrino background [977, 978]. The same channel may be used
to detect the heavier sterile neutrinos, and this possibility has been explored recently by
Refs. [965, 966, 969]. In the laboratory frame, the spin-averaged cross section for neutrino
capture is given by [979]

G%«“|Ue4|2

Ocap = |Vud|*F(Z, E,) e

Eepe ({fr)* + (94/9v)*(ge1)?) - (8.28)
Here V4 ~ 0.974 is the first element of the CKM matrix, F|(Z, E,) ~ 1 is the Fermi function,
and the parenthetical factor contains combinations of nuclear matrix elements that evaluate to
=~ 5.5. The cross section in Eq. (8.28) differs by a factor of two from earlier calculations [967,
968|, and it can be understood to arise from the non-relativistic nature of the neutrinos [979].
Reference [967] surveyed various beta-decaying nuclei and found that tritium is favorable
for a neutrino capture experiment because of its relatively large cross section (ocap =~ (4 X
107 cm?)|Ues|?(c/v) for my < Qp ~ 18.6keV) and long lifetime (7 ~ 12yr). We will focus
on this case for the following discussion. In an experiment using Mt =~ 10kg of tritium for
target material, the expected capture rate is

N 1y [Uea]? my 1 ( Mt
Peap = (0331 )<10—6> (10keV) <10kg> ‘ (8.29)

In comparing neutrino conversion and neutrino capture, Eq. (8.27) and (8.29), the former is
better suited to the detection of heavy neutrinos and the latter to lighter ones. It should
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be noted that the fiducial detector size, Mt = 10kg, represents a significant fraction of the
global tritium supply, but since most tritium is manmade the amount can increase in the
future.

In a neutrino capture experiment, one would seek to measure the beta decay spectrum,
and the signal of the relic sterile neutrinos would be a peak in the spectrum at an energy
AFE. =~ my4 above the beta decay endpoint. Such a measurement poses a number of experi-
mental challenges. First, the electron energy must be measured sufficiently precisely so as to
distinguish the signal electrons from the background of beta decay electrons. The energy reso-
lution of the detector should satisfy dE. < my [967, 968, 979]. Second, efforts should be made
to detect every capture event since the signal rate is expected to be low. This concern favors
an experimental design with large angular coverage. Additionally it disfavors a cut-and-count
strategy, such as measuring the spectrum with a MAC-E filter, which might eliminate poten-
tial signal. Third, solar pp neutrinos will scatter from atomic electrons producing a smooth
component to the beta decay spectrum that extends above the endpoint. Generalizing the
result of Ref. [972] for tritium, the rate of pp background events in an energy bin of width
AE, is estimated as T, ~ (107*yr™')(AE./10eV)(Mr/10kg). This background is smaller
than the signal rate in Eq. (8.29) provided that |Ues|? = 10~19(my/10keV).

Perhaps the most confounding experimental challenge is the issue of backscatter. While
backscatter is already a problem for beta decay experiments aiming to measure the endpoint
with high precision, the problem is only exacerbated for a neutrino capture experiment, which
requires many more nuclei to act as target material. After the capture event has occurred,
the recoiling electron might scatter on one (or many) of the tritium atoms before reaching the
detector where its energy is measured. The cross section for inelastic electron-tritium scat-
tering is oo ~ 10718 cm? [903] and assuming a homogenous gas of tritium in cubical volume
L3, the mean free path is given by A = 1/(cernt) ~ (10~*cm)(L/100 cm)? (M1 /10kg) 1. If
A > L a large number of scatterings can occur, and their collective effect is to broaden the
electron spectrum. Determining an acceptable degree of broadening depends on a number
of factors, such as the anticipated signal rate, background rate, and energy resolution. Even
if the electron-tritium scattering is avoided, one may worry about the scattering of signal
electrons on the beta decay electrons, which are produced at a rate ~ 10'® s™1(M7/10kg).

For both the conversion and capture processes discussed here, the scattering cross sec-
tion is inversely proportional to the relative neutrino-detector velocity, i.e. o o 1/v in
Egs (8.26) and (8.28). This should be contrasted with the elastic scattering of a weakly in-
teracting massive particle (WIMP) on a nucleus for which the cross section is independent of
v. Unlike WIMP scattering, the predicted neutrino signal rates in Eqs (8.27) and (8.29) are
insensitive to the velocity distribution of sterile neutrinos in the galaxy (halo model). For the
same reason, the capture rate is not expected to display an annular modulation due to the
relative motions of the Earth and the solar system [968].

