PHYSICAL REVIEW D 108, 062003 (2023)

Search for inelastic dark matter-nucleus scattering with the PICO-60 CF;I
and C;Fg bubble chambers

E. Adams,1 B. Ali,2 1.J. Arnquist,3 D. Baxter,4 E. Behnke,5 M. Bressler,6 B. Broerman,1 C.J. Chen,7 K. Clalrk,l J. L Collar,8
P.S. Cooper,4 C. Cripe,5 M. Crisler,4 C.E. Dahl,7’4 M. Das,9 S. Fallows,lo J. Falrine,l L2 R, Filgas,2 A. Garcfa-Viltres,M’*
G. GiI‘OllX,l 0. Harris,15 T. Hillier,]1 E. W. Hoppe,3 C.M. Jackson,3 M. Jin,7 C.B. Kraluss,lO V. Kumar,9 M. Laurin,16
I Lawson,”’12 A. Leblanc,11 H. Leng,17 I Levine,5 C. Licciardi,“’lz’13 W. H. Lippincott,‘l‘18 P. Mitra,10 V. Monette,16
C. Moore,1 R. Neilson,6 Al Noble,1 H. Nozard,16 S. Pal,10 M.-C. Piro,lo A. Plante,]6 S. Priya,17 C. Rethmeier,10
A.E. Robinson,]6 J. Savoie,16 A. Sonnenschein,4 N. Starinski,]6 I §tek1,2 D. Tiwari,16 E. Vazquez-Jauregui ,19’T
U. Wichoski,“’n’13 V. Zacek,16 and J. Zhangm

(PICO Collaboration)

'Department of Physics, Queen’s University, Kingston K7L 3N6, Canada
Institute of Experimental and Applied Physics, Czech Technical University in Prague,
Prague Cz-12800, Czech Republic
3Paciﬁ'c Northwest National Laboratory, Richland, Washington 99354, USA
*Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
Department of Physics, Indiana University South Bend, South Bend, Indiana 46634, USA
®Deparment of Physics, Drexel University, Philadelphia, Pennsylvania 19104, USA
7Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA
8Enrico Fermi Institute, KICP, and Department of Physics, University of Chicago,
Chicago, Illinois 60637, USA
9High Energy Nuclear and Particle Physics Division, Saha Institute of Nuclear Physics,
Kolkata 700 064, India
10Department of Physics, University of Alberta, Edmonton T6G 2EI, Canada
"School of Natural Sciences, Laurentian University, Sudbury, Ontario P3E 2C6, Canada
"2SNOLAB, Lively, Ontario P3Y IN2, Canada
13Department of Physics, Carleton University, Ottawa, Ontario KIS 5B6, Canada
“Instituto de Fisica, Universidad Nacional Auténoma de México,

A.P. 20-364, Ciudad de México 01000, Mexico
YNortheastern Illinois University, Chicago, Illinois 60625, USA
"®Département de Physique, Université de Montréal, Montréal H2V 0B3, Canada
YMuaterials Research Institute, Penn State, University Park, Pennsylvania 16802, USA
18Department of Physics, University of California Santa Barbara, Santa Barbara, California 93106, USA
O mstituto de Fisica, Universidad Nacional Autonoma de México,

A.P. 20-364, Ciudad de México 01000, México

® (Received 25 January 2023; revised 20 March 2023; accepted 14 August 2023; published 5 September 2023)

PICO bubble chambers have exceptional sensitivity to inelastic dark matter-nucleus interactions due to a
combination of their extended nuclear-recoil energy detection window from a few keV to O(100 keV) or
more and the use of iodine as a heavy target. Inelastic dark matter-nucleus scattering is interesting for
studying the properties of dark matter, where many theoretical scenarios have been developed. This study
reports the results of a search for dark matter inelastic scattering with the PICO-60 bubble chambers. The
analysis reported here comprises physics runs from PICO-60 bubble chambers using CF;I and C;Fg. The
CF;1 run consisted of 36.8 kg of CF;1 reaching an exposure of 3415 kg-day operating at thermodynamic
thresholds between 7 and 20 keV. The C;Fg runs consisted of 52 kg of C;Fg reaching exposures of 1404
and 1167 kg-day running at thermodynamic thresholds of 2.45 and 3.29 keV, respectively. The analysis
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disfavors various scenarios, in a wide region of parameter space, that provide a feasible explanation of the
signal observed by the DAMA experiment, assuming an inelastic interaction, considering that the PICO
CF;1 bubble chamber used iodine as the target material.
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I. INTRODUCTION

