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We present the first LHC search for quirks, particles with standard model and QCD-like infracolor (IC)
interactions. The analysis uses data collected in 2022-2024 by FASER, with a 186 fb~! integrated
luminosity of proton-proton collisions at a center-of-mass energy /s = 13.6 TeV. Scintillator charge and
timing information are used to search for slow pairs of quirks with no QCD color and electric charge +1.
No events are seen in this nearly background-free search, resulting in the first exclusion of quirks with
masses above the weak scale for IC confinement scales in the broad range of 300 eV < A < 100 keV.

DOI: 10.1103/2156-xkSy

The standard model (SM) of particle physics is the
current framework to describe the fundamental building
blocks of the universe and their interactions. However, it
faces many theoretical and experimental challenges,
including its failure to resolve the gauge hierarchy problem
or provide a viable particle candidate for cold dark matter.
A generic extension of the SM can be made by adding a
new gauge group. While the Abelian gauge groups have
been thoroughly investigated, non-Abelian groups are
much less studied, despite being more generic. Such hidden
non-Abelian sectors are further motivated by neutral
naturalness models [1-3], where noncolored top partners,
charged under a hidden gauge group, can ameliorate the
gauge hierarchy problem.

Quirks [4] are hypothetical matter particles charged
under infracolor (IC), a new, QCD-like gauge group. IC
models and quirks are motivated by the facts that IC
glueballs are viable dark matter candidates [5,6] and the
framework arises in attempts to resolve the gauge hierarchy
problem [2,7]. Despite this motivation, there have been
few direct searches for quirks at colliders. The DO
Collaboration searched for quirks at the Tevatron [8], but
there has not yet been any dedicated search for quirks at the
Large Hadron Collider (LHC), although there have been a
number of proposed search strategies for ATLAS and CMS
[9-15] and LHCD [16].

For this Letter, following the benchmark model studied
in Ref. [17], we consider the IC gauge group SU(Nyc) with
a single quirk flavor in the (1, 1, —1, Ny¢) representation of
SUc(3) x SUL(2) x Uy(1) x SU(Nyc), corresponding to
the same SM gauge charges as right-handed charged
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leptons, with no SM color and electric charge —1. We
take the number of infracolors to be Ny = 2. This quirk
model is, then, completely specified by the quirk mass mg
and the IC confinement scale A. Quirks with SM color are
not considered here, given the complexity of including
QCD hadron emission, but they can be probed with a
similar analysis.

Quirk-antiquirk pairs are dominantly produced at the
LHC through Drell-Yan processes mediated by a photon or
Z boson. At leading order, the quirk pair is produced with
no transverse momentum (pr) and thus close to the beam
collision axis. For A < mg, quirk pairs remain bound to
each other via the IC force and oscillate around
their common center of mass, while their high mass does
not allow for the creation of new quirk pairs out of the
vacuum. The oscillation amplitude is approximately
1 ecm x (mg/100 GeV)(1 keV/A)?. The pair of quirks
can travel long distances leaving exotic electromagnetic
traces. Experimentally, quirk pairs can be identified as
forward, long-lived signatures with trajectories different
from those of SM particles. In particular, their weak-scale
masses allow them to be produced with speeds significantly
below the speed of light c¢. The IC force redirects part of
each quirk’s velocity into transverse oscillations, further
reducing its longitudinal velocity. The resulting slow speed
provides a powerful discriminant in the forward direction,
as discussed in Ref. [17].

The FASER detector [18] at the LHC is well suited to
search for quirk signatures [17,19]. It is located 480 m
downstream of the ATLAS experiment’s interaction point,
aligned with the beam collision axis. The LHC dipole
magnets and the material between ATLAS and FASER,
including more than 100 m of rock, shield FASER from
most SM particles. Muons and neutrinos are the only SM
particles reaching FASER, making it a suitable environ-
ment to search for particles beyond the SM.

