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Abstract

A search is presented for fractionally charged particles with charge below 1e, using
their small energy loss in the tracking detector as a key variable to observe a signal.

The analyzed data set corresponds to an integrated luminosity of 138 fb−1 of proton-
proton collisions collected at

√
s = 13 TeV in 2016–2018 at the CERN LHC. This is the

first search at the LHC for new particles with charges between e/3 and e. Masses up
to 640 GeV and charges as low as e/3 are excluded at 95% confidence level. These are
the most stringent limits to date for the considered Drell-Yan-like production mode.
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Colorless freely-propagating particles with a fractional electric charge, or fractionally charged
particles (FCPs), have never been observed. In particular, such particles with a charge lower
than the electron charge e remain unseen, although nothing from first principle prevents their
existence. The theoretical motivations for the existence of FCPs are closely related to possible
hidden symmetries and fields weakly or not connected to the standard model (SM) fields. For
example, these particles are predicted in the hypercharge portal scenario, where a new U(1)
symmetry is added to the SM Lagrangian, and the corresponding new boson, called a dark
photon, kinetically mixes with the SM hypercharge field [1]. New U(1) symmetries are intro-
duced, e.g., in string theory phenomenology [2] and Grand Unified Theories, as remnants of
large symmetries that break down to the SM symmetry group and extra U(1) groups [3]. Break-
ing supersymmetry in a hidden sector is another way to generate such new Abelian groups [4].

When adding to the SM Lagrangian such a U(1) gauge field A′ that couples to a new Dirac
fermion ψ with mass M through a coupling constant e′, the kinetic mixing between the new
gauge field and the SM hypercharge field B leads (after a field redefinition A′

µ → A′
µ − κBµ) to

the ψ field acquiring an effective nonzero weak hypercharge e′κ and thus a coupling to the SM
photon and Z boson after electroweak symmetry breaking:

L ⊃ −1

4
A′

µν A′µν + iψ̄(∂/ + ie′A/′ − ie′κB/ + iM)ψ.

The electric charge Q = e′κ cos θW ≡ ǫe of the new fermion ψ, where θW denotes the weak mix-
ing angle, can take any value. For the purpose of this search, the sign of the charge is irrelevant
and we will always use Q as a positive value. In the SM, fermions couple to electroweak vec-
tor bosons through vector and axial-vector couplings gV = I3 − 2Q sin2 θW and gA = I3. Since
ψ only carries U(1) charge, it has no SU(2) weak isospin I3, and we take the same value for
θW as in the SM. The matter field ψ is what we refer to as the FCP. We consider FCPs to be
pair-produced in a Drell–Yan (DY)-like process with an associated DY cross section where the
charge and mass of the final state fermion are taken to be that of the FCP.

In this Letter, we present a search for FCPs in proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV with the CMS detector at the CERN LHC. The data analyzed correspond to an

integrated luminosity of 138 fb−1 collected in 2016–2018. As we probe FCP charges lower than
e, the FCP-matter interaction cross section is smaller than that of unit charge particles such as
muons. Consequently, the FCP interaction length is larger, resulting in a smaller energy loss
per unit length dE/dx. The strategy adopted in this search is to measure the ionization of
particles passing through the tracking detector to discriminate signal from background events.
A similar search was pursued previously by CMS using pp collision data corresponding to

an integrated luminosity of 5.0 fb−1 at
√

s = 7 TeV [5]. Another CMS analysis, also based on

ionization measurements but using a different approach [6], combined data sets of 5.0 fb−1 at

7 TeV and 18.8 fb−1 at 8 TeV. These results exclude at 95% confidence level (CL) the existence
of FCPs with a charge of 2e/3 in the mass range 100–460 GeV. Exclusions for a charge of e/3
have been recently understood to be affected by an issue with the muon trigger simulation at
low charge, and have been retracted (see Errata of Refs. [5, 6]). In this work, we improve the
simulation of the FCP signal in terms of dE/dx in the CMS muon detectors. This allows us to
produce an exclusion result for a charge of e/3 and to extend the reach of the search for other
probed FCP charge and mass scenarios.