There is overwhelming evidence indicating that most of
the matter in the Universe is nonbaryonic [1-10]. Searches
for particle dark matter (DM) are underway with sensitive
detectors in underground laboratories operating at O(keV)
thresholds in ultralow-background environments [11-16].
The typical expected signal is a nuclear recoil induced
by the scattering of dark matter and the target nucleus.
Detectors are currently sensitive to cross sections as low as
10" ¢cm? for scalar (spin-independent) interactions and
107*! cm? for axial-vector (spin-dependent) interactions
for masses between 10 and 100 GeV /c?. In direct-detection
searches with spin-independent couplings, limits have been
set assuming coherent elastic interactions between the dark
matter particle and nuclei. Another interesting, viable, and
theoretically well-motivated possibility is an inelastic inter-
action. A possible scenario for this interaction includes a
rich dark sector with multiple states, where the scattering
induces a transition from a ground state into a heavier
state. The simplest case would consist of only two states
1 (lighter) and y, (heavier), where the mass splitting is
6=M, —M, . Many well-motivated models have been
proposed [17-21]. Inelastic dark matter has been suggested
as a simple and elegant solution to the DAMA signal
[22-26]. While some of these scenarios have been ruled
out by experiments using various target materials, such
as XENON-100 [27,28], new models that propose
differences between iodine and other nuclei have emerged.
These models include phenomenological scenarios such
as protonphilic spin-dependent [29], inelastic scattering
predominantly coupling to the spin of protons [30], or
magnetic inelastic dark matter [31], which can all be tested
using the above simplest case. Inelastic dark matter models
are built straightforwardly where a change in the kinematics
of the scattering is derived by modifying properties
of the dark matter particle. Exploring inelastic scattering
scenarios requires experiments using heavy nuclei and
sensitivity to high-energy nuclear recoils [32,33]. In addition,
sensitivity to spin-independent and spin-dependent cou-
plings would allow testing many inelastic dark matter
scenarios. The bubble chamber technology developed
by the PICO collaboration is the most straightforward
technology operational satisfying these requirements.
Moreover, models of inelastic dark matter explaining the
DAMA signal and based on the properties of iodine can be
tested with the PICO-60 CF;I bubble chamber. This work
establishes limits for inelastic dark matter using fluorine and

iodine in the PICO bubble chambers. Limits reported in
this work were obtained considering contact operators within
an effective-field theory approach, which is suitable to
study any dependence of the interaction on the transfer of
momentum, velocity, or spin from either the nuclei or dark
matter. A previous work [32] focused on spin-independent
couplings for heavy targets exploring the largest possible
mass splitting. This work recreates the PICO limits from that
analysis and additionally explores other couplings using
contact operators within an effective-field theory framework,
using PICO-60 results for both CF;1 and C;Fy targets. The
PICO results are compared to limits from CRESST-II [16] as
derived in [34] and limits derived from XENON-1T [12] and
PANDAX-AT [11] results. The analysis for XENON-1T
and PANDAX-4T was performed employing the exposure
and background values reported by the collaborations.
The results are also compared to the DAMA signal.
Isospin symmetry is assumed, suitable for comparison to
other experimental results and fits performed to the specific
scenarios under consideration in this analysis.