As shown in Fig. 1, the FASER detector consists of a

1.1-ton FASERv emulsion detector, a decay volume, three
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FIG. 1.
shown to scale.

permanent dipole magnets, a sampling electromagnetic
calorimeter with lead absorbers, and four stations of a
tracking spectrometer, each consisting of three 240 x
240 mm? double-sided layers of silicon strip detectors
which reconstruct track segments per station. The tracker
readout window is limited to 75 ns. In addition, eight
scintillators, placed across 5.78 m in the z direction and
each with a transverse size of at least 300 x 300 mm? and
thickness of 10 or 20 mm, provide information about both
the charge and arrival time of charged particles, crucial in
the detection of slow quirk pairs with charge deposition
twice that of background muons. The scintillators and
calorimeters are read out with photomultiplier tubes, and
the corresponding waveforms are recorded for each event
in a time window of at least 560 ns, from which the arrival
time and integrated charge can be reconstructed. The z
coordinate is defined along the ATLAS beam collision
axis, with z=0 at the timing scintillator station.
Transverse x and y coordinates are zero at the center of
the detector.

This analysis is based on a data sample of proton-proton
collisions at /s = 13.6 TeV collected by FASER from
2022 to 2024, corresponding to an integrated luminosity of
186 fb~!. Events are triggered by measured charge above
the noise level in any of the scintillators or the calorimeter.
For each run, the scintillator time is calibrated to the
average arrival time of muons, propagating at velocity c.
The calibrated time of each scintillator is zero for a particle
produced in a colliding bunch in ATLAS and traveling at
speed c¢. A position-dependent correction, based on the
tracker-inferred hit position, accounts for photon propaga-
tion within the scintillator. As detailed in Appendix B, this
process leads to position- and charge-dependent timing
resolutions per event and scintillator, with averages in the
range of 0.25-0.6 ns.

We simulate the Drell-Yan production of quirk pairs at
ATLAS at leading order using MadGraph5_aMC@NLO [20]
interfaced with PYTHIA 8 [21] for parton showering. Events
within the fiducial phase space of 8 < 0.5 mrad, where € is
the angle relative to the z axis, are retained for quirk
propagation. We use the LHCb tune [22] of PYTHIA 8 and
apply a normalization correction derived from LHCb
measurements of forward Z boson production [23] to
improve the modeling of initial-state radiation, to which
the FASER signal acceptance is particularly sensitive.

Tracking Stations Shleld

Schematic of a quirk pair propagating through various components of the FASER detector. The detector geometry is not

Quirk propagation through material and LHC mag-
netic fields is simulated [24] following Ref. [25]. For
A > 3 keV, deflections from magnetic fields and ioniza-
tion in material are negligible because the IC force
dominates and rapid oscillations average out residual
effects. The quirks are therefore propagated analytically
without stepwise simulation, while ionization energy loss is
still accounted for. Energy loss from IC glueball radiation
and quirk-pair deflection outside the detector acceptance
are included using survival probabilities parameterized by
mg, A, and the quirk-pair energy. The IC glueball-emission
probability per oscillation is set to ¢ = 0.1, following
Refs. [12,17].

The interaction of quirks with the FASER detector is
simulated in Geant4 [26] using an adaptation of the quirks
physics extension within the Athena software framework
[27], which accounts for the IC force in the propagation of
individual quirks. The digitized detector response is recon-
structed using the same pipeline as the collision data.
Scintillator times are smeared according to the data-driven
resolutions obtained after the timing calibration. Details of
the quirk simulation in Geant4 and the timing calibration are
discussed in Appendixes A and B, respectively.

The background model includes two sources. The first
process, referred to as “through-going muons,” consists of
muons coming from near the ATLAS interaction point and
depositing charge in all FASER scintillators. The second,
referred to as the “kinked” background, arises from
muon-induced secondary showers in the detector material.
Kinked events exhibit timing consistent with propagation
at velocity ¢ upstream of a fitted position z = Zyu,
followed by delayed signals in downstream scintillators
due to the additional path length of the shower particles.
Contributions from other sources including cosmic muons
and beam-induced backgrounds from the two LHC beams
were found to be negligible. Simulated muon samples with
kinematics predicted by FLUKA [28,29] are used for
validations of the scintillator charge response, the modeling
of timing, and the source of the kinked background.

