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We report on a search for elementary particles with charges much smaller than the electron charge using
a data sample of proton-proton collisions provided by the CERN Large Hadron Collider in 2023-24,
corresponding to an integrated luminosity of 124.7 tb~! at a center-of-mass energy of 13.6 TeV. The
analysis presented uses the completed Run 3 milliQan bar detector to set the most stringent constraints to
date for particles with charges < 0.24 e and masses > 0.45 GeV.
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There are strong experimental and theoretical motiva-
tions for the existence of a “dark sector” containing one or
more types of particles that could compose the nonlumi-
nous dark matter hypothesized to explain gravitational
effects observed in astrophysics and cosmology [1-7].
Consequently, a number of experiments have been per-
formed at various terrestrial facilities to search for direct
evidence of such a dark sector [8—10]. One type of potential
dark sector constituent, which may or may not be the
galactic dark matter, that has grown in importance over the
last decade is a particle with electric charge much smaller
than that of the electron. Such particles have come to be
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called “millicharged particles” (mCPs) in the literature,
possibly because a natural value of Q ~ae/7x~0.001e
arises from one-loop effects in models of this type [11].
Owing to their feeble electromagnetic interaction, mCPs
are essentially invisible to ionization-based detectors
designed for the comparatively large energy deposition
of a minimum ionizing particle (MIP). Consequently, direct
detection of mCPs requires dedicated detectors or repur-
posed detectors that were designed for other kinds of feebly
interacting particles (e.g., neutrinos). While previous
experiments have searched for mCPs for some time
[12—-17], in the decade since the publication of [18] by
two of the authors of this Letter, which led to the formation
of the milliQan Collaboration [19], the number of experi-
ments that have either directly searched for, reanalyzed
their data to search for, or are proposed to search for mCPs
has proliferated. At accelerators, those who have recently
set direct constraints on the parameter space spanned by the
mass and charge of the mCP in addition to milliQan [20]
include CMS [21], MilliQ [12], MiniBooNE [17,22],
LSND [17,23], ArgoNeuT [24,25], and SENSEI [26].
Indirect constraints on this parameter space have also been
set by astrophysical, cosmological, and nonaccelerator
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based terrestrial experiments [11,15,27-41]. However, such
constraints can be easily evaded by adding extra degrees of
freedom to dark sector models [42].

The milliQan experiment is sited in the PX56 drainage
gallery at LHC Point 5. The nominal center of milliQan is at
a radial distance of 33 m from the CMS Interaction Point
(IP) with 17 m of rock between the CMS IP and the
experiment, which provides shielding from most particles
produced in LHC collisions. The milliQan Run 3 detector
consists of two scintillator arrays aligned using standard
laser-based survey techniques such that the center of the
scintillator arrays project back to within 1 cm of the CMS
IP. The two arrays employ different shapes of scintillator to
provide complementary sensitivity to the mCP parameter
space [43]. Echoing their respective geometries, we refer to
them as the “bar” and ‘“slab” detectors. In the CMS
coordinate system [44], the bar detector is positioned at
an azimuthal angle (¢) of 43° and pseudorapidity (77) of 0.1.
The slab detector is located 5 m behind the bar detector at
¢ = 38°. The two arrays were installed sequentially with
the bar detector completed in mid 2023 and the slab
detector completed in early 2025. In this Letter, we present
the analysis of proton-proton collision data provided by the
CERN Large Hadron Collider (LHC) in 2023-24 that was
recorded by the Run 3 milliQan bar detector only. This data
sample corresponds to an integrated luminosity of 124.7 4
3.8 fb~! at a center-of-mass energy of 13.6 TeV.

The milliQan Run 3 bar detector consists of 64 EJ-200
[45] plastic scintillator bars arranged in four radial “layers”
with 4 x 4 bars per layer. Each bar is 60 x 5 x 5 cm?, with
the long dimension pointing to the CMS IP. Additional
scintillator components are deployed to provide discrimi-
nation against two background processes. Three thin scin-
tillator panels surround the “top” and “sides” of the bar array
in order to provide an active veto of particles from cosmic
rays. Two thin scintillator panels are also put on either “end”
of the array in order to aid in the vetoing of through-going
MIPs (e.g., muons produced in LHC collisions).

