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We reanalyze data collected with the DarkSide-50 experiment and recently used to set limits on the spin-
independent interaction rate of weakly interacting massive particles (WIMPs) on argon nuclei with an
effective field theory framework. The dataset corresponds to a total (16660 + 270) kgd exposure using
a target of low-radioactivity argon extracted from underground sources. We obtain upper limits on the
effective couplings of the 12 leading operators in the nonrelativistic systematic expansion. For each
effective coupling we set constraints on WIMP-nucleon cross sections, setting upper limits between
2.4 x 107 cm? and 2.3 x 107* cm? (8.9 x 10™ cm? and 6.0 x 107#? cm?) for WIMPs of mass of
100 GeV/c? (1000 GeV/c?) at 90% confidence level.

DOI: 10.1103/PhysRevD.101.062002

I. INTRODUCTION

Astrophysical and cosmological observations show that
most of the matter in the Universe is dark and nonbaryonic,
whose intrinsic nature is still unknown [1-3]. Compelling
theoretical models assume that dark matter consists of
weakly interacting massive particles (WIMPs), a simple
hypothesis able to explain the most crucial phenomenology
[4] with relative ease, like rotation curves of spiral galaxies,
the observations of anisotropies of the cosmic microwave
background, gravitational lensing at galactic scale, and the
big-bang nucleosynthesis. Present theoretical research
describes the interaction between WIMPs and target nuclei
in terms of effective field theory (EFT) operators [5—7]. The
lowest-order term in a systematic nonrelativistic expansion
is an interaction that does not depend on the relative
velocity v of the incoming particle or on the momentum
transfer g, which can be parametrized by spin-independent

fDeceased.
"Present address: AstroCeNT, Nicolaus Copernicus Astro-
nomical Center of the Polish Academy of Sciences, Poland.

(SI) and spin-dependent cross sections. The SI cross section
is the only one relevant for spin-zero nuclei and, if WIMPs
interact coherently with all nucleons, it is enhanced by a
factor equal to the mass number A relative to incoherent
cross sections like the spin-dependent cross section.

The standard SI WIMP-nucleus interaction in the galac-
tic standard halo scenario [8—10] is the benchmark that is
used to compare different experiments. The physical
interpretation of the observed results changes under differ-
ent hypotheses for the interaction. Such a consideration is
important given the present unclear experimental land-
scape. On the one hand, DAMA [11,12] recorded a signal
that is interpreted as collisions of WIMPs with mass of a
few tens of GeV/c? and the CDMS 1I-Si [13] result appears
to be better fitted by a model with WIMPs than by one with
only reasonable backgrounds. On the other hand, the lack
of signals in other experiments, such as Xenonl100 [14],
LUX [15], PANDAX-II [16], and XENONIT [17]
seems to contradict the existence of WIMPs of this mass,
if the SI interaction is coherent and independent of the
nucleus [18]. WIMP-nucleus interactions that differ from
the lowest-order SI one could alleviate the tension between

062002-2
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experiments that use different target nuclei. In fact, cross
sections from other operators can depend on characteristics
of the target nuclei besides the mass number A. In
particular, they can uniquely depend on the WIMP mass
and velocity yielding interaction rates that span many
orders of magnitude [19-24].

In this work, we briefly review the main ideas underlying
a general classification of operators and form factors that
can appear in WIMP-nucleus interactions. We then focus
on an argon target and, specifically, to the DarkSide-50
dataset [25].

II. EFFECTIVE FIELD THEORY EXPANSION
FOR LIQUID ARGON NUCLEI

Following the model independent approach to WIMP-
nucleus scattering that uses a Galilean-invariant EFT and
the notation of Ref. [7], the interaction between two
particles with nonzero masses can be reduced to a linear
combination of 15 operators, if we assume, in analogy with
the standard analysis for the SI interaction, that coupling
coefficients c; are equal for protons and neutrons (isospin
independent interaction):

15
OimEZCiOi- (1)
i=1

This assumption makes it possible to compare limits from
experiments that use different target nuclei. Providing
limits on specific dynamical WIMP interaction models
or combining future positive WIMP signals from different
target nuclei to gain information on the isospin content of
the interaction requires twice as many operators and
corresponding couplings.