In closing, it should be noted that the fiducial neutrino mass and mixing used here,
my ~ 10keV and |Ug|? ~ 1075, are already excluded by X-ray observations, which impose
|Ues? £ 10710 at my ~ 10keV. The X-ray bound weakens for lighter neutrinos, |Ug|? < 107°
at my ~ 1keV, where the allowed region of parameter space may be probed using the neutrino
capture strategy. Nevertheless, a direct detection even in the excluded parameter regime
would be an interesting possibility: not only would it provide evidence for the sterile neutrino
interpretation of dark matter, but it would also hint at new physics, which is required to
bring the measurement in agreement with the X-ray bounds.
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8.5 Search for heavy sterile neutrinos with SHiP (Author: R. Jacobsson on
behalf of SHiP)

The keV range sterile neutrino is a cornerstone in the vMSM [186, 188, 189] which is one
of the models that will be explored by the Search for Hidden Particles (SHiP) experiment.
The vMSM is a low-scale seesaw model which is based on introducing three right-handed
sterile neutrinos, also referred to as Heavy Neutral Leptons. It assumes masses for the sterile
neutrinos which are similar to those in the quark and charged lepton sector. The keV range
sterile neutrino provides a decaying form of dark matter. The other two sterile neutrino are in
the GeV range allowing them to produce the expected pattern of neutrino flavor oscillations
and masses, and allowing them to generate baryon asymmetry of the Universe via leptogenesis.
In order to guarantee sufficient production of keV sterile neutrinos at around temperatures
of 100 MeV in the Universe, the heavier sterile neutrinos are required to produce a large
lepton asymmetry which survives down to these temperatures. This allows making a natural
connection in the vMSM between the GeV masses for the two heavier sterile neutrinos and
the constraints on the keV DM sterile neutrino. In these respects the vYMSM is one of the
most economical extensions of the Standard Model which simultaneously allows accounting
for neutrino masses and oscillations, baryogenesis, and dark matter.

In the vMSM the sterile-active neutrino mixing leads to production of the heavier sterile
neutrinos in weak decays of hadrons, making them accessible in an accelerator based experi-
ment. The same mixing gives rise to decays to SM particles. As a consequence of the small
mixing angles allowed in the ¥YMSM and the interesting mass range, the lifetimes are in the
order microseconds to milliseconds. For the keV sterile neutrinos, the upper limit on the
Yukawa coupling means that its production is completely negligible in an accelerator based
experiment.

More generally, the YMSM is part of a large class of models [402] with portals to a Hid-
den Sector which addresses the shortcomings of the Standard Model including inflation, the
hierarchy problem etc, without involving a new scale. Instead they are based on introducing
very weakly interacting particles such as Majorana leptons, dark photons, dark scalars or
axion-like particles (ALPs) with masses below the electroweak scale. Even in the scenarios in
which BSM physics is related to high mass scales such as SUSY, many models contain degrees
of freedom with suppressed couplings that stay relevant at much lower energies. For exam-
ple, in the extensively studied MSSM, the existence of light neutralinos and some other light
SUSY particles has not been excluded. Motivated by dark matter phenomenology, hidden
sectors have also been introduced in weak-scale supersymmetric models with gauge mediated
or gravity mediated SUSY breaking. If the SUSY breaking feeds into the hidden sector only
via some suppressed mechanism such as gauge kinetic mixing, a GeV scale mass spectrum for
the hidden sector may be dynamically generated [980, 981].

Given the small couplings and mixings, and hence typically long lifetimes, the hidden
particles have not been significantly constrained by previous experiments, and the reach at
current experiments is limited by both luminosity and acceptance. The strongest bounds on
the interaction strength of new light particles exist up to the mass of the kaon. Above this
scale the bounds weaken significantly. SHiP is a new type of intensity frontier experiment
motivated by the possibility of searching for any type of hidden particles with masses from
sub-GeV up to O(10) GeV with super weak couplings down to 107!°. Consequently, SHiP
has also a complementary sensitive to a part of the SUSY low-energy parameter space.