II. PICO-60 CF;1 AND C;Fy BUBBLE CHAMBERS

The PICO collaboration has operated several bubble
chambers at the SNOLAB underground facility [35] using
fluorocarbon fluids as target material. These detectors consist
of an inner system composed of a high-purity synthetic fused
silica jar and stainless-steel (SS) bellows inside a SS pressure
vessel filled with hydraulic fluid. The inner system is filled
with a fluorocarbon material (CF;I or C;Fg). The pressure
vessel is inside a water tank providing shielding from
external background radiation and temperature control.
Cameras are used to photograph the chambers for bubble
identification, as a trigger, and for position reconstruction.
Low-radioactivity piezoelectric transducers are attached to
the silica jar registering the acoustic signal produced by the
bubble formation. This acoustic signal is used to reject alpha
decay backgrounds. Nuclear and electron recoils are cali-
brated in situ using neutron (AmBe and Cf-252) and gamma
sources (Co-60 and Ba-133) [36]. The main advantage of
the bubble chambers developed by the PICO collaboration is
their sensitivity to nuclear recoils and in parallel, their
insensitivity to electron-recoil backgrounds.

The PICO-60 CF;1 bubble chamber was filled with 36.8 kg
of CF;lI reaching an exposure of 3415 kg-day at varying
thermodynamic or “Seitz” [37] thresholds between 7 and
20 keV and operating between June 2013 and May 2014 [38].
This detector aimed to search for weakly interacting massive
particles (WIMP)-nucleon spin-independent couplings mostly
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through iodine and WIMP-proton spin-dependent couplings
mostly through fluorine.

The PICO-60 C;Fg bubble chamber was filled with
52.2 kg of C3Fg reaching exposures of 1167 kg-day at a
3.29-keV Seitz threshold and 1404 kg-day at a 2.45-keV
Seitz threshold in two physics runs between November
2016 and January 2017 [39] and between April and June
2017, respectively [40]. The most stringent direct-detection
constraints to date on the WIMP-proton spin-dependent
cross section at 2.5 x 107! cm? for a 25-GeV/c> WIMP
were established [40].

The limit calculation method and efficiency curves for
both detectors differ since the calibration programs devel-
oped by the PICO collaboration were different for each
chamber. Namely, a global fit to YBe and AmBe neutron
data [41] and pion-beam data [42] was employed to extract
the sensitivity of the CF;1 run. The efficiency curves were
then obtained by fitting monotonically increasing, piece-
wise linear functions [38]. For the C;Fg runs, different

neutron sources were used, specifically monoenergetic
neutrons with energies of 50, 61, and 97 keV produced
in >'V(p, n)’!Cr reactions, monoenergetic 24-keV neutrons
produced by SbBe sources and AmBe neutron data [40].
Carbon and fluorine efficiency curves for each calibration
experiment were obtained similarly as for the CF;I run
and the efficiency curves for both C;Fg thresholds were
extracted with a fit using the EMCEE [43] Markov Chain
Monte Carlo PYTHON code package [44.,45].

The exclusion limits shown here use the methods
described in [38,40]. The calculations for PICO-60 CF;I
and C;Fg followed the standard halo parametrization [46]
assuming a local dark matter density p,, = 0.3 GeV/c?/cm?
and the same astrophysical parameters for both detectors.
The exclusion limits reported are obtained for each of the
target fluids employed, both consistent with no dark matter
signal. Namely, CF;I (variable Seitz thresholds between 7
and 20 keV) and C;Fg (2.45 and 3.29-keV Seitz thresh-
olds). The nuclear-recoil energy window extends from the
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FIG. 1. Upper limits (90% C.L.) on inelastic DM-nucleon scattering cross sections assuming isospin conservation as a function of the

mass splitting for the effective operator @, and DM masses of 10 and 100 GeV /c? (left), and 1 and 10 TeV /c? (right), from the analysis
of the PICO-60 CF;I and C;Fg experiments. Limits from XENON-1T [12], PANDAX-4T [11], and CRESST-II [16,34] are also shown.
The limits from XENON-1T and PANDAX-4T were derived using the same methodology, utilizing the available information and data

published by the respective collaborations.
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thermodynamic threshold up to 100 keV. The high-energy
bound is chosen conservatively due to the absence of
acoustic calibration for recoils above ~100 keV.