Events are selected based on tracker activity, calorimeter
energy, timing, and measured charge in the scintillators.
Events with one track segment in each of the two upstream
tracker stations and more than one segment in either of the
two downstream stations are rejected to suppress the kinked
background. The quirk oscillation pattern in the x-y plane
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ranges from approximately linear to circular as the pair
angular momentum increases. An ellipse is therefore fitted
to the tracker-hit distribution. The reconstructed tracker-hit
ellipse is required to have at least 95% of its area contained
within a tracker fiducial region defined by |x| < 115 mm
and |y| < 115 mm, inscribing a circle corresponding to
polar angle 8 ~ 0.24 mrad. Events for which the semiminor
axis of this ellipse is greater than 3 cm are rejected to
suppress showers.

To avoid calorimeter showers that could backsplash
to the preshower scintillators, a loose upper cut of
15 (3) GeV on calorimeter activity for 2022-2023
(2024) events is applied, according to the noise level in
this period with an integrated luminosity of 67(120) fb~'.

The scintillator charge signal from a muon follows a
Landau distribution convoluted with detector noise. A
quirk pair typically produces approximately twice the
measured charge of a single muon, allowing a minimum
per-scintillator charge requirement to reject most through-
going muons. Secondary showers, however, generally
produce larger signals. A quirk-like charge (QLC) window
is therefore optimized for each scintillator to maximize
the expected signal significance. A preselection of data
includes all signal selections mentioned so far, as well as
requiring QLC in at least one Vetor and one preshower
scintillator. The single-muon QLC efficiency varies by
scintillator and is weakly correlated across planes: 22.24%
of muons have QLC in the first Vetov layer, 15.70% in both
Vetov layers, and 0.01% in all eight scintillators. Signal
events must have QLC in all eight scintillators. This
requirement is typically 99% efficient for simulated quirks
entering the tracker fiducial region.

Figure 2 shows the calibrated time as a function of
scintillator position for a selected event in data compared to
a simulated slow signal event. A linear regression extracts
to, the arrival time at z = 0 modulo the 25 ns LHC bunch

T T
Preshower —{

¢ Quirk MC event times, mq =175 GeV, A=3 keV
—- Quirk MC fit (fo = 3.33 + 0.09 ns, B = 0.885 + 0.010)
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FIG. 2. Scintillator time vs position for a selected event in data
(blue) compared to a selected slow simulated quirk event (red).
Scintillator times are calibrated to the arrival time of particles
traveling at the speed of light (black).

spacing, as well as = v/c, with v being the extracted
speed from the slope of the fitted line. Events with
1% /Naos > 2 are rejected to ensure a precise extraction
of f# and ¢,.

Figure 3(a) shows the distribution of arrival times ¢, and
velocities f for preselected events in data, compared to a
few representative quirk models, each with 300 simulated
events. Because the per-run timing calibration is referenced
to the mean arrival time, the muon-dominated data cluster
near 7, =0 and f = 1. Delayed radio-frequency (if)
satellite-bucket events [30] arise when the 400 MHz rf
cavities push a small fraction of protons from the main
colliding bucket into the neighboring rf buckets, creating
satellite bunches whose collisions occur at times offset by
integer multiples of the 2.5 ns rf period relative to the
nominal collisions. Massive quirks, however, are more
likely to be slow and arrive out of time, possibly later than
the 25 ns LHC bunch spacing.

Through-going muons are rejected using a combined
arrival-time and speed selection, with ellipses in the #y-f
plane defining background regions excluded from the final
selection. Using speed alone removes substantial signal near
the nominal bunch, while arrival time alone is susceptible to
satellite-bunch backgrounds. The preselected data distribu-
tion is fitted with a two-dimensional Gaussian, whose lo
ellipse is scaled by a factor n chosen to maximize the
signal significance against the background model. This gives
n = 10.0 for the main timing ellipse shown in Fig. 3(a).
Satellite events are rejected using 2.5 ns-spaced copies of the
main ellipse, with their scaling factor optimized similarly,
giving n = 4.1 for 2022-2023 and n = 4.4 for 2024. The
optimization is performed separately for the two periods
because differences in the LHC optics and collision crossing
angle lead to differences in background-muon kinematics.
Together, the ellipses define the excluded in-time region,
with their lower halves forming its lower boundary.

Events are additionally required to have 0.6 < § < 1.
The lower bound allows for sufficient propagation time
through all tracking stations within their readout time
window, while the upper bound removes a region pre-
dominantly populated by background events.