Scintillation light produced in the bars and panels is
detected by Hamamatsu R878 [46] photomultiplier tubes
(PMTs) optically coupled to the scintillator volumes. The
PMT anode current is amplified by a custom circuit board,
built into the PMT base, giving typical single-photoelectron
(SPE) pulses with %20 mV amplitude. The output wave-
forms are read out via five 16-channel CAEN V1743
digitizers [47] with a 2.56 us acquisition window. Trigger
requests are generated when a pulse in either of two channels
in a “trigger group” exceeds a set threshold, chosen to be fully
efficient for SPE pulses, that ranges from 12-18 mV for
channels connected to scintillator bars. These low-voltage
differential signaling (LVDS) signals are input into a custom
field-programmable gate array (FPGA) trigger board that
contains a menu of logic conditions implemented in firmware
that allows up to 16 independent readout decisions to be
made in real time.

Recorded data consist of waveforms of voltage against
time for each channel. In order to reconstruct the passage of
particles through the scintillator, “pulses” are reconstructed
from each waveform. The efficiency for each PMT to
reconstruct scintillator photons produced by energy depos-
ited in their corresponding bar is calibrated using 22 keV
x-rays from a '°Cd radioactive source. A high purity
sample of through-going muons originating from LHC
collisions is used to calibrate the arrival time of pulses to
account for differences in time due to signal propagation
through the detector medium, cables of varying lengths,
and electronics. Timing is corrected such that particles
traveling through the detector have calibrated arrival times
that all occur at the same time. We also use this sample of
through-going muons originating from LHC collisions to
check the alignment of the milliQan bar detector. By
comparing the entry and exit positions of such muons, we
find the bar detector to be well aligned horizontally, but with
a slight vertical misalignment of —0.2° relative to nominal.
This misalignment leads to a ~12% reduction in signal
efficiency.

To optimize milliQan’s sensitivity to mCPs over the
largest range of the charge-mass plane we perform detailed
simulations of the production mechanisms that could
result in mCPs at the LHC, as well as the dominant
background processes that mimic the mCP signal. We
generate mCPs produced through the Drell-Yan process,
as well as from Y, J/y, w(2S), ¢, p, and @ decays into
" x~, and from Dalitz decays of z°, 5, 1/, and w following
the procedure described in our 13 TeV search [20], with
the following differences. Events were regenerated in
PYTHIAS [48] and MADGRAPH5_aMC@NLO [49] with the
pp collision energy increased from 13 to 13.6 TeV. The
parton distribution functions used to generate mCPs coming
from charmonium produced in B meson decays was
changed from CTEQ6.6 to NNPDF30 NLO as0118 in
FONLL [50]. For direct charmonium we used theoretical
calculations at /s = 13.6 TeV [51-53]. For direct botto-
monium, the same fits to the LHCb production cross
section ratios that were used to scale from 7 to 13 TeV
were used to scale from 13 to 13.6 TeV [54-57]. In addition
to these effects corrections were made to the normalizations
of direct charmonium and bottomonium production to
account for the fact that in [20] pseudorapidity was used
in place of rapidity in a portion of phase space where the
approximation was not valid.