III. INELASTIC DARK MATTER

The observed signal for inelastic scattering is a nuclear
recoil constrained by a change in the kinematics of the
process with respect to the elastic scattering. The minimum
dark matter velocity for the interaction to take place is

_ ! (MN E +5>
2MyER \Myn .

where u,y = M,My/(M, + My) represents the reduced
mass of the DM-nucleus system, Ep is the recoil energy,
and § is the mass splitting between the DM states. The
inelastic scattering is sensitive to higher values of the dark
matter velocity. The upper bound to the minimum velocity
when compared to elastic scattering reduces the region

Umin(ER) (1)

kinematically accessible. This part of the velocity distri-
bution is more sensitive to the motion of the Earth,
enhancing the annual modulation [22,23,34,47]. The
DM-nucleus inelastic interaction could also produce
nuclear excitations followed by a deexcitation to the ground
state, emitting gamma rays [48]. The corresponding
response to those nuclear excitations for the isotopes
employed in PICO bubble chambers is not considered in
this study that rather focuses only on the nuclear-recoil
response. PICO is insensitive to these interactions, a result
of its insensitivity to electron recoils induced by the emitted
gamma rays.

A nonrelativistic effective-field theory (NREFT) [49-52]
approach is implemented in this work using the WIMpy
NREFT software developed by Kavanagh et al. [53]. This
results in quantum-mechanical operators depending on
exchanged momentum, relative velocity, and nucleon
and DM spins. The two operators presented in this work
are (’), = 1,1y (with 1, and 1 Ly as identity operators) and
Oy =

S N> Where S and S v are the DM and nucleus
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FIG. 2. 99% C.L. regions allowed by DAMA obtained from [23,24] (data from 2001 and 2009) and PICO-60 CF;I and C;Fg upper
limits on DM-nucleon scattering cross sections as a function of the mass splitting for the effective operator O; and DM masses of 5.5,
11, 100, and 300 GeV /c?. Limits from PANDAX-4T, obtained using the same methodology and the available information and data

published by the collaboration, are also presented.
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spin, respectively. These two operators are the classical
spin-independent and spin-dependent interactions consid-
ered by direct-detection dark matter experiments. It should
be noted that the operator O, is particularly significant for
inelastic dark matter experiments sensitive to electron
recoils, as for odd-mass isotopes low-lying transitions
can take place between ground- and excited states with
different spins [54]. The Supplemental Material [55]
contains additional results for the implementation of the
NREFT approach with operators Og, Oy, and O;;. These
operators depend on the transferred momentum, with the
differential rates calculated using matrix elements provided
by the WIMpy NREFT software and evaluated at finite-
transfer momentum. For each operator, the results are
presented as an effective cross section, calculated as
o = c}y?/m [56], where ¢; (i = 6, 9, 11) are the operators
coefficients in the effective-field theory [50] and p is the
DM-nucleon reduced mass. Certain scenarios, such as
those involving photon-mediated interactions, can be rep-
resented as a combination of operators [57]. This is

pertinent for investigating and excluding certain couplings
and interactions in inelastic dark matter-nucleus scattering.

IV. RESULTS

Sensitivity limits as a function of the mass splitting were
established for masses of 10, 100, 1, and 10 TeV /c? for the
PICO-60 CF;I and C5Fg bubble chambers. Figure 1 shows
the upper limits at 90% confidence limits (C.L.) on inelastic
DM-nucleon scattering cross section as a function of the
mass splitting 6 for operator O; (spin-independent cou-
pling). This cross section is defined at zero transferred
momentum, in the elastic (6 = 0) limit. The results reported
are compared with limits from XENON-IT [12],
PANDAX-4T [11], and CRESST-II [16,34].

The results are compared to the DAMA signal in Fig. 2.
The PICO data exclude the possibility that the DAMA
signal is due to an interaction of dark matter through
inelastic scattering for mass splittings approximately below
20 keV and above 35 keV [23,24]. The comparison with
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FIG. 3. Upper limits (90% C.L.) on inelastic DM-proton scattering cross sections assuming isospin conservation as a function of the

