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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 CF3I and C3F8. The CF3I run consisted of 36.8 kg of CF3I reaching an exposure of
3415 kg-day operating at thermodynamic thresholds between 7 and 20 keV. The C3F8 runs consisted
of 52 kg of C3F8 reaching exposures of 1404 kg-day and 1167 kg-day running at thermodynamic
thresholds of 2.45 keV and 3.29 keV, respectively. The analysis disfavors various scenarios, in a wide
region of parameter space, that provide a feasible explanation of the signal observed by DAMA,
assuming an inelastic interaction, considering that the PICO CF3I bubble chamber used iodine as
the target material.

INTRODUCTION

There is overwhelming evidence indicating that most
of the matter in the Universe is non-baryonic [1–10].

Searches for particle Dark Matter (DM) are underway
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with sensitive detectors in underground laboratories op-
erating at O(keV) thresholds in ultra-low background
environments [11–16]. The typical expected signal is a
nuclear recoil induced by the scattering of dark mat-
ter and the target nucleus. Detectors are currently sen-
sitive to cross-sections as low as 10−47 cm2 for scalar
interactions (spin-independent) and 10−41 cm2 for ax-
ial–vector (spin-dependent) interactions for masses be-
tween 10 and 100 GeV/c2. In direct detection searches
with spin-independent couplings, limits have been set as-
suming coherent elastic interactions between the dark
matter particle and nuclei. Another interesting, viable
and theoretically well-motivated possibility, is an inelas-
tic interaction. 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 χ1 (lighter) and χ2 (heavier), where the
mass splitting is δ = Mχ2

−Mχ1
. Many well-motivated

models have been proposed [17–21]. Inelastic dark mat-
ter has been suggested as a simple and elegant solution
to the DAMA signal [22–25]. Phenomenological scenarios
such as proton–philic spin-dependent [26], inelastic scat-
tering predominantly coupling to the spin of protons [27],
or magnetic inelastic dark matter [28] can be ruled out
based on the above single model. Inelastic dark mat-
ter models are built straightforwardly where a change
in the kinematics of the scattering is derived by modi-
fying properties of the dark matter particle. Exploring
inelastic scattering scenarios requires experiments using
heavy nuclei and sensitivity to high-energy nuclear recoils
[29, 30]. In addition, sensitivity to spin-independent and
spin-dependent couplings would allow testing many in-
elastic dark matter scenarios. The bubble chamber tech-
nology developed by the PICO collaboration is the most
straightforward technology operational satisfying these
requirements. Moreover, models of inelastic dark mat-
ter explaining the DAMA signal and based on the prop-
erties of iodine can be tested with the PICO-60 CF3I
bubble chamber. This work establishes limits for inelas-
tic dark matter using fluorine and iodine in the PICO
bubble chambers. Limits reported in this work were ob-
tained considering contact operators within an effective
field theory approach, which is suitable to study any de-
pendence of the interaction on the transfer of momentum,
velocity, or spin from either the nuclei or dark matter.

PICO-60 CF3I AND C3F8 BUBBLE CHAMBERS

The PICO collaboration has operated several bubble
chambers at the SNOLAB underground facility [31] us-
ing fluorocarbon fluids as target material. These detec-
tors 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 (CF3I
or C3F8). The pressure vessel is inside a water tank pro-
viding 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 piezoelec-
tric transducers are attached to the silica jar register-
ing the acoustic signal produced by the bubble forma-
tion. This acoustic signal is used to reject alpha decay
backgrounds. Nuclear and electron recoils are calibrated
in-situ using neutron (AmBe and Cf-252) and gamma
sources (Co-60 and Ba-133) [32]. The main advantage of
the bubble chambers developed by the PICO collabora-
tion is their sensitivity to nuclear recoils and in parallel,
their insensitivity to electron recoil backgrounds.

The PICO-60 CF3I bubble chamber was filled with
36.8 kg of CF3I reaching an exposure of 3415 kg-day
at varying thermodynamic or "Seitz" [33] thresholds be-
tween 7 and 20 keV and operating between June 2013 and
May 2014 [34]. This detector aimed to search for WIMP-
nucleon spin-independent couplings mostly through io-
dine and WIMP-proton spin-dependent couplings mostly
through fluorine.