At higher masses, the most stringent constraints are derived indirectly from the anisotropy
of the cosmic microwave background, which can be affected by FCPs in the hot primordial
plasma [7]. In models with a massless dark photon with coupling e′ = 0.1, such constraints
exclude the existence of FCPs with a mass larger than about 250 GeV [8], for all charges con-
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sidered in this paper. These results are model-dependent and are complementary to those
of the model-independent direct-detection search we pursue in this work. At lower masses,
FCPs have been searched for at colliders. In particular, LEP constraints exclude the existence
of particles with a charge larger than 2e/3 and a mass below 95 GeV [9, 10]. Future proposed
dedicated experiments at the LHC intend to probe down to 10−3e for masses below half the Z
boson mass [11–14]. Finally, through the reinterpretation of cosmic ray measurements, other
bounds have been derived [15] that depend on the nature of dark matter and on FCP cosmic
acceleration. The range of these bounds overlap with the phase space accessible at the LHC,
and go as low as 10−4e.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. The silicon tracker
consists of pixel and strip modules that measure ionization clusters (hits) and the associated
dE/dx arising from tracks in the pseudorapidity range |η| < 2.5. Between the 2016 and 2017
data-taking periods, the pixel tracker was fully replaced, adding an extra detection layer both
in the central and forward sections of the detector [16]. Muons are detected in gas-ionization
chambers embedded in the steel flux-return yoke outside the solenoid. They are measured in
the range |η| < 2.4, with detection planes made using three technologies: drift tubes, cathode
strip chambers, and resistive-plate chambers. A detailed description of the CMS detector, to-
gether with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [17].

Isolated particles with transverse momentum pT = 100 GeV emitted with |η| < 1.4 have track
pT resolution of 2.8%. In this η range, the distribution of the number of tracker layers a parti-
cle sees is narrowly centered around 13 (14) with the old (new) pixel detector. The efficiency
to reconstruct and identify muons is greater than 96% for muons with pT above 20 GeV [18].
Matching muons to tracks measured in the silicon tracker results, for muons with pT up to
100 GeV, in a relative pT resolution of 1% in the barrel and 3% in the endcaps. For higher-pT

muons, up to a pT of 1 TeV, the resolution in the barrel remains better than 7%.

The experimental signature of an FCP in CMS is very similar to that of a muon, i.e., a minimum-
ionizing long-lived particle. It is expected to leave a track both in the silicon tracker and in the
muon chambers. In order to assign a pT to charged particles with curved trajectories in the
CMS magnetic field, the track reconstruction algorithm assumes that particles carry an electric
charge of 1e. Because their charge Q is lower than 1e, the measured pT of FCPs is overestimated
by a factor of 1/Q. This leads to an improved efficiency for the selection of high-pT signal
tracks. On the other hand, FCPs ionize in the detector with a dE/dx proportional to Q2. As a
consequence, FCPs produce a softer dE/dx spectrum than SM charged particles. For smaller
FCP charges (Q < 0.5e), energy deposits in the tracker and in the muon chambers have an
increased probability to fall below the readout threshold, which may lead to a loss of signal
efficiency because of tracks not being reconstructed.

Signal events are simulated using PYTHIA 8.215 [19] at leading order (LO). Background events
from W → µν, Z → µ+µ−, and tt production are generated with MADGRAPH5 aMC@NLO [20]
(v5 2.2.2) with at LO or next-to-LO (NLO), depending on the process. Diboson events are gen-
erated with PYTHIA at LO. All samples are generated with the corresponding 2016, 2017, and
2018 detector conditions. The LO NNPDF3.0 PDF set [21] is used for 2016 samples, while the
next-to-NLO NNPDF3.1 PDF set [21] is used for 2017 and 2018 samples. Parton showering and
fragmentation is performed for the 2016 event samples using the CUETP8M1 tune [22], except
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for tt events, for which the CUETP8M2T4 tune is used [23]. For all 2017–2018 samples, the CP5
tune is used [24]. All generated events are passed through a simulation of the CMS detector,
using GEANT4 [25], and its readout electronics and electronic signals from additional pp in-
teractions within the same or adjacent bunch crossings are overlaid. In the muon chambers,
FCP-matter interactions are generated using a combination of GEANT4 and a parametrized
framework to simulate the creation of individual electrons through ionization and their drift to
the collecting electrodes.

Events of interest are selected using a two-tiered trigger system [26]. In this search, we employ
a single-muon trigger with a pT threshold of 50 GeV [18]. The muon reconstructed offline is
required to have pT above 55 GeV, i.e. above the peak in the pT spectrum of muons from W
and Z boson decays. Events are further selected if they contain at least one central, isolated,
high-pT track geometrically matched to a muon. The track must have |η| < 1.5, and come from
the primary vertex of the event. To ensure a sufficient track quality, at least 5 hits are required
overall in the tracker, among which at least one should be in the pixel detector. For each track,
the muon system is used to estimate the time at which the particle traveling at nearly the speed
of light would have emerged from the primary vertex. By convention, this time is redefined
to have its mean centered around zero. For ultrarelativistic particles, the resolution is of the
order of 5 nanoseconds. As FCPs are massive and thus travel slower and arrive later in the
muon chambers, tracks are selected if this time is positive. This rejects about half of the muon
background from SM processes. Furthermore, the maximum angle between the track and any
other track or muon with pT > 35 GeV is required to be smaller than 2.8 radians to reject back-
to-back tracks from traversing cosmic ray muons. These selection criteria define candidate
tracks, to which the signal selection is then applied. Events are retained for analysis if they
contain 1 or 2 candidate tracks.