The final allowed, out-of-time region is shown
unhatched in Fig. 3(a). Depending on mg, 0.03%-0.04%
of signal events produced at the ATLAS interaction
point reach FASER within the tracker fiducial region.
The efficiency of reconstructing and selecting the
remaining events is approximately 1% (10%) for
mg = 50(175) GeV.

Statistical fluctuations in timing information and scin-
tillator charge can lead to inefficiencies in rejection of
through-going muons. This background is estimated with a
data-driven ABCD method. Regions A-D span
0.6 < < 1.0: A and C lie outside the timing ellipses,
while B and D lie inside; A and B require QLC in all
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(a) Preselected data (blue) and three representative signal models, each containing 300 events (green, red, purple) in the 7y-f

plane, where 1, is the arrival time modulo 25 ns and f = v/c is the reconstructed speed in units of c. (b) The same distribution for data
after requiring QLC in all eight scintillators. The ellipses define the in-time regions for the two data-taking periods, with events above
their lower halves classified as in-time and those below as out-of-time. The unhatched region in (b) is the signal region of this analysis.

scintillators, whereas C and D require QLC in 2-5
scintillators. The estimated background rate in the signal
region A is fixed to Ny = NgN¢c/Np, giving 0.046 +
0.010 in 2022-2023 and 0.082 £0.014 in 2024. The
uncertainties are determined by the Poisson uncertainties
on the number of events in each control region. This
method relies on negligible correlation between charge and
timing variables, which was confirmed by subdividing
various control regions and repeating a similar method.
Moreover, signal simulation studies confirm that there is
negligible contamination of the signal in regions B-D.

The kinked-background rate is estimated using prese-
lected data events with n > 5.5 that populate the non-
Gaussian tail within the main ellipse of Fig. 3. Their rate
density falls approximately as a power law in n and is
extrapolated beyond the ellipse into the signal region.
Kinked events have showers produced in both upstream
and downstream detector material, but the downstream
contribution is found to be negligible. The extrapolated rate
is scaled by the probability that the upstream muon deposits
QLC in the Vetov scintillators, as described in Appendix C.
The kinked background rate in the signal region is found to
be 0.033 (0.051) events, with a 68% confidence level (CL)
interval of [0.0015, 0.080] ([0.0036, 0.113]) in the 2022—
2023 (2024) data-taking period.

The systematic uncertainties on the signal normalization
depend on mass and confinement scale. A 2%—-4% uncer-
tainty is assigned to the inclusive production cross section,
from QCD scales and parton distribution function uncer-
tainties. Initial- and final-state radiation during the pro-
duction affect the pr of the quirk pair and consequently the
fiducial acceptance. Variations of shower scales in PYTHIA 8
by factors of 0.5 and 2 result in approximately 25%
uncertainty on the signal normalization. The uncertainty

from IC glueball radiation is 1%-20%, relevant only for
A Z 30 keV and derived by modifying the radiation prob-
ability ¢ by £30%. The uncertainty on the efficiency of
requiring a good linear regression in the extraction of 7, and
p is 1%-5%. The finite-simulation-sample systematic
uncertainty is approximately 6% for most relevant signal
models but up to 28% for small confinement scales where
the large oscillation amplitude translates to low signal
acceptance. Finally, the uncertainty in the luminosity
measurement is 2.2% [31,32].

Figure 3(b) shows the remaining events in data after
applying all analysis selections except timing requirements.
The unhatched region represents the final signal region of
this analysis containing zero observed events. We proceed

to set limits on the effective fiducial cross section, a‘li‘ifg, and

signal strength, (A, mg) = o0&t /6%, using a fully fre-

quentist (CL,) method [33] within the CMS Combine
framework [34]. The effective fiducial cross section, aﬁg ,
is defined as the cross section within the fiducial phase
space of 6 < 0.5 mrad weighted by the theoretically
calculated probability of survival from IC glueball radiation

in a 480-meter propagation of the quirk pair toward

FASER. It is theoretically predicted to be o7~

Figure 4 shows the observed and expected 95% CL
upper limits on o8 as a function of the quirk mass for a
confinement scale of 10 keV, compared to the theoretical
prediction. It also shows the 95% CL upper limit on
u(A,mg), with the expected uncertainty band including
all experimental and theoretical uncertainties. Masses up to
179 GeV are excluded for A = 10 keV.