As with the GeV range sterile neutrino, many of the hidden particles in the same mass
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Figure 55. Overview of the SHiP experimental facility.

range are produced in the decays of heavy hadrons. In addition, the coupling of the dark
photons and the ALPs to gauge bosons means that they may also be produced through
photons: dark photons from proton bremsstrahlung, electromagnetic decays of mesons, as
well as through direct QCD production, and ALPs through Primakoff production.

The key experimental parameters in the phenomenology of the Hidden Sector models
are relatively similar. This allows a common optimization of the design of the experimental
facility and of the SHiP detector (Figure 55) [982|. Since the hidden particles are expected to
be predominantly accessible through the decays of heavy hadrons and photon interactions, the
facility is designed to maximize their production and the detector acceptance while providing
the cleanest possible environment. The proposal locates the SHiP experiment on a new beam
extraction line which branches off from the CERN SPS transfer line to the North Area. The
high intensity of the 400 GeV beam and the unique operational mode of the SPS provide ideal
conditions. The current design of the experimental facility and the estimates of the physics
sensitivities assume the SPS accelerator in its present state. Sharing the SPS beam time with
the other SPS fixed target experiments and the LHC allows producing 2 x 10?° protons on
target in five years of nominal operation. In order to maximize charm and beauty production,
and the production and interactions of photons, while minimizing the neutrino background
from pions and kaons, the choice of the target material is driven by the requirement of high
atomic mass number, high atomic number, and short interaction length. Currently the target
is a hybrid design of a molybdenum alloy and pure tungsten. As a result, with 2 x 10%°
protons on target, the expected yields of different hidden particles greatly exceed those of any
other existing or planned facility in decays of both charm and beauty hadrons.

The target is followed by a hadron stopper and an active muon shield which deflects
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the high flux of muon background away from the detector. The detector for the hidden
particles is designed to fully reconstruct their exclusive decays and to reject the background
down to below 0.1 events in 2 x 10?° protons on target. The detector consists of a large
magnetic spectrometer located downstream of a 50m long and 5m x 10m wide decay volume.
In order to suppress the background from neutrinos interacting in the fiducial volume, it is
maintained under vacuum. The spectrometer is designed to accurately reconstruct the decay
vertex, the mass, and the impact parameter of the decaying particle at the target. A set of
calorimeters and muon chambers provide identification of electrons, photons and muons, and
pions. A dedicated high resolution timing detector measures the coincidence of the decay
products which allows rejecting combinatorial backgrounds. The decay volume is surrounded
by background taggers to veto neutrino and muon inelastic scattering in the surrounding
structures which may produce long-lived SM V? particles, such as K7, etc.

o
&

HNL coupling to SM U?
[

o
=1
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STy 1 1 Lol | 1 L
10
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Figure 56. Sensitivity to the heavier sterile neutrino (HNL) as function of the mass in the scenario
with inverted mass hierarchy for the active neutrinos and Yukawa couplings with electron flavour
dominance [982]. The region left of the “BBN” line is excluded by constraints from primordial nu-
cleosynthesis, the region below the “seesaw” line is inconsistent with neutrino oscillation data. The
baryon asymmetry of the universe can be explained in the region between the “BAU” lines, The green
lines indicate upper bounds from past experiments. An updated global analysis of these constraints
can be found in Ref. [983].

With 2 x 10%° protons on target, the experiment is able to achieve sensitivities which
are up to four orders of magnitude better than previous searches. As shown in Figure 56, for
sterile neutrinos below the mass of the D-meson, SHiP can probe the cosmologically interesting
region of parameters and approach the lower limit in couplings, determined by the neutrino
oscillations. Such an experiment would clearly be an essential complement to the searches for
Dark Matter in astroparticle physics experiments and for new physics in accelerator based
experiments.
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9 Discussion - Pro and Cons for keV Neutrino as Dark Matter and Per-
spectives

Section Editors:
Marco Drewes, Thierry Lasserre, Alexander Merle, Susanne Mertens

Although well established by many astrophysical observations the nature of Dark Matter
(DM) still remains a mystery. Only a modest fraction of (hot) DM is made of neutrinos
and the Standard Model (SM) of elementary particle physics does not provide any relevant
non-baryonic candidate. Hence theories beyond the SM have to be explored.