Because of their smaller ionization, FCP tracks have a larger number of tracker hits with low
dE/dx than expected for particles with charge e. To discriminate FCPs (signal) from muons

(background), we count the number of track hits with a low value of dE/dx (Nlow dE/dx
hits ). The

choice of the dE/dx threshold below which a hit is considered low is detailed later together
with the background estimation.

Some instrumental effects that reduce the dE/dx values are not well simulated. Radiation
damage affects the ability for the tracker sensors to collect the ionization charge, leading to
an increased probability for tracks to have a high number of low-dE/dx hits. In particular,
we observe the pixel detector layer closest to the beam to be strongly affected by radiation.
For this reason, and because the readout of this layer was defective in some data-taking pe-
riods [27], we choose not to count hits on this layer. Furthermore, we observe the number of
low-dE/dx hits to be underestimated in simulations, even for tracker layers further away from
the collision point. Therefore, the signal dE/dx spectrum in each of the tracker layers is cor-
rected independently, using correction factors derived from comparisons of candidate tracks
between data and simulations. The effect of these corrections is to reduce the dE/dx value
of a fraction of the hits. These corrections are particularly important for data collected in the
first half of 2016, when an electronic saturation problem in the strip tracker led to an increase
in hits with low-dE/dx values [28, 29]. Another experimental effect not well simulated is re-
lated to the edges of the tracker modules. When a particle deposits energy close to the edge
of a module, part of the charge is not collected, leading to a low-charge hit. Because of the
way the modules are physically arranged, this increases the probability of such tracks having a
high multiplicity of low-dE/dx hits. Consequently, we ignore tracks containing at least one hit
close to the edge of a tracker module. Finally, we observe an anomalous accumulation of hits
with dE/dx < 0.25 MeV/ cm for a few modules in the strip tracker with poor gain calibration,
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which we ignore.

We divide the total data set into four periods: early 2016 (19.9 fb−1), late 2016 (16.4 fb−1), 2017

(41.5 fb−1), and 2018 (59.7 fb−1). Each period includes different instrumental effects. Thus, the
expected number of tracks from background and signal events is estimated separately in each
of these four periods. In the following, we demonstrate some features of the search using the
2018 data set, which is the largest and contributes most to the overall sensitivity. The final
results derive from a combination of all four data-taking periods.

We split our selected events into a search region (SR) and a control region (CR). The SR consists
of events with only one track and events with two tracks with an invariant mass smaller than
80 or larger than 100 GeV. The CR consists of events with two tracks that have an invariant
mass in the range 80–100 GeV, and is dominated by Z boson production. The CR has fewer
tracks than the SR and is normalized to the number of tracks in the SR. As shown in Fig. 1, the
shape of the dE/dx distributions in the CR and the SR agree well.
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Figure 1: The dE/dx distribution for hits on candidate tracks in the CR and SR in 2018 data. The
last bin is an overflow bin. The vertical bars and the shaded area correspond to the statistical
uncertainty in the SR and the CR, respectively.

To estimate the background directly from data, we extrapolate the number of tracks in the CR

from low Nlow dE/dx
hits to high Nlow dE/dx

hits values, where we expect few events. The distribution of
this variable is shown in Fig. 2 for 2018 data in the CR and the SR, as well as for signal events.
Corresponding figures for the other data periods can be found in Appendix A. Tabulated re-
sults are provided in the HEPData record for this analysis [31]. The extrapolation is done by

fitting the Nlow dE/dx
hits distribution in the CR with a binomial function. This background evalu-

ation method is valid for FCPs with masses larger than 50 GeV, which would give a negligible

contribution to the CR. The use of the binomial function to describe the Nlow dE/dx
hits distribution

is justified by the track hits being a priori uncorrelated binary measurements by identical de-
tector modules. The number of binomial measurements is given by the mean number of hits
per track and the probability for a measurement to have a positive outcome is given by the
mean fraction of low-dE/dx hits per track. However, instrumental effects, in particular radia-
tion damage, affect the tracker modules in a way that the assumption that measurements come
from identical detectors is not strictly met. As a consequence, the choice of a single dE/dx
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threshold yields a Nlow dE/dx
hits distribution that deviates from a binomial distribution. To restore

a quasi-binomial behavior, layer-dependent upper dE/dx thresholds are chosen to enforce an
equal average binomial probability for each tracker layer. These upper thresholds typically
vary around 2 MeV/ cm, below the peak of the dE/dx distribution for unit charge particles
(see Fig. 1). Together with the lower threshold at 0.25 MeV/ cm, they define low-dE/dx win-

dows in which Nlow dE/dx
hits is counted. A χ2 test and the associated p-value [32] are used to

evaluate the hypothesis of the binomial distribution. The validity of the background estima-
tion in the SR from a fit to the CR is supported by the good agreement between the SR and the
CR in the distributions of dE/dx.