Seven operators contribute to the nuclear matrix ele-
ments of the interaction of a WIMP with the spin-zero
nucleus of “*Ar:

Oy =S5, vt
<. 4
Ollzlsz'm_N

where my is the nucleon mass, g}( and S y are the WIMP
and the nucleon spins, ¢ is momentum transfer in the

collision, and 7+ =79 — §(¥- §)/q* = ¥ + G/ (2ur) is the
transverse relative velocity. The last equality follows from
energy conservation and uy = (m,mr)/(m, +mg) is the
reduced mass between a WIMP of mass m, and a target
nucleus of mass my. Operators O, and O;5 can appear
only for mediators with spin greater than one. Since the
typical energy transfer in WIMP-nucleus collision is much
lower than the nuclear binding energy, and the collision is
essentially nonrelativistic, the differential elastic cross
section can be naturally organized so that nuclear and
particle physics factorize [7] as follows:

d"N 2’”T =12 00 (72
T = 2w (5 )
2 WOO - WOO
S ZR" u’_ 00( ) (3)
Wiz (0)
where Ex = g*/(2my) is the nucleus recoil energy, my is

the mass of the target nucleus, the R,’s are the WIMP
response functions, which depend parametrically on the
operator coupling coefficients {c;}, and the Wgo are the
corresponding nuclear response functions. These response
functions generalize the standard form factor, which
reflects the finite size of the nucleus, by taking into account
the velocities of the nucleons. The “00” superscript
indicates the isoscalar-isoscalar combination, as in
Ref. [7]. For spin-zero nuclei, three response functions
appear, k = M, ®", or M®" using the notation of Ref. [7]. If
only ¢y, the coupling of the SI operator Oy, is different from
zero, then only Ry = ¢} appears. In this case Eq. (3)
reduces to the standard SI result:

doy 2mypc? - A6y mpy WO(?)
EON (gov) = TD yiogay = 20T Tnd ) -y
dER (q U) U2 M(q ) le\/ 21}2 Wg?(()) ( )

where we have defined the WIMP-nucleon cross section

, AW9(0)
A

(5)

2
oy = ciuy

with py the WIMP-nucleon reduced mass and A the mass
number. The normalized response function, W%(g?)/
W9(0), corresponds to the square of the form factor that
is often parametrized using the Helm form factor [8].
When a more general interaction is considered, the
response functions R;’s can be dependent on the momen-
tum transfer and on the relative velocity of the incoming
particles. One can classify the various contributions to the
differential cross section according to the powers of §> =
2myEg and 72 that appear in the WIMP response
functions R;. Equations (37) and (38) in Ref. [7] show
the contributions to the elastic differential cross section in

062002-3
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Eq. (3). These contributions have the following powers of
g*> and 7%

(i) the WIMP response function R}, which multiples
the nuclear response function W9, has four terms,
proportional to 1, g%, 72, and ¢* - v*2;

(i1) the WIMP response function Rgg, which multiples
the nuclear response function W%Q, has three terms,

proportional to g%, g*, and g°;
(iii) finally, the WIMP response function R(/:/quf’ which
multiples the nuclear response function Wﬁ;’ ., has

two contributions proportional to g2, and g*.
Since in the kinematic regime of interest higher powers of
g* are expected to be subdominant, we choose to leave out
the term proportional to g°. The EFT expansion in Eq. (4) is
left with eight contributions that differ because they have
different powers of g> or 72 or different nuclear response
functions.

If we include the possibility that the interaction mediator
could be much lighter than the momentum transfer and,
therefore, that the differential cross section could contain an
additional factor proportional to (A/q)* with A a momen-
tum scale, we find eight additional possibilities for a total
of 16 possible combinations of powers of g> or 72
and nuclear responses. A similar classification of the
possible interactions have been proposed in Ref. [26].
Reference [26], however, considers also terms proportional
to 74, but such terms do not arise in EFT [see Eq. (38) in
Ref. [7]], and does not take into account that additional
operators could probe different form factors. Given a
specific theoretical model, where the ratios between all
the couplings c; are given, we could make an exclusion
curve as a function of an overall scale of the interaction. In
the standard approach only c; is assumed different from
zero. In the same spirit of probing a single coupling at the
time, this work shows results for the cases when only one
coefficient in the expansion in Eq. (1) is different from zero.
Table I lists the 12 remaining terms of the expansion: the
four terms that multiply the mixed nuclear response
function M®" have not been considered, since they appear
when at least two c; are different from zero. Note that, in
principle, the power-counting classification and the implied
relative importance of the different contributions could be
modified by QCD effects; see, for instance, the chiral EFT
in Ref. [27], or by fine-tuning the c; parameters of the
nucleus-WIMP interaction. Each of the 12 terms of the EFT
expansion leads to a term in the differential cross section

do m g\ v\ .
—N<q,v>—2c%d,~—§(ﬂ) (— W@ (6)

dER v Uref
A%o;mr (g \2 (vt \P WP(G?)
=72 5.2\ P 00(()) ° (7)
125% 2v qref Uref WM(O)

where « =0, 1 or 2 and f = 0 or 1, d; are dimensionless
coefficients, which are explicitly given in the last column