The PICO-60 C3F8 bubble chamber was filled with
52.2 kg of C3F8 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 Novem-
ber 2016 and January 2017 [35] and between April and
June 2017, respectively [36]. The most stringent direct-
detection constraints to date on the WIMP-proton spin-
dependent cross-section at 2.5 × 10−41 cm2 for a 25
GeV/c2 WIMP were established [36].

The limit calculation method and efficiency curves
for both detectors differ since the calibration programs
developed by the PICO collaboration were different for
each chamber. Namely, a global fit to YBe and AmBe
neutron data [37] and pion beam data [38] was employed
to extract the sensitivity of the CF3I run. The efficiency
curves were then obtained by fitting monotonically in-
creasing, piecewise linear functions [34]. For the C3F8

runs, different neutron sources were used, specifically mo-
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FIG. 1: Upper limits (90% C. L.) on DM-nucleon scattering cross sections as a function of the mass splitting for
the effective operator O1 and DM masses of 10 GeV/c2 and 100 GeV/c2 (left), and 1 TeV/c2 and 10 TeV/c2 (right),
from the analysis of the PICO-60 CF3I and C3F8 experiments. Limits from XENON-1T [12], PANDAX-4T [11], and
CRESST-II [16] are also shown.

noenergetic neutrons with energies of 50, 61, and 97 keV
produced in 51V(p,n)51Cr reactions, monoenergetic 24
keV neutrons produced by SbBe sources and AmBe neu-
tron data [36]. Carbon and fluorine efficiency curves for
each calibration experiment were obtained similarly as
for the CF3I run and the efficiency curves for both C3F8

thresholds were extracted with a fit using the emcee [39]
Markov Chain Monte Carlo (MCMC) python code pack-
age [40, 41].

The exclusion limits shown here use the methods de-
scribed in [34] and [36]. The calculations for PICO-60
CF3I and C3F8 followed the standard halo parametriza-
tion [42] assuming a local dark matter density ρD = 0.3

GeV/c2/cm3 and the same astrophysical parameters for
both detectors. The exclusion limits reported are ob-
tained for each of the target fluids employed, both consis-
tent with no dark matter signal. Namely, CF3I (variable
Seitz thresholds between 7 and 20 keV) and C3F8 (2.45-
keV and 3.29-keV Seitz thresholds). The nuclear recoil
energy window extends from the thermodynamic thresh-
old up to 100 keV. The high-energy bound is chosen con-
servatively due to the absence of acoustic calibration for
recoils above ∼100 keV.

INELASTIC DARK MATTER

The observed signal for inelastic scattering is a nu-
clear 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:

vmin(ER) =
1√

2MNER

(
MN

µχN
ER + δ

)
(1)

where µχN ≡MχMN/(Mχ+MN ) represents the reduced
mass of the DM-nucleus system, ER is the recoil energy,
and δ 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 kinematically accessible. This part of the velocity
distribution is more sensitive to the motion of the earth,
enhancing the annual modulation [22, 23, 43, 44]. The
DM-nucleus inelastic interaction could also produce nu-
clear excitations followed by a de-excitation to the ground
state, emitting gamma rays [45]. The corresponding re-
sponse to those nuclear excitations for the isotopes em-
ployed in PICO bubble chambers is not considered in
this study that rather focuses only in the nuclear recoil
response. PICO is insensitive to these interactions, a re-
sult of its insensitivity to electron recoils induced by the
emitted gamma rays.

A non-relativistic effective field theory (NREFT) [46–
49] approach is implemented in this work. 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 O1 = 1χ1N
(with 1χ and 1N as identity operators) and O4 = ~Sχ · ~SN ,
where ~Sχ and ~SN are the DM and nucleus spin, re-
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FIG. 2: 99% C. L. regions allowed by DAMA obtained from [23, 24] and PICO-60 CF3I and C3F8 upper limits on
DM-proton scattering cross sections as a function of the mass splitting for the effective operator O1 and DM masses
of 5.5 GeV/c2, 11 GeV/c2, 100 GeV/c2, and 300 GeV/c2. Limits from PANDAX-4T are also shown.

spectively. These two operators are the classical spin-
independent and spin-dependent interactions considered
by direct detection dark matter experiments. It should
be noted that the operator O4 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 differ-
ent spins [50].