 (13 TeV)1−59.8 fb

N
u

m
b

e
r 

o
f 

tr
a

c
k
s

1−10

1

10

210

310

410

510

610

710

810

Binomial fit

SR
CR

Signal (M = 100 GeV)

eQ = /3eQ = 2 

eQ = 0.9 eQ = 0.5 
eQ = 0.8 /3eQ = 

CMS

C
R

/F
it

0.5

1

1.5

low dE/dx
hitsN

0 2 4 6 8 10 12 14 16 18

S
R

/F
it

0.5

1

1.5

Figure 2: Distribution of Nlow dE/dx
hits in the SR and the CR for the 2018 data set, as well as for

an FCP signal at a mass of 100 GeV and different charge scenarios. The vertical bars and the
shaded area correspond to the statistical uncertainty in the SR and the CR, respectively. The
p-value of the fit is 9%. The two lower panels show the ratio of the number of tracks observed
in the CR (upper) and SR (lower), and the fit function. The vertical bars correspond to the
uncertainty from statistical sources, while the shaded area shows the systematic uncertainty in
the binomial fit (see text).

In order to extract signal, we count the number of observed and expected tracks in the bins of

the Nlow dE/dx
hits spectrum with the highest expected signal significance, separately for each data

period. These bins correspond to Nlow dE/dx
hits = 5, 6, 7, 8, and ≥ 9 for the early 2016 data set, and

Nlow dE/dx
hits = 4, 5, 6, and ≥ 7, for the late 2016, 2017, and 2018 data sets. In each data period,

both the shape and the normalization information are used in the signal extraction.

We consider three distinct systematic uncertainties for the background prediction. The first un-
certainty arises from the fit function. Although binomial from first principles and corrected for

instrumental effects, residual correlations make the Nlow dE/dx
hits distribution slightly nonbino-

mial. To account for this, we fit the distribution with an alternative function, Ntracks(n) = p0np1+p2n,

where n = Nlow dE/dx
hits and p0, p1, and p2 are free parameters. We then take the uncertainty as

the relative difference between the predictions of this fit and those of the binomial function.
The second uncertainty relates to the choice of the fit range. It is taken as the relative difference

between the predictions with the binomial fit starting at Nlow dE/dx
hits = 0 and Nlow dE/dx

hits = 1,

except for early 2016 data where the Nlow dE/dx
hits distribution is wider and we compare the fits
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starting at Nlow dE/dx
hits = 0 and Nlow dE/dx

hits = 2. Finally, the uncertainty for the background pre-
diction arising from the limited number of tracks in the fitted CR is negligible.

The main systematic uncertainties in the signal expectation come from the estimation of the
Level-1 (L1) trigger inefficiency resulting from the large FCP mass (hence small velocity) and
from the simulation of the loss of hits in the muon detector at low charge, estimated by varying
dedicated muon simulation parameters. The low FCP dE/dx causes a reconstruction ineffi-
ciency in the muon detector, for which we evaluate the uncertainty as well. Other contribu-
tions arise from the knowledge of the integrated luminosity in the considered data sets [33–35]
and the understanding in simulation of other event and candidate track selection requirements,
in particular the track isolation and cosmic rejection. To evaluate the uncertainty related to the

correction of the underestimated fraction of low-dE/dx hits in simulation, we define Nlow dE/dx
hits,Q2

as Nlow dE/dx
hits with the low-dE/dx window boundaries divided by Q2. As Q < e for FCPs, this

means that we include higher dE/dx values in the window from which the hits contributing to

Nlow dE/dx
hits are counted. This reflects the fact that for a signal with low charge, the hits selected

to count Nlow dE/dx
hits originate from a higher part of the dE/dx spectrum than for an equivalent

unity charge particle. The uncertainty in the signal is then obtained from the relative difference

of Nlow dE/dx
hits,Q2 between data and DY simulation in the CR.

Table 1 shows the number of tracks expected from background and observed in 2018 data, for

the upper inclusive Nlow dE/dx
hits bin, which drives the sensitivity over most of the explored pa-

rameter space. Corresponding tables for the other data periods can be found in Appendix A.
The expected signal rate is shown for an FCP with a mass of 100 GeV in two different charge
scenarios, along with the associated systematic uncertainties. These uncertainties are consid-
ered to follow a log-normal distribution.

Table 1: Number of tracks observed and expected for background and signal events, in the

Nlow dE/dx
hits bin with highest signal significance (≥7), for 2018 data. The corresponding system-

atic uncertainties are also listed. The results are shown for FCP scenarios at a mass of 100 GeV
with a charge of 2e/3 (the most sensitive scenario) and e/3 (the lowest considered charge).