Generated mCPs are propagated from the CMS IP to 2 m
from the face of the bar detector taking into account
magnetic deflection, multiple scattering, and energy loss,
after which they are fed into a full GEANT4 [58] simula-
tion that includes a geologically accurate model of the
remaining rock, the geometry of the drainage gallery, and a
detailed component level description of the Run 3 bar
detector as summarized in Ref. [43]. The mCP interactions
are explicitly modeled and contain ionization energy
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deposits, scaled by Q?, and incorporate multiple scattering.
In order to realistically replicate the effects of noise and
electronics on the detector response, we use templates of
pulses extracted from data to inject waveforms into the
simulation. To validate our simulation, we measure the rate
of through-going muons originating from LHC collisions,
and compare the obtained flux to the rate predicted from the
simulation. From 124.7 fb~! pp collision data, we identify
19955 particles that have the trajectory, pulse area, and
timing consistent with muons originating from the CMS IP
for a measured flux of 0.160 4+ 0.010 muons/pb~'. The
corresponding flux predicted for such muons in Monte Carlo
simulation is 0.22 4 0.06 muons/pb~!, dominated by
uncertainties in low momentum production modes [59].
The 2023-24 dataset analyzed for this search was
collected over periods where the LHC was colliding
protons (“beam-on” data) and periods with no collisions
(“beam-off” data). We use beam-on data to search for the
mCP signal, and beam-off data as a statistically indepen-
dent sample of events containing background processes.
Data were collected on two unprescaled signal triggers
implemented in the trigger board FPGA: one requiring
aligned hits across three layers that point to the CMS IP,
and another requiring hits in four detector layers.
Additional triggers were used to collect data from back-
ground sources. Total trigger live times were 3393 and
4471 h for the beam-on and beam-off data sets, respec-
tively. The average total trigger rate over this time period
was ~2.2 Hz. We search for an mCP signal in this dataset
by selecting events with the signature of a pulse in each of
the four layers of the Run 3 milliQan bar detector in the
channel corresponding to same row and column of the array
in each layer. Non-mCP background processes can mimic
this signature: PMT pulses that are not due to a photon
impinging on the cathode such as dark current arising from
thermionic emission of electrons, or afterpulses of ionized
residual gas in the tube; neutral and charged particles in
showers caused by muons from either cosmic rays or LHC
collisions; and radiation in the cavern, scintillator bars, or
surrounding material. Since the timing of pulses due to dark
current is random, this background is suppressed by
requiring a fourfold coincidence within a timing window
of 20 ns between each of the four layers. This threshold is
chosen to be > 90% efficient for all masses and charges.
We search for mCPs in two distinct signal regions
designed to target mCPs with different charges. The first
signal region (SR1) targets charges from 1073 < Q/e <
102 while the second signal region (SR2) targets charges
from 1072 < Q/e < 107!, Candidate events in both signal
regions are required to pass selection criteria that enforce
data quality by ensuring digitizer synchronization and
rejecting electronic noise. We reject afterpulses by selecting
the first pulse in an event within the trigger window. We
reject events coming from cosmic muons or their associated
showers by requiring there are no hits in the top or side

panels. We also place an upper limit on the ratio of the max/
min energy deposited in the 4 bar channels. The max/min
energy ratio is required to be < 5 if any pulse has an energy
> 50 keV. Otherwise the max/min ratio is set at < 10.
Finally, we select events with at least one hit per layer.

In addition to these common selections, we apply selec-
tion criteria specific to SR1 and SR2. For SR1, we select
events that travel straight through our detector depositing
small amounts of energy in all bars. Events are required to
contain exactly 4 bar pulses, contain no pulses in the end
panels (front and back), and no pulses with an energy
deposition that saturates the readout electronics, which
corresponds to ~350 photoelectrons. Finally, we require
that selected events have hits in the same row and column in
all four layers, and that the time difference between the first
and last hit is < 20 ns, as previously discussed. The full set
of criteria and their impact on the number of selected events
in SR1 are given in Table 1.

In SR2, we target larger charges for which we expect
sufficient energy deposition in the thin panels to efficiently
reconstruct pulses. We therefore require there is at least one
hit in either end panel. Similar to SR1, we require that there
are four hits straight through the detector, and that those
four hits have a maximum timing difference of 20 ns. In
SR2, however, the dominant background contribution are
muons originating from LHC collisions. In order to
effectively veto these muons we require that exactly 4 bars
are hit and that any pulses in the end panels are < 70
photoelectrons. These criteria are used because beam
muons on average deposit more than 70 photoelectrons
in the end panels and can cause hits in more than 4 bars.
The full set of criteria and their impact on the number of
selected events in SR2 are given in Table L.

We estimate the residual background contamination in
SR1 using an “ABCD” method. We divide the plane given by
the timing difference between the first and last hit in an event
(AT ax.min) on the vertical axis and the requirement that
pulses align in a straight line (i.e., that the channels
containing the pulses are in the same position within each
layer such that they point to the CMS IP) on the horizontal
axis, into four quadrants. In this plane the mCP signal region
is the lower-right quadrant that contains events that pass the
straight-line requirement and have a AT, ;in <20ns. We
label this region as A. The remaining quadrants are labeled
clockwise from this region as B, C, and D. Assuming these
are independent variables, the background contribution to
the signal region is extrapolated by the algebraic expression
BD/C. We validate this assumption using the beam-off
data control sample in which the background contribution
to the signal region is predicted to be O.32f8.'12§ . We observe
0 events in the signal region of the beam-off dataset,
consistent with the ABCD background estimate for SRI.
We further validate the assumption of independence using a
“nearly pointing” control sample in the beam-on dataset,
consisting of events with straight-line trajectories that shift
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TABLE L

Sequential impact of selection criteria on the number of events in the mCP search. Criteria in the same row can differ

between SR1 and SR2 as detailed in text. Bold type indicates criteria that are applied only to SR1 or SR2.