TABLEI List of addition powers of ¢ and v relative to the SI
scalar operator in the nonrelativistic EFT expansion in Eq. (1) of
the differential cross section in Eq. (3), when only operators
contributing to spin-zero nuclei are considered and only one of
the couplings ¢; in Eq. (1) is different from zero. The first column
shows the c¢;’s, following the notation of Ref. [7], whereas the
second column shows the corresponding powers of g and v+
appearing in the WIMP response functions R, and finally the
third column lists the corresponding nuclear response functions
associated to the operator. The fourth column shows the dimen-
sionless coefficient d; that appears in Eq. (6), where my is the
nucleon mass, j, is the WIMP spin, and v, is relative to the
speed of light. The star * denotes cases with a light mediator with
propagator (A/q)*; the relations between the ¢7’s and ¢} are the
same as the case of the heavy mediator, but the ¢} change with
Gret 85 ¢f = ¢;(A/qs)? given the operator combination of

Eq. (1).
Operator R, Nuclear
coupling Expansion response d;
3 1 w9 1
2 A% w99 AVAR) (402
Gref 3 my
2 1\2 00 i (j,+1)
c v w LUy 2
8 (t:mf) M 3 ref
Cg 4 vt 2 W(X,IO Jr Gy +1) @)21}2
drer )\ Vret EN
C%z q)? WCODQ AV/AR)) (Gt 2
ref 12 my
2 4 00 L (Grer 4
c q we 1 (1)
3 i
( qmr> [ 4 \my
c? (qu) 4 w99
q
e (12" W
q
g (m 4 (z) 2 Wi
q LYI'C
C§2 (qrcf 2 (i) 2 Wg,?
q ref
2 Grer)2 00
c (4=t W
12 q o)
*2 00
C3 1 w p

of Table I and k labels the nuclear response function.
In analogy with Eqgs. (4) and (5) we have also defined a
cross section o; = c?d;(o,/c?) for each term and we have
introduced gq,; and v, typical momentum transfer and
velocity, in a direct dark matter phenomenology so that ¢; has
the dimension of a cross section. Specific theoretical models
fix the values of 6,/ (¢2% vfﬁ) A different choice would scale
i = 6i(qlos/ Gret) (Vs / Vi) . We present our results
using ¢ = 100 MeV/c and v, = vy = 220 km/s, the
standard halo local velocity. The nuclear response functions
WY and W?DQ for “°Ar have been taken from Ref. [28].

The total interaction rate R is obtained from Eq. (7) by
integrating over the recoil energy Ey in the experimental
window and over the WIMP velocities

d
R :Nrmix/dER/d%dLI;;(ER,v)vf(v), (8)
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Expected recoil-energy spectra of argon nuclei in DarkSide-50 from the interaction of 100 MeV /c?> WIMPs with the standard

halo model velocity distribution for five different EFT operators. Spectra include the acceptance of the detector and are arbitrary
normalized. Curve labeled (3) shows the standard spectrum corresponding to the SI operator, i.e., the form factor M in the adopted
notation. The other four curves correspond to (1) the nuclear response function M times the factor v2¢~*, (2) @" times ¢~2, (4) M times

the factor ¢2, and (5) @ times ¢*.

where Ny is the number of target nuclei, p=
0.3 GeV/(c?>cm?) is the local dark matter density, and
f(v) is a Maxwellian velocity distribution [8] with a cutoff
Vese = 344 km/s [9,10] and velocities v, = 220 km/s and
vp =232 km/s [18].

Since the DarkSide-50 experiment has not detected any
WIMP event, limits for each of the 12 cross sections o; are
given as a function of the WIMP mass M,,. Figure 1 shows
the normalized shape of the recoil energy for five selected
operators in an argon detector with the acceptance of
DarkSide-50 [25]. The solid curve (number 3) corresponds
to the standard SI operator. The other four curves are
examples which give the most extreme results in terms of
the final WIMP-nucleus cross-section exclusion limits for
each of the two response functions ® and M. Given
enough WIMP events the recoil spectrum should make it
possible to distinguish between different interaction mod-
els. A statistical analysis that takes into account the
different expected recoil spectra gives stronger exclusion
curves if background is present; this is not our case, since
the DarkSide-50 experiment has a total expected back-
ground after the selection of only about 0.1 events.