Nobserved 1

N
expected
BG 0.09

Fit function ±19%
Fit range ±28%

Q = 2e/3 Q = e/3

N
expected
signal 3622 3.51

L1 trigger inefficiency 5% 5%
Muon system energy loss simul. +4%/−3% 75%
Muon detector inefficiency 3% 15%
Integrated luminosity 2.5% 2.5%
Selection 2.0% 2.0%
dE/dx corrections 1.7% 2.3%
Limited signal sample <1% 1.8%

No significant deviation is observed when comparing data with the background prediction in
all search region bins across all considered data sets. Using the CLs method [36, 37], 95% CL
upper limits are computed for the FCP production cross section for a given charge and mass
scenario. The excluded parameter space for the considered signal is shown in Fig. 3, using the
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full 2016–2018 data set. The exclusion shown is valid for masses above 50 GeV. The limit for
a charge of 2e/3 is improved with respect to prior analyses, and we extend the exclusion to
other charge points, from 0.9e down to e/3. For an FCP of charge 2e/3 (e/3), we exclude cross
sections above 0.28 fb (0.39 pb) at the maximal excluded mass of 640 (60) GeV.
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Figure 3: Exclusion region (hatched) at 95% CL in the FCP charge-mass plane for the considered
signal. The expected exclusion is shown with the associated 1 (green) and 2 (orange) standard
deviations bands. Signal points at charges 0.9, 0.8, 2/3, 0.5, and 1/3e are connected by straight
lines to guide the eye. This is a conservative interpolation. Previous exclusions from CMS [5, 6]
as well as OPAL [10] are given for comparison.

In summary, we presented a search for fractionally charged particles using proton-proton colli-

sions corresponding to an integrated luminosity of 138 fb−1, collected at
√

s = 13 TeV with the
CMS detector. The key feature of low ionization energy in the CMS tracker detector is used
to discriminate a potential signal from the background. No significant deviation is observed
in data with respect to the expected background. The search presents for the first time a scan
of the new particle charge between e/3 and e. The existence of fractionally charged particles
arising from the considered DY-like pair production is excluded in the mass range between 50
and 640 (60) GeV for a signal of charge Q = 2e/3 (e/3). These are the most stringent limits to
date for this production mode.

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully
acknowledge the computing centres and personnel of the Worldwide LHC Computing Grid
and other centres for delivering so effectively the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for the construction and operation
of the LHC, the CMS detector, and the supporting computing infrastructure provided by the
following funding agencies: SC (Armenia), BMBWF and FWF (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF (Bulgaria);
CERN; CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF (Croatia);
RIF (Cyprus); SENESCYT (Ecuador); ERC PRG, RVTT3 and TK202 (Estonia); Academy of Fin-
land, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); SRNSF (Georgia); BMBF, DFG,
and HGF (Germany); GSRI (Greece); NKFIH (Hungary); DAE and DST (India); IPM (Iran); SFI



8

(Ireland); INFN (Italy); MSIP and NRF (Republic of Korea); MES (Latvia); LAS (Lithuania);
MOE and UM (Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mex-
ico); MOS (Montenegro); MBIE (New Zealand); PAEC (Pakistan); MES and NSC (Poland); FCT
(Portugal); MESTD (Serbia); MCIN/AEI and PCTI (Spain); MOSTR (Sri Lanka); Swiss Funding
Agencies (Switzerland); MST (Taipei); MHESI and NSTDA (Thailand); TUBITAK and TEN-
MAK (Turkey); NASU (Ukraine); STFC (United Kingdom); DOE and NSF (USA).

References

[1] B. Holdom, “Two U(1)’s and ǫ charge shifts”, Phys. Lett. B 166 (1986) 196,
doi:10.1016/0370-2693(86)91377-8.

[2] S. A. Abel et al., “Kinetic mixing of the photon with hidden U(1)s in string
phenomenology”, JHEP 07 (2008) 124, doi:10.1088/1126-6708/2008/07/124,
arXiv:0803.1449.

[3] P. Langacker, “The physics of heavy Z′ gauge bosons”, Rev. Mod. Phys. 81 (2009) 1199,
doi:10.1103/RevModPhys.81.1199, arXiv:0801.1345.

[4] D. E. Morrissey, D. Poland, and K. M. Zurek, “Abelian hidden sectors at a GeV”, JHEP
07 (2009) 050, doi:10.1088/1126-6708/2009/07/050, arXiv:0904.2567.