Signal region 1

Signal region 2

Data Signal Signal Data Signal Signal
Beam-on m = 0.1 GeV m = 1.0 GeV Beam-on m = 1.7 GeV m = 10.0 GeV
Selection criteria t=3393h Q/e = 0.004 Q/e =10.008 t=3393h Q/e =0.03 Q/e=0.2
Triggered events 26 864 552 324.0 61.3 26 864 552 27.0 37.2
Cosmic muon veto 790776 324.0 61.3 790776 27.0 37.2
Pulse-event quality 506417 323.9 61.3 790383 27.0 37.2
Shower veto 3369 12.0 19.3 9152 7.7 9.5
SR1: < 4 bars 985 11.7 19.3
Noise filter 985 11.7 19.3 9113 7.7 9.5
Energy max/min 336 10.3 16.5 1827 7.6 9.5
SR1: beam muon veto 331 10.3 16.5 e e e
SR1: end panel veto 209 10.1 14.3 e e e
Straight line 3 9.2 143 1372 7.5 9.4
A T (max-min) < 20 ns 0 8.7 14.1 1355 7.5 8.6
SR2: End panel required e e 1320 5.8 8.2
SR2: < 4 bars 84 5.8 73
SR2: nPEF2e! < 70 2 5.8 7.0

by one row or column. We observe 0 events in region A of
this control sample, while the calculation BD/C predicts
0.3179%%  The uncertainty in the number of predicted
background events in SR1 is dominated by the limited
statistics in the regions used to make the estimate.

With our background estimation method validated, we
use it to predict a background of 0.10f8:672 events in SR1.
Finally, we search the beam-on dataset for mCPs in SR1.
Out of 26 864 552 triggered events collected while LHC
proton beams were colliding, we observe 0 candidate mCP
events passing all selection criteria for SR1.

Similarly, we estimate the residual background contami-
nation in SR2 using another ABCD method. In this case we
divide the plane given by the maximum number of photo-
electrons in the end panels on the horizontal axis and the
number of bars hit on the vertical axis. These variables are
chosen because in SR2 the dominant background source is
muons from LHC collisions. Such muons deposit signifi-
cant energy in the end panels, and shower in the detector
resulting in a large number of bars hit. In this plane the
mCP signal region is the lower-left quadrant that contains
events that have few photoelectrons in the end panels and
few bars hit. We label this region as A. The remaining
quadrants are labeled counterclockwise from this region as
B, C, and D. As in the case for SR1, the background
contribution to signal region for SR2 is extrapolated by the
algebraic expression BD/C.

From the beam-off dataset, we know the dominant back-
ground contribution to SR2 is muons from LHC collisions so
it is not a useful control sample to validate the SR2
background estimation method. Instead, we check the
validity of the SR2 background estimate with a closure test

performed in the sample formed by events populating the
background dominated regions C and D. From these two
regions, a new, independent ABCD plane is constructed by
selecting events with more than 4 bars hit. Within this subset,
we redefine the ABCD regions: the new region A (treated as
the signal region for this closure test) is defined by events
with < 6 bars hit and a maximum panel nPE < 70. The
estimated contribution to the new region A is 3.40%/ %,
which is consistent with the observed count of 5 events.

With our background estimation method validated, we
use it to predict a background of O.87f8§2 in SR2. As for
SR1, the uncertainty in the number of predicted back-
ground events in SR2 is also dominated by the limited
statistics in the regions used to make the estimate. Out of
26 864 552 triggered events collected while LHC proton
beams were colliding, we observe two candidate mCP
events passing all selection criteria for SR2.

A summary of the results of the observed events in SR1
and SR2 compared to their respective background contri-
bution predictions is given in Table II.