In the experimental realizations, the rate in Eq. (8) is
convolved with detector resolution and the energy scale
must be rescaled according to the relation

Q(Eg) = LY X Eg X L (ER), )

where Q(Ey) is the energy estimator, LY is the light yield
in photoelectrons (PEs) per keV and L. (Eg) is the

nuclear-recoil quenching. In this new variable Eq. (3)
becomes

R(Q). (10)

where R is the resolution function and ® denotes the
convolution product. The calibration of the energy scale for
nuclear recoils and the experimental resolution are briefly
described in the next section.

III. EFT LIMITS IN DARKSIDE-50 EXPERIMENT

The DarkSide-50 experiment, located at Laboratori
Nazionali del Gran Sasso (LNGS), following the results
of its predecessor DarkSide-10 [29], searches for nuclear
recoils (NRs) induced by WIMP scattering with a liquid
argon double-phase time projection chamber (LAr-TPC),
surrounded by a spherical liquid scintillator veto (LSV)
located in the center of a cylindrical water Cherenkov veto.
The active veto detectors are used for rejecting the
coincidences in the LAr-TPC induced by cosmic and
material radiation (see, for details, [30-36]). Two arrays
of 19 Photo Multipliers each of 3”, facing from the top and
the bottom the liquid argon active volume (~46.4 kg),
detect the primary scintillation light (whose signal is called
S1) and the gas scintillation from drifted ionization
electrons (whose signal is called S2). LAr intrinsic scin-
tillation characteristics allow us to reject electron recoils
(ERs), essentially beta and gamma events from back-
ground, at the level of 1.5 x 107 or even better [32].
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The particle identification is based on the fraction of
S1 detected in the first 90 ns from the pulse start time
(f9o parameter).

The DarkSide-50 experiment took data in two
campaigns: first, the atmospheric argon campaign, in which
the main features of the detector have been understood and
tested [32]; second, the underground depleted argon (UAr)
campaign in which the predicted characteristics have been
confirmed and the impressive reduction of the 3°Ar isotope
has been proven [31].

UAr was extracted in Colorado gas plants, purified
at Fermilab, and shipped to LNGS, during an intense
cooperation of many years [37]. The 3°Ar activity of
UAr is a factor (1.4 4 0.2) x 10 lower than the atmos-
pheric argon one, corresponding to an activity of
(0.73 £0.11) mBq/kg [31].

The TPC response calibration is performed with neutron
and gamma sources and with gaseous 83Kr injected into
the target volume [38]. The S1 scintillation efficiency of
nuclear recoils was measured with test beam experiments,
namely SCENE [39] and ARIS [40], and cross-calibrated
with AmBe and AmC neutron sources in DarkSide-50 [41].
The analysis uses both S1 and S2. S1 gives information on
the nature of the event and is the main energy variable.
However, a combination of S1 and S2 gives an energy
variable with better resolution and linearity, since the
deposited energy is shared between scintillation and ion-
ization. In addition, S2 determines the position and rejects
multiple scatter events. Reference [32] describes the
procedure to calibrate the nuclear-recoil energy scale from
the scintillation signal using the PE yield for nuclear recoils

of known energy measured in the SCENE experiment [39].
In summary, SCENE measures the ratio between the PE
yield from NR at 200 V/cm and that from 3*”Kr at zero
field. The DarkSide-50 zero-field PE yield for 3"Kr
(8.0 £ 0.2 PE/keV [25] measured at the peak energy of
41.5 keV) then gives the NR PE yield vs S1. We assume
constant NR PE yield above the highest SCENE-measured
energy, ~57.3 keV ;. Monte Carlo simulations estimate that
the overall S1 light collection efficiency, averaged on the
entire volume, is about ~16%. The analysis of the
DarkSide-50 data is performed in blind mode as explained
in Ref. [25]. The expected background events can be
classified into three categories: surface events, neutrons
(cosmogenic and radiogenic), and ERs. Surface events are
mostly rejected with fiducialization of the active volume,
neutrons are efficiently suppressed with the LSV, and ERs
are rejected with high efficiency using the foq, parameter.
The LSV, whose estimated efficiency is 0.9964 + 0.0004,
identified 4 neutron candidates. After the LSV cut, the
dominant background comes from ERs (0.08 4= 0.04 sur-
viving events). The fq, acceptance requires a relatively
large nuclear-recoil threshold energy. The final acceptance
is 60.9%, with a threshold energy =50 keV,, (see Fig. 10
of Ref. [25]) and the fiducial mass corresponds to
36.9 £ 0.6 kg. The number of expected surviving back-
ground events for the entire statistics, which corresponds to
(16660 + 270) kgd exposure, is 0.09 +£0.04 (for a
detailed summary see Table V of Ref. [25]). After the data
unblinding, no events were observed in the defined WIMP
search region, as shown in Fig. 11 (right) of Ref. [25].
The lack of observed events is consistent with up to 2.3
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: \

o [em?]