[5] CMS Collaboration, “Search for fractionally charged particles in pp collisions at
√

s = 7
TeV”, Phys. Rev. D 87 (2013) 092008, doi:10.1103/PhysRevD.87.092008,
arXiv:1210.2311. [Erratum: doi:10.1103/PhysRevD.106.099903].

[6] CMS Collaboration, “Searches for long-lived charged particles in pp collisions at
√

s = 7
and 8 TeV”, JHEP 07 (2013) 122, doi:10.1007/JHEP07(2013)122,
arXiv:1305.0491. [Erratum: doi:10.1007/JHEP11(2022)149].

[7] S. L. Dubovsky, D. S. Gorbunov, and G. I. Rubtsov, “Narrowing the window for
millicharged particles by CMB anisotropy”, JETP Lett. 79 (2004) 1,
doi:10.1134/1.1675909, arXiv:hep-ph/0311189.

[8] N. Vinyoles and H. Vogel, “Minicharged particles from the Sun: a cutting-edge bound”,
JCAP 03 (2016) 002, doi:10.1088/1475-7516/2016/03/002, arXiv:1511.01122.

[9] S. Davidson, S. Hannestad, and G. Raffelt, “Updated bounds on millicharged particles”,
JHEP 05 (2000) 003, doi:10.1088/1126-6708/2000/05/003,
arXiv:hep-ph/0001179.

[10] OPAL Collaboration, “Search for stable and long-lived massive charged particles in e+e-
collisions at

√
s = 130–209 GeV”, Phys. Lett. B 572 (2003) 8,

doi:10.1016/S0370-2693(03)00639-7, arXiv:hep-ex/0305031.

[11] A. Haas, C. S. Hill, E. Izaguirre, and I. Yavin, “Looking for milli-charged particles with a
new experiment at the LHC”, Phys. Lett. B 746 (2015) 117,
doi:10.1016/j.physletb.2015.04.062, arXiv:1410.6816.

[12] A. Ball et al., “A letter of intent to install a milli-charged particle detector at LHC P5”,
2016. arXiv:1607.04669.



References 9

[13] A. Ball et al., “Search for millicharged particles in proton-proton collisions at
√

s = 13
TeV”, Phys. Rev. D 102 (2020) 032002, doi:10.1103/PhysRevD.102.032002,
arXiv:2005.06518.

[14] V. A. Mitsou et al., “Searching for minicharged particles at the energy frontier with the
MoEDAL-MAPP experiment at the LHC”, 11, 2023. arXiv:2311.02185.

[15] P.-K. Hu, A. Kusenko, and V. Takhistov, “Dark cosmic rays”, Phys. Lett. B 768 (2017) 18,
doi:10.1016/j.physletb.2017.02.035, arXiv:1611.04599.

[16] The Tracker Group of the CMS Collaboration, “The CMS phase-1 pixel detector
upgrade”, JINST 16 (2021) P02027, doi:10.1088/1748-0221/16/02/P02027,
arXiv:2012.14304.

[17] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[18] CMS Collaboration, “Performance of the CMS muon detector and muon reconstruction
with proton-proton collisions at

√
s = 13 TeV”, JINST 13 (2018) P06015,

doi:10.1088/1748-0221/13/06/P06015, arXiv:1804.04528.
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A Additional figures and tables
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Figure A.1: Distribution of Nlow dE/dx
hits in the SR and the CR for the early 2016 data set, as well

as for an FCP signal at a mass of 100 GeV and different charge scenarios. The vertical bars and
the shaded area correspond to the statistical uncertainty in the SR and the CR, respectively. The
p-value of the fit is 6%. The two lower panels show the ratio of the number of tracks observed
in the CR (upper) and SR (lower), and the fit function. The vertical bars correspond to the
uncertainty from statistical sources, while the shaded area shows the systematic uncertainty
in the fit due to the choice of the fitting function and the binomial fit range as explained in

the main text. Comparing with respect to the binomial fit starting at Nlow dE/dx
hits = 2, and not

Nlow dE/dx
hits = 1, is needed to account for the fact that early 2016 data is more strongly affected

by instrumental effects that widen the Nlow dE/dx
hits distribution.
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Figure A.2: Distribution of Nlow dE/dx
hits in the SR and the CR for the late 2016 data set, as well as

for an FCP signal at a mass of 100 GeV and different charge scenarios. The vertical bars and the
shaded area correspond to the statistical uncertainty in the SR and the CR, respectively. The
p-value of the fit is 78%. The two lower panels show the ratio of the number of tracks observed
in the CR (upper) and SR (lower), and the fit function. The vertical bars correspond to the
uncertainty from statistical sources, while the shaded area shows the systematic uncertainty in
the fit due to the choice of the fitting function and the binomial fit range as explained in the
main text.
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Figure A.3: Distribution of Nlow dE/dx
hits in the SR and the CR for the 2017 data set, as well as for

an FCP signal at a mass of 100 GeV and different charge scenarios. The vertical bars and the
shaded area correspond to the statistical uncertainty on the SR and the CR, respectively. The
p-value of the fit is 65%. The two lower panels show the ratio of the number of tracks observed
in the CR (upper) and SR (lower), and the fit function. The vertical bars correspond to the
uncertainty from statistical sources, while the shaded area shows the systematic uncertainty in
the fit due to the choice of the fitting function and the binomial fit range as explained in the
main text.

