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A search is presented for fractionally charged particles with charges below 1e, using their small energy
loss in the tracking detector as a key variable to observe a signal. The analyzed dataset corresponds to an
integrated luminosity of 138 fb−1 of proton-proton collisions collected at

ffiffiffi

s
p ¼ 13 TeV in 2016–2018 at

the CERN LHC. This is the first search at the LHC for new particles with a charge between e=3 and 0.9e,
including an extension of previous results at a charge of 2e=3. Masses up to 640 GeVand 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.

DOI: 10.1103/PhysRevLett.134.131802

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 principles prevents their exist-
ence. 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) sym-
metry is added to the SM Lagrangian, and the correspond-
ing new boson, called a dark photon, kinetically mixes with
the SM hypercharge field [1]. New U(1) symmetries are
introduced, e.g., in string theory phenomenology [2,3],
and in grand unified theories or reheating cosmology [4],
as remnants of large symmetries that break down to the
SM symmetry group and extra U(1) groups [5]. They also
appear in theories of quantum gravity [6]. Breaking super-
symmetry in a hidden sector is another way to generate
such new Abelian groups [7].
When adding to the SM Lagrangian such a U(1) gauge

field A0 that couples to a new Dirac fermion ψ with massM
through a coupling constant e0, the kinetic mixing between
the new gauge field and the SM hypercharge field B leads
(after a field redefinition A0

μ → A0
μ − κBμ) to the ψ field

acquiring an effective nonzero weak hypercharge e0κ and
thus a coupling to the SM photon and Z boson after
electroweak symmetry breaking,

L ⊃ −
1

4
A0
μνA0μν þ iψ̄ð=∂þ ie0 =A0 − ie0κ =Bþ iMÞψ : ð1Þ

Figure 1 illustrates this kinetic mixing process. The
electric charge Q ¼ e0κ cos θW ≡ ϵe of the new fermion
ψ , where θW denotes the weak mixing angle, can have
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 vector
bosons through vector and axial-vector couplings gV ¼
I3 − 2Qsin2θW and gA ¼ I3. Since ψ only carries U(1)
charge, it has no SU(2) weak isospin I3, and we assume 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-like (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 ana-
lyzed correspond to an integrated luminosity of 138 fb−1

collected in 2016–2018. For FCP charges lower than e, the
FCP-matter interaction cross section is smaller than that
of unit charge particles such as muons, resulting in an
extended interaction length and a smaller energy loss per
unit length dE=dx. The strategy adopted in this search is to

FIG. 1. Feynman diagram of the kinetic mixing between
the SM hypercharge field B and a new U(1) gauge field A0. In
this work, FCPs are considered to be pair-produced through this
process.
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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

ffiffiffi

s
p ¼ 7 TeV [8]. Another CMS

analysis, also based on ionization measurements but using a
different approach [9], combined datasets of 5.0 fb−1 at
7 TeVand 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 updated (see errata of Refs. [8,9]). 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 micro-
wave background, which can be affected by FCPs in the hot
primordial plasma [10]. In models with a massless dark
photon with coupling e0 ¼ 0.1, such constraints exclude the
existence of FCPs with a mass larger than about 241 GeV
[11], for all charges considered in this Letter. 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 exist-
ence of particles with a charge larger than 2e=3 and a mass
below 95 GeV [12,13]. Future proposed dedicated experi-
ments at the LHC intend to probe them down to 10−3e for
masses below half the Z boson mass [14–16]. Among
those, the milliQan experiment has already set limits in this
region of the phase space [17] and is currently taking
data with an improved detector [18]. Through the reinter-
pretation of cosmic ray measurements, other bounds
have been derived [19,20] that depend on the nature of
dark matter and on FCP cosmic acceleration. The range of
these bounds overlaps with the phase space accessible at
the LHC, with a lower edge as low as 10−4e. Finally,
two bulk matter searches using a Millikan oil drop method
have set upper limits for FCP abundance in silicon oil
(1.17 × 10−22 particles per nucleon for charges between
0.18e and 0.82e) [21] and in mineral oil (1.9 × 10−23

particles per nucleon) and meteoritic material (1.3 × 10−21

particles per nucleon) for charges between 0.25e and
0.75e [22].
The central feature of the CMS apparatus is a super-

conducting solenoid of 6 m internal diameter, 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 end-
cap 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 jηj < 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 [23]. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke
outside the solenoid. They are measured in the range
jηj < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive-
plate chambers. A detailed description of the CMS detector,
together with a definition of the coordinate system used and
the relevant kinematic variables, can be found in Ref. [24].
Isolated particles with transverse momentum pT ¼