With background estimates consistent with the observed
events in both SR1 and SR2, there is no evidence for mCP
production. We use this null result to determine an upper
limit on mCP production at 95% confidence level, which
we present as constraints on the mass and charge of the

TABLE II. Summary of the results of the search for mCPs.
Signal region Prediction Observation
SR1 0.10702 0

SR2 0.87103¢ 2
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124.7 fb~! (13.6 TeV)

Earlier constraints

milliQan

1071 4

ArgoNeuT

g = [PRL 124, 131801 (2020)]
o SENSEI
5 [PRL 133, 071801 (2024)]
107 4 CMS FCP 138 fb~!
[PRL 134, 131802 (2025)]
Run 2 milliQan demonstrator 37.5 fb~*
[PRD 102, 032002 (2020)]
Run 3 milliQan bar detector
—— Observed
1073 4
----- Expected +1o0
107t 10° 10t 102
mCP mass (GeV)
FIG. 1. The 95% CL limit on the mCP charge compared to

previously set direct constraints. The dashed and solid black lines
represent the expected and observed limits, respectively. The
green band represents the one standard deviation variation for the
expected limit.

mCP. Under the signal plus background hypothesis, a
modified frequentist approach that uses a LHC-style profile
likelihood ratio as the test statistic [60] and the CL;
criterion [61,62] is used. The dominant source of system-
atic error incorporated is the ~30% uncertainty in the
number of signal events entering the SRs deriving from
mCP cross section determinations. Subdominant sources of
systematic uncertainties assessed arise from the luminosity
determination, propagation through material, calibrations,
detector alignment, pulse shape, and trigger efficiency. A
binned maximum likelihood fit is performed simultane-
ously in SR1 and SR2. The observed upper limits are
evaluated through the use of asymptotic formulas [63].
Figure 1 shows the exclusion at 95% confidence level in the
mass and charge of the mCP. The exclusion is compared to
previously published direct constraints. We set the most
stringent constraints to date for particles with charges
<0.24 e and masses > 0.45 GeV. Future LHC data col-
lection using the new slab detector in addition to the bar
detector will extend milliQan’s sensitivity to mCPs, par-
ticularly in the high mass regime, where sensitivity is
limited by the acceptance of the detector.

Acknowledgments—We congratulate our colleagues in
the CERN accelerator departments for the excellent per-
formance of the LHC and thank the technical and admin-
istrative staffs at CERN. In addition, we gratefully
acknowledge the CMS Collaboration for supporting this
endeavor by providing invaluable logistical and technical
assistance. We also thank Itay Yavin for his enduring
contributions to this idea. Finally, we acknowledge the
following funding agencies who support the investigators
that carried out this research in various capacities: FWO

(Belgium); Swiss Funding Agencies (Switzerland); STFC
(United Kingdom); DOE and NSF (U.S.); and Lebanese
University (Lebanon).

Data availability—The data that support the findings of
this article are openly available [64], embargo periods

may apply.

[1] N. Arkani-Hamed, D. P. Finkbeiner, T.R. Slatyer, and N.
Weiner, Phys. Rev. D 79, 015014 (2009).

[2] M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009).

[3] Y. Farzan and M. Rajaee, J. Cosmol. Astropart. Phys. 04
(2019) 040.

[4] R. Foot and A. Kobakhidze, Phys. Lett. B 650, 46 (2007).

[5] Q. Wallemacq and J.-R. Cudell, J. Cosmol. Astropart. Phys.
02 (2015) 011.

[6] H. Gies, J. Jaeckel, and A. Ringwald, Phys. Rev. Lett. 97,
140402 (2006).

[7] X. Gan and Y.-D. Tsai, J. High Energy Phys. 07 (2025) 094.

[8] M. Battaglieri et al., U.S. Cosmic Visions: New Ideas in
Dark Matter, Report No. FERMILAB-CONF-17-282-AE-
PPD-T, 2017, https://www.osti.gov/biblio/1409838;
arXiv:1707.04591.

[9] J. Beacham, C. Burrage, D. Curtin, A. De Roeck, J. Evans,
J.L. Feng, C. Gatto, S. Gninenko, A. Hartin, I. Irastorza
et al., J. Phys. G 47, 010501 (2020).

[10] European Strategy for Particle Physics Preparatory Group,
in Physics Briefing Book (CERN, Geneva, 2019).

[11] S. Davidson and M.E. Peskin, Phys. Rev. D 49, 2114
(1994).

[12] A.A. Prinz et al., Phys. Rev. Lett. 81, 1175 (1998).

[13] R. Essig et al., Snowmass 2013: Snowmass on the Mis-
sissippi, Report No. FERMILAB-CONF-13-653, 2013,
https://www.osti.gov/biblio/1306469; arXiv:1311.0029.