Table A.1: Number of tracks observed and expected for background and signal events, in the

Nlow dE/dx
hits bin with highest signal significance (≥9), for early 2016 data. The corresponding

systematic uncertainties are also listed. The results are shown for FCP scenarios at a mass of
100 GeV with a charge of 2e/3 (the most sensitive scenario) and e/3 (the lowest considered
charge).

Nobserved 0

N
expected
BG 0.04

Fit function ±287%
Fit range ±109%

Q = 2e/3 Q = e/3

N
expected
signal 602 0.328

L1 trigger inefficiency 5% 5%
Muon system energy loss simul. +4%/−3% 75%
Muon detector inefficiency 3% 15%
Integrated luminosity 1.2% 1.2%
Selection 2.0% 2.0%
dE/dx corrections 3.8% 12.2%
Limited signal sample <1% 2.4%
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Table A.2: Number of tracks observed and expected for background and signal events, in the

Nlow dE/dx
hits bin with highest signal significance (≥7), for late 2016 data. The corresponding

systematic uncertainties are also listed. The results are shown for FCP scenarios at a mass of
100 GeV with a charge of 2e/3 (the most sensitive scenario) and e/3 (the lowest considered
charge).

Nobserved 1

N
expected
BG 0.09

Fit function ±159%
Fit range ±0.3%

Q = 2e/3 Q = e/3

N
expected
signal 988 0.454

L1 trigger inefficiency 5% 5%
Muon system energy loss simul. +4%/−3% 75%
Muon detector inefficiency 3% 15%
Integrated luminosity 1.2% 1.2%
Selection 2.0% 2.0%
dE/dx corrections 1.1% 1.4%
Limited signal sample <1% 2.6%

Table A.3: Number of tracks observed and expected for background and signal events, in the

Nlow dE/dx
hits bin with highest signal significance (≥7), for 2017 data. The corresponding system-

atic uncertainties are also listed. The results are shown for FCP scenarios at a mass of 100 GeV
with a charge of 2e/3 (the most sensitive scenario) and e/3 (the lowest considered charge).

Nobserved 0

N
expected
BG 0.2

Fit function ±231%
Fit range ±13.7%

Q = 2e/3 Q = e/3

N
expected
signal 2720 2.25

L1 trigger inefficiency 5% 5%
Muon system energy loss simul. +4%/−3% 75%
Muon detector inefficiency 3% 15%
Integrated luminosity 2.3% 2.3%
Selection 2.0% 2.0%
dE/dx corrections 2.3% 3.3%
Limited signal sample <1% 1.5%
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W.L. Aldá Júnior , M. Alves Gallo Pereira , M. Barroso Ferreira Filho , H. Bran-
dao Malbouisson , W. Carvalho , J. Chinellato5, E.M. Da Costa , G.G. Da Silveira6 ,
D. De Jesus Damiao , S. Fonseca De Souza , J. Martins7 , C. Mora Herrera ,
K. Mota Amarilo , L. Mundim , H. Nogima , A. Santoro , S.M. Silva Do Amaral ,
A. Sznajder , M. Thiel , A. Vilela Pereira

Universidade Estadual Paulista, Universidade Federal do ABC, São Paulo, Brazil
C.A. Bernardes6 , L. Calligaris , T.R. Fernandez Perez Tomei , E.M. Gregores ,
P.G. Mercadante , S.F. Novaes , B. Orzari , Sandra S. Padula

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia,
Bulgaria
A. Aleksandrov , G. Antchev , R. Hadjiiska , P. Iaydjiev , M. Misheva , M. Shopova ,
G. Sultanov

University of Sofia, Sofia, Bulgaria
A. Dimitrov , T. Ivanov , L. Litov , B. Pavlov , P. Petkov , A. Petrov , E. Shumka



16

Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7 D, Arica, Chile
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Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France
J.-L. Agram18 , J. Andrea , D. Apparu , D. Bloch , J.-M. Brom , E.C. Chabert ,
C. Collard , S. Falke , U. Goerlach , C. Grimault, R. Haeberle , A.-C. Le Bihan ,
M.A. Sessini , P. Van Hove