The most popular candidates are Weakly Interacting Massive Particles (WIMPs), often
associated with 100 MeV — 10 TeV neutralinos in supersymmetric extensions of the SM. So
far, no direct DM search experiment has conclusively reported any WIMP detection but
the experimental methods are progressing fast. Indeed, direct detection experiments may
exclude WIMPs as a relevant DM candidate in the coming years. This hypothetical but
plausible scenario is adding a further motivation for in-depth investigation of alternative DM
candidates.

In this White Paper we have attempted to provide an up-to-date comprehensive doc-
ument reviewing the case of keV-scale sterile neutrinos as DM candidates. In particular we
cross-linked the expertise from astrophysicists, cosmologists, nuclear and particle physicists,
reviewing particle physics theories as well as cosmological models, and confronting them with
astrophysical observations.

What is the current situation?

Sterile neutrinos could indeed account for the DM. Section 1 shows that their existence
is well motivated in several extensions of the SM. These new elementary particles act as
right-handed neutral fermions only interacting through their mixing with active neutrinos
(expected to be tiny, however) or if further new particles exist to which they could couple.
Although right-handed neutrinos are well-motivated, no theory can predict their exact mass
scale. It is an important point to underline that the DM relevant keV-scale only arises when
taking into account astrophysical and cosmological considerations.

Over the past 15 years a robust cosmological model has been established, combining the
theory of the General Relativity and the SM of elementary particles. This model includes
a DM component which is still unknown but characterized by its lack of electromagnetic
interaction. Its velocity dispersion is not too large, which is why it is typically assumed to be
cold DM (CDM) — although in fact we have not sufficient observational evidence to conclude
anything beyond DM not being hot. Finally, to reproduce all large-scales observations, a non-
vanishing vacuum energy is mandatory, leading to the so-called ACDM cosmological model.
Section 2 first reviews the role of the three standard model neutrino flavors in this cosmological
framework and then discusses the consequences of incorporating sterile neutrinos. Indeed
cosmology could accommodate for their existence, especially at the keV-scale and beyond.

In relation to keV-scale sterile neutrino motivations, the entanglement between the type
of DM (particularly its velocity) and the formation of structures in the Universe, at all-scales,
is of upmost importance. While the current cosmological model perfectly fits the data for
galaxy clusters and scales beyond, Section 3 discusses observational at galactic scales and

— 187 —



their comparison with the ACDM predictions. In CDM models every DM halo contains ever
increasing number of smaller and smaller mass substructures. However, when compared to
observations some discrepancies arise at scales smaller than 10 kpc. Too few dwarf satellite
galaxies are yet observed compared to what CDM settings predict, leading to the so-called
missing satellite problem. Furthermore, the number of the largest dwarf satellite galaxies is
less than expected from CDM-based simulations, making the astrophysical feedback explana-
tion problematic and leading to the too-big-to-fail issue. Finally, some observations seem to
favor a galactic center with a cored profile, while CDM simulations predict a cuspy matter
distribution with a large rise in matter density at the innermost regions. Although astrophys-
ical feedback effects or refinement of the simulations to fully include baryonic feedback could
perhaps solve these CDM issues, as-of-yet no consensus has been reached in the community.
Interestingly, the apparent discrepancy could also arise from alternative DM physics if the
candidate particle velocity distribution is not cold but rather warm or even non-thermal.
This fact motivates the keV mass scale for sterile neutrinos, as it marks a departure from the
standard CDM scenario.

Astrophysical observations strongly constrain sterile neutrino DM, as shown in Section 4.
The solid Tremaine-Gunn bound indicates that sterile neutrinos need to have masses greater
than ~ 0.5 keV. Putting aside the tentative signal for now, another strong astrophysical bound
comes from the non-observation of the monoenergetic X-rays induced by the decay of sterile
neutrinos. This limit generically forces the relevant mass range to be within a few tens of keV.
Nevertheless, as just hinted, two groups have independently reported a hint for a 3.5 keV X-
ray emission line that could be related to a 7 keV relic sterile neutrino with an active-sterile
mixing angle of sin?(20) ~ 107!° a tiny value that has important consequences when it
comes to experimental considerations. This observation, at the cutting edge of the best X-ray
telescope sensitivities, is being discussed and debated meticulously in Section 4.3.2. Further
interesting constraints arise from the analysis of Lyman-« forest data. These bounds however
rely heavily on the actual DM velocity spectrum, as they ultimately track the structures grown
in space. The reader should be aware that, in some of models, the DM velocity spectrum
significantly deviates from a thermal spectrum. Consequently, keV-sterile neutrinos could act
as warm, cool, or even cold DM, thus possibly circumventing current Lyman-« constraints
and/or X-ray bounds, as published.