[14] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D 87,
092008 (2013); 106, 099903(E) (2022).

[15] S. Davidson, S. Hannestad, and G. Raffelt, J. High Energy
Phys. 05 (2000) 003.

[16] A. Badertscher, P. Crivelli, W. Fetscher, U. Gendotti, S. N.
Gninenko, V. Postoev, A. Rubbia, V. Samoylenko, and D.
Sillou, Phys. Rev. D 75, 032004 (2007).

[17] G. Magill, R. Plestid, M. Pospelov, and Y.-D. Tsai, Phys.
Rev. Lett. 122, 071801 (2019).

[18] A. Haas, C.S. Hill, E. Izaguirre, and I. Yavin, Phys. Lett. B
746, 117 (2015).

[19] A. Ball et al., arXiv:1607.04669.

[20] A. Ball et al., Phys. Rev. D 102, 032002 (2020).

[21] A.Hayrapetyan et al. (CMS Collaboration), Phys. Rev. Lett.
134, 131802 (2025).

[22] A. A. Aguilar-Arevalo et al. (MiniBooNE DM Collabora-
tion), Phys. Rev. D 98, 112004 (2018).

[23] L. B. Auerbach et al. (LSND Collaboration), Phys. Rev. D
63, 112001 (2001).

[24] R. Harnik, Z. Liu, and O. Palamara, J. High Energy Phys. 07
(2019) 170.

[25] R. Acciarri et al. (ArgoNeuT Collaboration), Phys. Rev.
Lett. 124, 131801 (2020).

[26] L. Barak et al. (SENSEI Collaboration), Phys. Rev. Lett.
133, 071801 (2024).

121802-5


https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1016/j.physletb.2008.12.012
https://doi.org/10.1088/1475-7516/2019/04/040
https://doi.org/10.1088/1475-7516/2019/04/040
https://doi.org/10.1016/j.physletb.2007.04.045
https://doi.org/10.1088/1475-7516/2015/02/011
https://doi.org/10.1088/1475-7516/2015/02/011
https://doi.org/10.1103/PhysRevLett.97.140402
https://doi.org/10.1103/PhysRevLett.97.140402
https://doi.org/10.1007/JHEP07(2025)094
https://www.osti.gov/biblio/1409838
https://www.osti.gov/biblio/1409838
https://www.osti.gov/biblio/1409838
https://arXiv.org/abs/1707.04591
https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.1103/PhysRevD.49.2114
https://doi.org/10.1103/PhysRevD.49.2114
https://doi.org/10.1103/PhysRevLett.81.1175
https://www.osti.gov/biblio/1306469
https://www.osti.gov/biblio/1306469
https://www.osti.gov/biblio/1306469
https://arXiv.org/abs/1311.0029
https://doi.org/10.1103/PhysRevD.87.092008
https://doi.org/10.1103/PhysRevD.87.092008
https://doi.org/10.1103/PhysRevD.106.099903
https://doi.org/10.1088/1126-6708/2000/05/003
https://doi.org/10.1088/1126-6708/2000/05/003
https://doi.org/10.1103/PhysRevD.75.032004
https://doi.org/10.1103/PhysRevLett.122.071801
https://doi.org/10.1103/PhysRevLett.122.071801
https://doi.org/10.1016/j.physletb.2015.04.062
https://doi.org/10.1016/j.physletb.2015.04.062
https://arXiv.org/abs/1607.04669
https://doi.org/10.1103/PhysRevD.102.032002
https://doi.org/10.1103/PhysRevLett.134.131802
https://doi.org/10.1103/PhysRevLett.134.131802
https://doi.org/10.1103/PhysRevD.98.112004
https://doi.org/10.1103/PhysRevD.63.112001
https://doi.org/10.1103/PhysRevD.63.112001
https://doi.org/10.1007/JHEP07(2019)170
https://doi.org/10.1007/JHEP07(2019)170
https://doi.org/10.1103/PhysRevLett.124.131801
https://doi.org/10.1103/PhysRevLett.124.131801
https://doi.org/10.1103/PhysRevLett.133.071801
https://doi.org/10.1103/PhysRevLett.133.071801

PHYSICAL REVIEW LETTERS 135, 121802 (2025)

[27] S. Davidson, B. Campbell, and D. C. Bailey, Phys. Rev. D
43, 2314 (1991).