mass splitting for the effective operator @O, and DM masses of 10, 100, 1, and 10 TeV/c?, from the PICO-60 CFsl, and C;F
experiments. Limits from XENON-1T and PANDAX-4T are also shown. The limits from XENON-1T and PANDAX-4T were derived
using the same methodology, utilizing the available information and data published by the respective collaborations.
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DAMA results is based on data collected in 2001 and 2009,
which predate the exclusion of DAMA by XENON-100.
However, PICO uses the same heavy element (iodine) as
DAMA, making it a suitable experiment for also testing the
results from those older datasets, despite the availability of
more recent data. For high DM masses (~50 GeV/c? and
above), the PICO-60 CFsl data specifically exclude the
interpretation of the DAMA signal as produced by inelastic
scattering in iodine. For mass splittings between 20 and
35 keV, PICO excludes all mass ranges considered except
for masses near 11 GeV/c?, where only small mass
splittings below 20 keV are excluded. In this case, and
in general for light DM masses (a few to ~10 GeV /c?), the
contribution from iodine is negligible. For light DM masses
of a few GeV/c?, only lower mass-splitting values are
experimentally accessible, O(10 keV), and light nuclei,
such as carbon and fluorine (PICO), and sodium (DAMA),
play an important role in the sensitivity.

Although other experiments have also excluded these
DM mass ranges and mass splittings, PICO is the only
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to inelastic scattering of dark matter compared to scintil-
lation, phonon, and ionization detectors (including
DAMA) since they can measure nuclear recoils above
the energy threshold and with the potential to extend up to
MeV scale, in contrast to the limited energy-recoil
window of the other technologies. While inelastic dark
matter continues to stimulate significant theoretical devel-
opment and remains a compelling model of dark matter
[22-25,29-31], the results obtained from PICO provide
evidence that the tension between DAMA and other
experiments in the inelastic dark matter model cannot
be attributed to the properties of iodine.

Figure 3 shows the upper limits at 90% C.L. on inelastic
DM-proton scattering cross section as function of the mass
splitting & for operator O, (spin-dependent coupling). The
results reported are compared with limits derived from
published XENON-1T [12] and PANDAX-4T [11] results.
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PICO bubble chambers set leading limits for all possible
values of the mass splitting, with sensitivity up to approx-
imately 449 keV.

The PICO-60 exclusion limits calculated above are recast
in Fig. 4 as a function of mass splitting and DM mass.

V. CONCLUSIONS AND DISCUSSION

The results presented in this work establish leading limits
on dark matter-nucleon scattering cross sections for inelastic
dark matter interactions in a wide range of mass splittings and
DM masses. The unique sensitivity to high mass splittings
results from the combination of the heavy nucleus employed
in PICO-60 CF;1 and the capability to measure nuclear recoils
at all energies above a threshold, contrary to the restricted
energy window to measure nuclear recoils by noble, crystal,
and semiconductor detectors. The results indicate leading
sensitivity to dark matter masses from a few GeV/c? up to a
few TeV/c? for operator O,, the classical spin-dependent
coupling. These results are relevant since inelastic scattering
is useful to distinguish spin-dependent from spin-independent
interactions [48]. In addition, leading limits are reached for
operator Oy, the classical spin-independent coupling, for
mass splittings between 264 and 398 keV (1-TeV/c> DM
mass), as well as between 272 and 445 keV (10-TeV/c?> DM
mass). This work presents the most sensitive search for
inelastic dark matter using fluorine and iodine targets.
Based on interpreting the DAMA signal as due to inelastic
dark matter interactions, several theoretical scenarios have
been mostly excluded by an experiment that, like DAMA,
employs iodine. Theoretical scenarios that have been pro-
posed are only allowed for small mass splittings (~10 keV)in
a small DM mass window around approximately 10 GeV /c?.
Some of these scenarios are protonphilic spin-dependent
inelastic dark matter, inelastic scattering predominantly
coupling to the spin of protons, and magnetic inelastic dark
matter. Iodine has a large magnetic moment that could
enhance couplings in models of inelastic dark matter where
the DAMA signal could be compatible, but this is mostly
excluded by this work. Models [22-25,29-31] usually
explain the null results from other experiments due to iodine
properties, such as magnetic moment or spin of the protons,
for example. However the results presented here are based
on PICO data that use iodine as a target as well. PICO
bubble chambers continue probing dark matter scenarios with
unique sensitivity.
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