Figure 5 shows the observed and expected excluded
regions in the A, mg signal parameter space compared to
previously excluded regions [8,10,35]. For the first time,
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quirk models with masses beyond the electroweak scale are
excluded for a wide range of confinement scales. Tabulated
results, including limits on o&T, are provided in the
HEPData record for this analysis [36].

In summary, a search for quirk particles at the LHC was
performed using the data recorded by FASER in 2022—
2024, approximately half of the recorded data in Run 3 of
the LHC. As no quirk candidates were observed, lower

limits were set on the quirk mass for a wide range of

confinement scales covering three orders of magnitude. As
the first direct search for quirks at the LHC, this analysis
sets a precedent and offers a baseline methodology for
similar searches in other collider experiments.
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End Matter

Appendix A: Simulation of quirks in Geant4—Quirk
propagation through the detector is simulated in
Geant4 using an adaptation of the Simulation/
G4Extensions/Quirks physics extension from the
Athena software framework [27]. The quirk pair is treated
as a coupled two-body system connected by an IC
string. A custom G4UserStackingAction class,
which controls the order in which tracks are processed
during the Geant4 event, assigns the quirk and antiquirk
to separate waiting categories, enforcing alternating
propagation. After each step, the string configuration is

updated before the partner track is advanced, so the pair
is transported as a coupled system. The string force is
applied by a dedicated transportation process, while
standard Geant4 electromagnetic processes describe
material interactions.

The implementation is validated with three checks. First,
track continuity is verified by comparing trajectories after
upstream propagation with those at the detector simulation
interface. Second, the scintillator charge response is com-
pared with a straight-line reference using the same kin-
ematics and relevant electromagnetic processes, confirming
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the expected response: similar to that of two minimum
ionizing particles (MIPs). Third, the scintillator timing
response is compared with the same reference. The charge
and timing distributions are consistent within differences
expected from the oscillatory quirk motion, which changes
scintillator intersections and path lengths. These checks
validate the detector-response quantities used in the
analysis.

Appendix B: Timing calibration—Reconstructed
scintillator times are measured relative to the LHC clock
and are calibrated using high-energy, single-track muon
events. Run-dependent reference offsets are first
subtracted to remove relative timing shifts between
channels and data-taking periods. The resulting times are
mapped to a common 25 ns bunch period and the
remaining bunch-index ambiguity is resolved using the
absolute digitizer times. Position-dependent photon
propagation times are measured in 2.5 x 2.5 cm? bins
across each scintillator, and the calibrated hit time is
defined as 7., =1 —7(x,y).

For each scintillator plane, a leave-one-out (LOO)
estimate of the event arrival time at z =0, 5°C is
reconstructed from the measured times in all other valid
planes, excluding the plane under study. The LOO pro-
cedure is iterated during the calibration, reducing the width
of the residual distribution until it converges to the
approximate intrinsic timing resolution. The timing uncer-
tainty is then parametrized as a function of hit position and
measured charge by fitting its charge dependence in each
spatial bin to a power law. The data-derived timing
resolutions are used to smear the simulated hit times before
applying the timing calibration. The tracker hits are used to
define a containment ellipse for the expected hit region in
each scintillator plane, over which the calibration values are
averaged, with their spatial variation included as an addi-
tional uncertainty. This region is small and approximately
circular for most muons and high-A quirk events, while for
low-A quirks it ranges from a narrow, elongated ellipse to a
large circle, depending on the angular momentum of the
quirk system.

The resolutions of the calibrated time, ., and the
uncalibrated raw time, 7., are reported using muon data.
For each scintillator plane, an LOO estimate of the arrival
time at z =0, ££99 is reconstructed from the calibrated
times and uncertainties of all other valid planes, excluding
the plane under study, assuming that v =c. 599 is
subtracted event by event from both 7., and 7., in the
excluded plane to correct for the arrival-time due to the
intrinsic collision-time spread of approximately 180 ps
arising from the finite bunch length. Gaussian fits are
performed to the cores of the resulting time distributions,
and the mean variance of the corresponding LOO arrival-
time estimate, <6120,L00>’ is subtracted in quadrature from

the fitted widths. Using the calibrated event estimate for
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FIG. 6. Measured timing resolutions for a 2024 data run. The
right panels show the widths of the fitted 7, and £ distributions for
the raw and calibrated timing inputs. The #, distributions include
collision-time spread.

both measurements places them on the same reference,
although it slightly improves the apparent raw time
resolution relative to a fully independent raw time estimate.