100 GeV emitted with jηj < 1.4 have track pT resolution
of 2.8%. In this η range, the distribution of the number of
tracker layers a particle 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 [25]. 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 end caps. 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 [26]

at leading order (LO). Background events from W → μν,
Z → μþμ−, and tt̄ production are generated with
MadGraph5_aMC@NLO [27] (v5_2.2.2) at LO or next-to-LO
(NLO), depending on the process. Diboson events are
generated with PYTHIA at LO. All samples are generated
with the corresponding 2016, 2017, and 2018 detector
conditions. The LO NNPDF3.0 PDF set [28] is used for
2016 samples, while the next-to-NLO NNPDF3.1 PDF
set [28] is used for 2017 and 2018 samples. Parton
showering and fragmentation is performed for the 2016
event samples using the CUETP8M1 tune [29], except for
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tt̄ events, for which the CUETP8M2T4 tune is used [30].
For all 2017–2018 samples, the CP5 tune is used [31]. All
generated events are passed through a simulation of the
CMS detector, using Geant4 [32], and its readout electronics
and electronic signals from additional pp interactions
within the same or adjacent bunch crossings are overlaid.
In the muon chambers, FCP-matter interactions are gen-
erated using a combination of Geant4 and a parametrized
framework to simulate the creation of individual elec-
trons through ionization and their drift to the collecting
electrodes.
Events of interest are selected using a two-tiered trigger

system [33]. In this search, we employ a single-muon
trigger with a pT threshold of 50 GeV [25]. The muonlike
particle 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 reconstructed muonlike par-
ticle. The track must have jηj < 1.5, and come from the
primary vertex of the event. To ensure a sufficient track
quality, at least five 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 con-
vention, this time is redefined to have its mean centered
around zero. For ultrarelativistic particles, the resolution is
of the order of 1.6 ns [25]. 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
muonlike particle 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
one or two 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
periods [34], 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 corrected
independently, using correction factors derived from com-
parisons 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 [35,36]. Another
experimental effect not well simulated is related 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. This
selection has an efficiency of 70% for events passing all
other selection criteria, which is one of the largest ineffi-
ciencies for signal events passing the trigger criteria.
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, which we ignore.
We divide the total dataset 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 instru-
mental 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 demon-
strate some features of the search using the 2018 dataset,
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, where the mass
assigned to the track is the muon mass. 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 produc-
tion. The CR has fewer tracks than the SR and is
normalized to the number of tracks in the SR. As shown
in Fig. 2, the shape of the dE=dx distributions in the CR
and the SR agree well.
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. 3
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 Supplemental Material [37]. Tabulated results
are provided in the HEPData record for this analysis [38].
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The extrapolation is done by fitting the Nlow dE=dx
hits distri-

bution in the CR with a binomial function. This background
evaluation 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
detector 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 radiation
damage, affect the tracker modules in a way that the
assumption that measurements come from identical detec-
tors is not strictly met. As a consequence, the choice of a

single dE=dx 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 thresh-
olds 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. 2).
Together with the lower threshold at 0.25 MeV=cm, they

define low-dE=dx windows in which Nlow dE=dx
hits is counted.

A χ2 test and the associated p value [39] are used to
evaluate the hypothesis of the binomial distribution. The
validity of the background estimation 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.
In order to extract signal, we count the number of

observed and expected tracks in the bins of the NlowdE=dx
hits

spectrum with the highest expected signal significance,
separately for each data period. These bins correspond to

Nlow dE=dx
hits ¼ 5, 6, 7, 8, and ≥ 9 for the early 2016 dataset,

and Nlow dE=dx
hits ¼ 4, 5, 6, and ≥ 7, for the late 2016, 2017,

and 2018 datasets. 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 uncertainty 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 nonbinomial. To

account for this, we fit the distribution with an alternative

function, NtracksðnÞ ¼ p0np1þp2n, where n ¼ Nlow dE=dx
hits and

p0, p1, and p2 are free parameters. We then take the
uncertainty as the relative difference between the predic-
tions 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 ¼ 0

and Nlow dE=dx
hits ¼ 1, except for early 2016 data where the

Nlow dE=dx
hits distribution is wider and we compare the fits

starting at Nlow dE=dx
hits ¼ 0 and Nlow dE=dx

hits ¼ 2. Finally, the
uncertainty for the background prediction arising from the
limited number of tracks in the fitted CR is negligible.
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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).
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The main systematic uncertainties in the signal expect-
ation come from the estimation of the Level-1 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 dedi-
cated muon simulation parameters. The low FCP dE=dx
causes a reconstruction inefficiency in the muon detector,
for which we evaluate the uncertainty as well. Other
contributions arise from the knowledge of the integrated
luminosity in the considered datasets [40–42] and the
understanding in simulation of other event and candidate
track selection requirements, in particular the track iso-
lation 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 I shows the number of tracks expected from the

background and observed for the considered data periods,
for the upper inclusive Nlow dE=dx

hits bin, which has the highest
sensitivity over most of the explored parameter space. In
more detailed tables that can be found in Supplemental
Material [37], we report the systematic uncertainties for
data, as well as the expected signal rate for Q ¼ 2e=3 and
e=3 along with the associated uncertainties.
No significant deviation is observed when comparing

data with the background prediction in all search region
bins across all considered datasets. Using the CLs method
[43,44], 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. 4, using the full 2016–2018 dataset.

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.
In summary, we presented a search for fractionally

charged particles using proton-proton collisions corre-
sponding to an integrated luminosity of 138 fb−1, collected
at

ffiffiffi

s
p ¼ 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 0.9e at
the LHC. 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 ¼ 2e=3 (e=3). These are the most
stringent limits to date for this production mode.
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