Section 5 reviews how sterile neutrinos could have been produced in the early Universe,
within the framework of extensions of the Standard Models of particle physics and cosmol-
ogy. The so-called Dodelson-Widrow (DW) mechanism is the simplest way to produce sterile
neutrinos, but in contradiction to astrophysical observations. However, resonantly enhanced
oscillations in the early Universe driven by a net lepton number asymmetry in the early Uni-
verse (Shi-Fuller mechanism) are easier to bring into accordance with observations, and they
could also explain the 3.5 keV X-ray signal. Another alternative relies in the decay of a new
particle at early times. This could be the inflaton or also a more general electrically neutral
or charged particle that may be produced from the primordial plasma. Again, current X-ray
and Lyman-a bounds could be evaded for some of these alternative production mechanisms.
Finally, beyond the SM of elementary particle physics, thermal production of sterile neutrinos
could have happened if accompanied with a strong subsequent entropy dilution. The impor-
tant message of this section is that several possibilities beyond ordinary thermal freeze-out
do exist to produce sterile neutrino DM. They may partially lead to rich non-thermal spectra
beyond the simple cold, warm, or hot scenarios. While this complicates the conversion of the
astrophysical observables into sterile neutrino mass and mixing parameters, it may also help
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to distinguish between the various models.

Section 6 turns to particle physics, discussing mechanisms generating keV-scale sterile
neutrinos. Typically this scale it not only regarded as “unnatural”, but it is also not desired
for all the sterile neutrinos in order to match the phenomenology of active neutrino masses
and mixings. This is achieved by forcing the mass of only one sterile neutrino to be smaller
than those of the others, either by perturbing a framework in which this mass is naturally
zero or by suppressing one mass compared to the others. Different models achieving a suitable
mass spectrum exist in the literature. The most interesting ones link the properties of the
sterile neutrinos to those of the active neutrinos, e.g. by predicting correlations between
light neutrino observables, such that a more precise determination of the neutrino oscillation
parameters could be used to indirectly test sterile neutrino scenarios.

The final sections look at the current and future searches for keV-scale sterile neutrinos,
both with astrophysical (Section 7) and with laboratory (Section 8) experiments. On the
astrophysical side, two direct observations are extremely promising: X-ray searches and the
Lyman-« forest data. Both are going to be improved significantly in the near future, with the
delivery of new data awaited from more sensitive instruments. But the interpretation of these
results could still remain somewhat ambiguous, since it ultimately relies on the DM model
being considered. Other indirect observations may further constrain the current panorama,
like pulsar kicks or supernova explosions, but they unfortunately lack a smoking gun signature
to corroborate any positive detection. While many experiments are currently searching for
WIMPs, there is no ground-based laboratory to test the existence of keV sterile neutrinos of
cosmological interest. However, several studies or R&D have been initiated in this direction.
In particular experiments based on single beta decays, electron capture, or neutrino capture
processes could probably reach reasonable sensitivities, although only at the upper bound
of the cosmologically relevant region in terms of mixing. Nevertheless future experimental
advances may lead to serious new insights into the field in the future, but the question remains
open whether a laboratory searches could eventually explore sterile neutrino mixings of less
than 1 part per million.