RESULTS

Sensitivity limits as a function of the mass splitting
were established for masses of 10 GeV/c2, 100 GeV/c2,
1 TeV/c2, and 10 TeV/c2 for the PICO-60 CF3I and
C3F8 bubble chambers. Figure 1 shows the upper limits
at 90% C.L. on DM-nucleon inelastic scattering cross-
section as function of the mass splitting δ for operator

O1 (spin-independent coupling). The results reported are
compared with limits from XENON-1T [12], PANDAX-
4T [11], and CRESST-II [16]. The analysis for XENON-
1T and PANDAX-4T was performed employing the ex-
posure and background values reported by the collabora-
tions, while results from CRESST-II were obtained from
[44].

As can be seen in Figure 2, the PICO data excludes
the possibility that the DAMA signal is due to an in-
teraction of dark matter through inelastic scattering for
mass splittings approximately below 20 keV and above
35 keV [23, 24]. For high DM masses (∼ 50 GeV/c2 and
above), the PICO-60 CF3I data specifically excludes the
interpretation of the DAMA signal as produced by in-
elastic scattering in iodine. For mass splittings between
20 and 35 keV, PICO excludes all mass ranges consid-
ered except for masses near 11 GeV/c2, where only small



5

mass splittings below 20 keV are excluded. In this case,
and in general for light DM masses (a few GeV/c2 up to
∼ 10 GeV/c2), the contribution from iodine is negligible.
For light DM masses of a few GeV/c2, 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 sensi-
tivity. Although other experiments have also excluded
these DM mass ranges and mass splittings, PICO is the
only experiment using iodine. In both PICO and DAMA,
reaching high mass splittings is possible due to the heavy
target (iodine). Bubble chambers have a higher sensitiv-
ity to inelastic scattering of dark matter compared to
scintillation, 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 win-
dow of the other technologies.

Figure 3 shows the upper limits at 90% C.L. on DM-
proton inelastic scattering cross-section as function of the
mass splitting δ for operator O4 (spin-dependent cou-
pling). The results reported are compared with lim-
its from experiments using xenon as the target, namely
XENON-1T [12] and PANDAX-4T [11]. PICO bubble
chambers set leading limits for all possible values of the
mass splitting, extending the reach of xenon experiments
(PANDAX-4T) above 310 keV and up to approximately
449 keV. PICO-60 C3F8 dominates for mass splittings
below 30 keV, while PICO-60 CF3I prevails for values
above 30 keV.

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. The unique sensitivity to high mass split-
tings results from the combination of the heavy nucleus
employed in PICO-60 CF3I and the capability to mea-
sure nuclear recoils at all energies above a threshold, con-
trary 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/c2 up to a few TeV/c2 for op-
erator O4, the classical spin-dependent coupling. These
results are relevant since inelastic scattering is useful to
distinguish spin-dependent from spin-independent inter-
actions [45]. In addition, leading limits are reached for
operator O1, the classical spin-independent coupling, for
mass splittings between 264 keV and 398 keV (1 TeV/c2

FIG. 3: Upper limits (90% C. L.) on DM-proton scatter-
ing cross sections as a function of the mass splitting for
the effective operator O4 and DM masses of 10 GeV/c2,
100 GeV/c2, 1 TeV/c2, and 10 TeV/c2, from the PICO-
60 CF3I and C3F8 experiments. Limits from XENON-1T
and PANDAX-4T are also shown.

DM mass), as well as between 272 keV and 445 keV (10
TeV/c2 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 proposed are only allowed for small mass
splittings (∼ 10 keV) in a small DM mass window around
approximately 10 GeV/c2. Some of these scenarios are
proton-philic spin-dependent inelastic dark matter, in-
elastic 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 sig-
nal could be compatible, but this is mostly excluded by
this work. Models [22–28] 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 uses iodine as a target as well. PICO bubble
chambers continue probing dark matter scenarios with
unique sensitivity.
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