[28] R. Mohapatra and I. Rothstein, Phys. Lett. B 247, 593 (1990).

[29] R. Agnese et al. (CDMS Collaboration), Phys. Rev. Lett.
114, 111302 (2015).

[30] T. Emken, R. Essig, C. Kouvaris, and M. Sholapurkar, J.
Cosmol. Astropart. Phys. 09 (2019) 070.

[31] L. Singh, J. W. Chen, H. C. Chi, C.P. Liu, M. K. Pandey,
H.T. Wong, C.P. Wu, M. Agartioglu, M. Deniz, H. B. Li,
S.T. Lin, V. Sharma, M. K. Singh, V. Singh, and Q. Yue
(TEXONO Collaboration), Phys. Rev. D 99, 032009 (2019).

[32] S.I. Alvis (Majorana Collaboration), Phys. Rev. Lett. 120,
211804 (2018).

[33] P.C. Kim, E.R. Lee, I. T. Lee, M. L. Perl, V. Halyo, and D.
Loomba, Phys. Rev. Lett. 99, 161804 (2007).

[34] D.C. Moore, A.D. Rider, and G. Gratta, Phys. Rev. Lett.
113, 251801 (2014).

[35] C. Brust, D. E. Kaplan, and M. T. Walters, J. High Energy
Phys. 12 (2013) 058.

[36] H. Vogel and J. Redondo, J. Cosmol. Astropart. Phys. 02
(2014) 029.

[37] R. Plestid, V. Takhistov, Y.-D. Tsai, T. Bringmann, A.
Kusenko, and M. Pospelov, Phys. Rev. D 102, 115032 (2020).

[38] M. Kachelriess and J. Tjemsland, Astropart. Phys. 132,
102622 (2021).

[39] C. A. Argiielles Delgado, K.J. Kelly, and V. Muiioz
Albornoz, J. High Energy Phys. 11 (2021) 099.

[40] R. Harnik, R. Plestid, M. Pospelov, and H. Ramani, Phys.
Rev. D 103, 075029 (2021).

[41] A.Fung, S. Heeba, Q. Liu, V. Muralidharan, K. Schutz, and
A. C. Vincent, Phys. Rev. D 109, 083011 (2024).

[42] E. Izaguirre and I. Yavin, Phys. Rev. D 92, 035014 (2015).

[43] A. Ball et al. (milliQan Collaboration), Phys. Rev. D 104,
032002 (2021).

[44] S. Chatrchyan (CMS Collaboration), J. Instrum. 3, S08004
(2008).

[45] Eljen Technology, https://eljentechnology.com/ (Accessed:
August 26, 2005).

[46] Hamamatsu Photonics K. K., https://www.hamamatsu.com/
(Accessed: August 26, 2005).

[47] CAEN S.p.A, https://www.caen.it/products/v1743/
(Accessed: August 26, 2005).

[48] T. Sjostrand, S. Mrenna, and P. Skands, Comput. Phys.
Commun. 178, 852 (2008).

[49] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
J. High Energy Phys. 07 (2014) 079.

[50] M. Cacciari, M. Greco, and P. Nason, J. High Energy Phys.
05 (1998) 007.

[51] Y.-Q. Ma, K. Wang, and K.-T. Chao, Phys. Rev. D 84,
114001 (2011).

[52] Y.-Q. Ma, K. Wang, and K.-T. Chao, Phys. Rev. Lett. 106,
042002 (2011).

[53] Y.-Q. Ma and R. Venugopalan, Phys. Rev. Lett. 113, 192301
(2014).

[54] S. Chatrchyan (CMS Collaboration), Phys. Lett. B 780, 251
(2018).

[55] G. Aad (ATLAS Collaboration), Phys. Lett. B 705, 9
(2011).

[56] G. Aad (ATLAS Collaboration), Phys. Rev. D 87, 052004
(2013).

[57] R. Aaij (LHCb Collaboration), J. High Energy Phys. 07
(2018) 134; 05 (2019) 76.

[58] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250
(2003).

[59] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
771, 435 (2017).

[60] G. Aad et al. (ATLAS and CMS Collaborations), Procedure
for the LHC Higgs boson search combination in Summer
2011, Technical Report No. CMS-NOTE-2011-005, ATL-
PHYS-PUB-2011-11, CERN, 2011.