The resulting typical scintillator timing resolutions are
shown in Fig. 6. The timing resolution is slightly worse for
Vetor scintillators as the light is extracted using a wave-
length-shifting rod which widens the timing spread. The
widths of the reconstructed ¢, and f distributions are shown
on the right side of Fig. 6, with the ¢, distribution including
the intrinsic collision-time spread. For quirk signals, the
scintillator charge is typically about two MIPs, correspond-
ing to smaller charge-parameterized timing uncertainties
than for the muon sample.

Appendix C: Kinked background—The kinked
background arises when a muon traversing FASER at
v = ¢ interacts in the detector and produces secondary
shower particles. The additional path length accumulated
by the shower particles delays the downstream scintillator
signals, changing the timing profile from the v =c¢
behavior of the incoming muon to an apparently slower
downstream propagation. Events with this characteristic
kink can mimic the timing signature of a slow particle
and appear at large n relative to the nominal through-
going-muon distribution in the #y-/ plane.

Muon simulation identifies two main sources of such
events: showers initiated in the FASERv tungsten and
hadronic backsplash from the calorimeter lead. To distin-
guish these sources, the scintillator times are fit with a
piecewise timing model with three free parameters: the
arrival time, the kink z position zy;,, and the apparent
downstream speed, with v = ¢ being the fixed upstream of
Zxink- An example fit is shown in Fig. 7.

The fitted kink z position zy;, is used to classify the
likely shower origin, with z;,c < 0 assigned to the
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FIG. 7. Calibrated scintillator times for a candidate kinked-
background event in data, compared to a simulated event in the
same category. The kinked timing fit is used to extract the
effective shower z position Zy,y-

upstream FASERv category and zj;, > O assigned to the
downstream calorimeter category.

To transfer the kinked background rate to the signal
region, scintillators downstream of z;;,, are conservatively
assumed to satisfy the QLC requirement, while scintillators
upstream of zy, are assigned a probability of producing
QLC signatures measured from data, P(QLC). This makes
the upstream category the more pessimistic component
estimate since here P(QLC) = P(QLC in Vetov) = 0.157
and all downstream scintillators are assumed to satisfy the
QLC requirement.

The kinked-background rate in the out-of-time region is
estimated from data before applying the final timing and
charge requirements. In both data and muon simulation, the
kinked-event density falls approximately as a power law in
n, motivating a power-law model for the extrapolation. The
density in the preselected sample is fit for n > 5.5, where
contamination from through-going muons is suppressed;
including lower-n events would bias the fitted slope and
underestimate the background at large n. No events in this
fit region are classified as downstream, largely due to the
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background P(QLC in Vetov) = 0.157
L=186fb"

—— Data fit: 4.01x 10° n®8

Data fit 68% uncertainty band
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FIG. 8. The 2024 upstream kinked-background estimate. The
black points show the data event density multiplied by the Vetov
QLC probability, P(QLC in Vetor) = 0.157, as a function of the
ellipse-scaling variable n. The solid black curve shows the power-
law fit used to extrapolate the kinked background into the signal
region, and the gray band shows the 68% uncertainty from the fit.
The blue points show the 2024 muon simulation normalized to
the data for a shape comparison, with the dotted blue curve
showing the corresponding power-law fit. The dashed red line
indicates the nominal out-of-time signal-region boundary.

calorimeter energy requirement, and the corresponding
transfer factor would further suppress this contribution;
only the upstream category is therefore considered in the
background estimate.

The 2024 upstream kinked-background distribution and
corresponding fit are shown in Fig. 8. The fitted density is
integrated over the nominal out-of-time signal-region range
in n. The same fitted density is integrated over the
corresponding satellite out-of-time regions, with the satel-
lite integral scaled by the measured ratio of events in the
nominal bunch period to those in the satellite bunch
periods. The sum of the nominal and scaled satellite
integrals gives the upstream kinked yield before the final
QLC requirement. This yield is then multiplied by the
probability for QLC in the Vetov scintillators.
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