Institut de Physique des 2 Infinis de Lyon (IP2I ), Villeurbanne, France
S. Beauceron , B. Blancon , G. Boudoul , N. Chanon , J. Choi , D. Contardo ,
P. Depasse , C. Dozen19 , H. El Mamouni, J. Fay , S. Gascon , M. Gouzevitch ,
C. Greenberg, G. Grenier , B. Ille , I.B. Laktineh, M. Lethuillier , L. Mirabito, S. Perries,
M. Vander Donckt , P. Verdier , J. Xiao

Georgian Technical University, Tbilisi, Georgia
D. Chokheli , I. Lomidze , Z. Tsamalaidze13

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
V. Botta , L. Feld , K. Klein , M. Lipinski , D. Meuser , A. Pauls , N. Röwert ,
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C. Dziwok , G. Flügge , W. Haj Ahmad21 , T. Kress , A. Nowack , O. Pooth ,
A. Stahl , T. Ziemons , A. Zotz

Deutsches Elektronen-Synchrotron, Hamburg, Germany
H. Aarup Petersen , M. Aldaya Martin , J. Alimena , S. Amoroso, Y. An , S. Baxter ,
M. Bayatmakou , H. Becerril Gonzalez , O. Behnke , A. Belvedere , S. Bhattacharya ,
F. Blekman22 , K. Borras23 , D. Brunner , A. Campbell , A. Cardini , C. Cheng,
F. Colombina , S. Consuegra Rodrı́guez , G. Correia Silva , M. De Silva , G. Eckerlin,
D. Eckstein , L.I. Estevez Banos , O. Filatov , E. Gallo22 , A. Geiser , A. Giraldi ,
G. Greau, V. Guglielmi , M. Guthoff , A. Hinzmann , A. Jafari24 , L. Jeppe ,
N.Z. Jomhari , H. Jung , B. Kaech , M. Kasemann , H. Kaveh , C. Kleinwort ,
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M. Klute , R. Koppenhöfer , M. Link, A. Lintuluoto , S. Maier , S. Mitra , Th. Müller ,
M. Neukum, M. Oh , G. Quast , K. Rabbertz , I. Shvetsov , H.J. Simonis ,
N. Trevisani , R. Ulrich , J. van der Linden , R.F. Von Cube , M. Wassmer ,
S. Wieland , F. Wittig, R. Wolf , S. Wunsch, X. Zuo

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,
Greece
G. Anagnostou, P. Assiouras , G. Daskalakis , A. Kyriakis, A. Papadopoulos28, A. Stakia



19

National and Kapodistrian University of Athens, Athens, Greece
D. Karasavvas, P. Kontaxakis , G. Melachroinos, A. Panagiotou, I. Papavergou ,
I. Paraskevas , N. Saoulidou , K. Theofilatos , E. Tziaferi , K. Vellidis , I. Zisopoulos

National Technical University of Athens, Athens, Greece
G. Bakas , T. Chatzistavrou, G. Karapostoli , K. Kousouris , I. Papakrivopoulos ,
E. Siamarkou, G. Tsipolitis, A. Zacharopoulou

University of Ioánnina, Ioánnina, Greece
K. Adamidis, I. Bestintzanos, I. Evangelou , C. Foudas, P. Gianneios , C. Kamtsikis,
P. Katsoulis, P. Kokkas , P.G. Kosmoglou Kioseoglou , N. Manthos , I. Papadopoulos ,
J. Strologas

HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
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P. Merlo, A. Mestvirishvili89 , J. Nachtman , O. Neogi, H. Ogul90 , Y. Onel , A. Penzo ,
C. Snyder, E. Tiras91

Johns Hopkins University, Baltimore, Maryland, USA
B. Blumenfeld , L. Corcodilos , J. Davis , A.V. Gritsan , L. Kang , S. Kyriacou ,
P. Maksimovic , M. Roguljic , J. Roskes , S. Sekhar , M. Swartz , T.Á. Vámi
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28Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
29Also at Institute of Physics, University of Debrecen, Debrecen, Hungary
30Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
31Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
32Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
33Also at HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
34Also at Faculty of Informatics, University of Debrecen, Debrecen, Hungary
35Also at Punjab Agricultural University, Ludhiana, India
36Also at UPES - University of Petroleum and Energy Studies, Dehradun, India
37Also at University of Visva-Bharati, Santiniketan, India
38Also at University of Hyderabad, Hyderabad, India
39Also at Indian Institute of Science (IISc), Bangalore, India
40Also at IIT Bhubaneswar, Bhubaneswar, India
41Also at Institute of Physics, Bhubaneswar, India
42Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany
43Now at Department of Physics, Isfahan University of Technology, Isfahan, Iran
44Also at Sharif University of Technology, Tehran, Iran
45Also at Department of Physics, University of Science and Technology of Mazandaran,
Behshahr, Iran
46Also at Helwan University, Cairo, Egypt
47Also at Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, Bologna, Italy
48Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
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