[61] T. Junk, Nucl. Instrum. Methods Phys. Res., Sect. A 434,
435 (1999).

[62] A.L. Read, J. Phys. G 28, 2693 (2002).

[63] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Eur. Phys.
J. C 71, 1554 (2011); 73, 2501(E) (2013).

[64] CMS data availability statement, 10.7483/OPENDA-
TA.CMS.1BNU.8VIW.

121802-6


https://doi.org/10.1103/PhysRevD.43.2314
https://doi.org/10.1103/PhysRevD.43.2314
https://doi.org/10.1016/0370-2693(90)91907-S
https://doi.org/10.1103/PhysRevLett.114.111302
https://doi.org/10.1103/PhysRevLett.114.111302
https://doi.org/10.1088/1475-7516/2019/09/070
https://doi.org/10.1088/1475-7516/2019/09/070
https://doi.org/10.1103/PhysRevD.99.032009
https://doi.org/10.1103/PhysRevLett.120.211804
https://doi.org/10.1103/PhysRevLett.120.211804
https://doi.org/10.1103/PhysRevLett.99.161804
https://doi.org/10.1103/PhysRevLett.113.251801
https://doi.org/10.1103/PhysRevLett.113.251801
https://doi.org/10.1007/JHEP12(2013)058
https://doi.org/10.1007/JHEP12(2013)058
https://doi.org/10.1088/1475-7516/2014/02/029
https://doi.org/10.1088/1475-7516/2014/02/029
https://doi.org/10.1103/PhysRevD.102.115032
https://doi.org/10.1016/j.astropartphys.2021.102622
https://doi.org/10.1016/j.astropartphys.2021.102622
https://doi.org/10.1007/JHEP11(2021)099
https://doi.org/10.1103/PhysRevD.103.075029
https://doi.org/10.1103/PhysRevD.103.075029
https://doi.org/10.1103/PhysRevD.109.083011
https://doi.org/10.1103/PhysRevD.92.035014
https://doi.org/10.1103/PhysRevD.104.032002
https://doi.org/10.1103/PhysRevD.104.032002
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/3/08/S08004
https://eljentechnology.com/
https://eljentechnology.com/
https://www.hamamatsu.com/
https://www.hamamatsu.com/
https://www.hamamatsu.com/
https://www.caen.it/products/v1743/
https://www.caen.it/products/v1743/
https://www.caen.it/products/v1743/
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1103/PhysRevD.84.114001
https://doi.org/10.1103/PhysRevD.84.114001
https://doi.org/10.1103/PhysRevLett.106.042002
https://doi.org/10.1103/PhysRevLett.106.042002
https://doi.org/10.1103/PhysRevLett.113.192301
https://doi.org/10.1103/PhysRevLett.113.192301
https://doi.org/10.1016/j.physletb.2018.02.033
https://doi.org/10.1016/j.physletb.2018.02.033
https://doi.org/10.1016/j.physletb.2011.09.092
https://doi.org/10.1016/j.physletb.2011.09.092
https://doi.org/10.1103/PhysRevD.87.052004
https://doi.org/10.1103/PhysRevD.87.052004
https://doi.org/10.1007/JHEP07(2018)134
https://doi.org/10.1007/JHEP07(2018)134
https://doi.org/10.1007/JHEP05(2019)076
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.physletb.2017.05.074
https://doi.org/10.1016/j.physletb.2017.05.074
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.7483/OPENDATA.CMS.1BNU.8V1W
https://doi.org/10.7483/OPENDATA.CMS.1BNU.8V1W

PHYSICAL REVIEW LETTERS 135, 121802 (2025)

End Matter

Appendix: Background estimate distributions—For
completeness, we provide the distributions of events
used in the ABCD background estimation method.
Figure 2 shows the distributions of the uncorrelated
variables used to define SR1, which target a straight-line
trajectory through the detector and impose a maximum
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FIG. 2. The distributions of the uncorrelated variables used to
define the ABCD regions used to estimate the background
contribution to SR1.

timing difference between bar pulses of less than 20 ns.
Figure 3 displays the uncorrelated variables used for
SR2, which are based on the maximum nPE deposit in
either the front or back panel and the number of

scintillator bars registering pulses.
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FIG. 3. The distributions of the uncorrelated variables used to
define the ABCD regions used to estimate the background

contribution to SR2.
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