In this White Paper we have presented state-of-the-art insights and we have summarized
different viewpoints, sometimes conflicting within the community. A summary of all generic
constraints on keV sterile neutrino DM is presented in Fig. 57. The figure shows the sin?(26)—
M plane, where the sterile neutrino mass Mj is displayed in units of keV and the total mixing
angle is defined by 62 = D o—e it |001]2. The strongest bound on sin?(26) is derived from the
non-observation of X-ray photons from sterile neutrino decay (e.g. [345-347, 485, 572, 602,
616, 617], see Secs. 4.3, 7.1, and 7.2 for a complete list of references). This excludes the region
above the green line. For very small sterile neutrino masses, the main upper bound on the
mixing angle arises from not producing too much DM by non-resonant production [177, 320],
cf. Secs. 5.1 and 5.2. The correct DM density is produced for any combination of M; and
sin?(260) along the yellow-gold line, above this line DM is overproduced. Weaker bounds
arise from constraints on the effective number of relativistic species Nog at the time of CMB
decoupling (“dark radiation”, red dashed line) [1]. A deviation of Neg from its SM prediction
Negg = 3.046 [262] appears in case the keV sterile neutrino is not actually DM, but instead
decays into some type of invisible radiation (e.g., lighter sterile neutrinos) [984]. This region is
in fact contained in the parameter space, as for large enough active-sterile mixing, already the
decay modes N1 — 3v and N — v+ induced by active-sterile mixing enforce a sterile neutrino
lifetime smaller than the age of the Universe (black dashed line). The most optimistic regions
for the KATRIN/TRISTAN [909, 910] (purple line, cf. Sec. 8.2) and ECHo [960] (brown line,
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statistical sensitivity for 3 years, cf. Sec. 8.3) are displayed, this time assuming that the full
mixing is contained in the electron sector (6 = 6.1). The newest idea for a possible lab
detection is based on relic keV sterile neutrinos enabling sterile neutrino capture transitions
of the otherwise stable isotope Dy-163 [985], which may be the most promising given that it
is scalable without the use of radioactive material. Example sensitivities are indicated by the
blue lines in the plot.

The most model-independent constraint on M7 comes from the phase space constraint
on fermionic DM [311, 312], i.e., from the Tremaine-Gunn bound [75], see the gray-shaded
area on the left of the plot (this bound becomes stronger when a particular production mech-
anism is assumed, see [311]). Taking into account the Lyman-a forest data (see Sec. 7.3),
the lower bound can be considerably strengthened. These tighter bounds, however, have
theoretical and observational uncertainties [59, 331, 538]. In particular, at small scales the
neutral hydrogen stops following the underlying DM distribution due to its pressure and
temperature. The limits on non-cold DM settings thus become strongly degenerate with the
temperature of the intergalactic medium that has not been independently constrained at high
redshifts [538]. By the orange dashed lines, we indicated bounds based on the Lyman-a con-
straints based on [538], with primordial distribution functions from scalar decay production,
see Sec. 5.3 (663, 664, 670, 686, 730, 747| and resonant production [314, 316, 317, 691|, see
Secs. 5.1 and 5.2. If in the future the temperature of the intergalactic medium will be measured
(e.g. via the broadening of individual lines, [868]) and found sufficiently high, the considerably
stronger bounds from [331] would be applicable (found e.g. in [740]). The bounds from halo
counting (comparison between the observed number of dwarf satellite galaxies around the
Milky Way and theoretical predictions) provide restrictions on sterile neutrino parameters,
similar to those from the Lyman-a bounds shown in Fig. 57. However, such bounds have
intrinsic systematic uncertainty, due to the strong scatter in galactic halo realizations in nu-
merical simulations (see e.g. the discussion in [534, 535]) and the fact that we do not know
observationally how typical the Milky Way (or the Local Group) and its satellite distribution
is.

We note in passing that the statement in the recent paper from NuSTAR [621] of these
bounds practically closing the parameter space for sterile neutrino Dark Matter is clearly
too strong, as such a bound depends on the production mechanism. Since resonant produc-
tion is driven by the presence of a lepton asymmetry in the primordial plasma that is much
larger than the baryon asymmetry, a lower bound on sin?(26) can in principle be derived
by estimating the asymmetry that can realistically be generated [398] and is consistent with
known constraints from BBN [261, 986]. We do not display such a bound because the lepton
asymmetry is strongly model-dependent. Based on the results displayed here, scalar produc-
tion leads to slightly cooler spectra — hence the less restrictive lower bounds on M; for that
production mechanism. This means that, if the 3.5 keV line signal survives after all, or if a
new signal shows up, one could possibly distinguish the different production mechanisms by
constraints from cosmic structure formation [688].

We would like to end this journey by emphasizing that the field of keV-scale sterile
neutrino DM is still in development. Many observations, simulations, or theoretical results
have to be clarified and it remains an open question whether keV-scale sterile neutrinos exist
and if they account for a significant part of the DM in the Universe. Our common goal for the
future shall thus be to continue improving the current picture by corroborating theoretical
and observational information from all sides: nuclear and particle physics, astrophysics, and
cosmology.
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Figure 57. Summary of experimental and observational constraints on keV sterile neutrino Dark
Matter.
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