X 1078
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FIG. 2. DarkSide-50 90% C.L. exclusion curves on the cross section parameter o; for the 12 EFT terms as defined by Eq. (7). Going
from top to bottom, we see a group of four curves that correspond to the nuclear response function ® times ¢*, ¢>, 1, or ¢~2; then a
group of eight curves corresponding to the nuclear response function M times ¢, 1, g>v'2, g=2, v*2, g7>v'?, g™*, or g~*v*2. The solid

black curve represents the standard spin-independent limit that corresponds to the current limit published in Ref. [25].
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TABLE II.  Values of the cross section parameters o; for the 12
EFT terms as defined in Eq. (7) excluded at the 90% C.L. for two
values of the WIMP mass.

o; (cm?)
Model M, = 100 GeV/c? M, = 1000 GeV /c?
'l 2.3 x 1074 6.0 x 10742
g’ 1.6 x 1074 4.9 x 107*
P 1.0 x 10742 3.5 x 1074
g2’ 6.2x 1074 2.3 x 10742
*M 1.8 x 107* 55 % 1074
M 1.1 x 107+ 3.8 x 107#
v2gPM 1.2 x 107* 3.5 x 1074
qM 6.6 x 1074 2.5 x 107+
viZM 7.4 x10™% 2.5%x 1074
v12g72M 43 x 1074 1.6 x 10~+
g *m 3.7x 107% 1.5 x 107#
v2gM 24 x10™% 8.9 x 1074

WIMP-nucleon scatters expected at 90% C.L. and so can be
used to draw 90% C.L. exclusion curves for the o; cross
sections in terms of the 12 realizations enumerated in
Table I, using a simple cut and counts statistical technique.

Note that a general relativistic WIMP-nucleon interac-
tion can be expanded in the nonrelativistic EFT operator
base of Eq. (1) resulting in a linear combination of the terms
listed in Table I. However, the corresponding 90% C.L.
exclusion curve cannot be immediately deduced by the
individual curves for each NR operator.

There are two groups of curves in Fig. 2: the eight curves
at the bottom correspond to the standard spin-independent
coherent response function M, and the four curves at the
top correspond to the form factor @ and give much weaker
limits. This last form factor is related to spin-orbit coupling
mainly of the two unpaired neutrons and the two proton
holes in *°Ar and it is therefore about a factor (4/40)>
smaller than M. Within each group, the operator propor-
tional to the smaller power of g gets the stronger limit, since
the expected rates are higher when lower recoil energies
have larger weight. Table II shows the 90% C.L. limits for
the 12 cross sections for WIMPs of mass of 100 GeV/c?
and 1000 GeV/c?.

IV. CONCLUSIONS

We have reanalyzed the latest DarkSide-50 results with a
total exposure of (16660 +270) kgd in terms of the 12
leading effective operators naturally appearing in a non-
relativistic expansion. This extended set of operators leads
to 90% C.L. upper limits on the effective couplings that
parametrize the WIMP-nucleon interaction. These cou-
plings, one of which is the coherent SI standard interaction,
span many orders of magnitude. Figure 2 shows the
experimental constraints as a function of the WIMP mass

and in Table II the corresponding numerical values for
WIMPs of masses of 100 GeV/c? and 1000 GeV/c? are
highlighted. For instance, for the interaction parametrized
only by the operator leading to the nuclear response
function M times g~*v*2, the DarkSide-50 data yield a
90% confidence limit on the corresponding cross section,
as defined in Eq. (7), of 2.4 x 107 cm? (8.9 x 107* cm?)
for a WIMP mass of 100 (1000) GeV /c?, which is a factor
about five more stringent than the standard SI limit. On the
contrary, for the interaction parametrized by the ®" nuclear
function times ¢*, the limit on the corresponding cross
section is only 2.3 x 1072 cm? (6.0 x 107> cm?) for a
100 (1000) GeV /c?, more than 2 orders of magnitude larger
than the standard SI limit. Different operators also predict
different WIMP recoil spectra, as shown in Fig. 1. Thus,
different interaction models could be tested if enough WIMP
events will be detected in the future. Moreover, the relative
importance of the different EFT operators depends on the
target nuclei that can have very different response functions.
One should be prudent when comparing limits and/or signals
from experiments with different targets under the assumption
of the simplest interaction model, the SI scalar cross section.
The complementarity of experiments using different targets
could be crucial for probing the full parameter space.
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