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Probing millicharge at BESIII via monophoton searches
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We propose to search for millicharged particles at the BESIII detector which is operated at the Beijing
Electron Positron Collider. We compute the monophoton signal events at the BESIII detector due to
millicharged particle production, as well as due to standard model irreducible/reducible backgrounds. By
utilizing all the data accumulated at the BESIII detector since 2011, we derive new leading upper limits on
millicharge, & < (0.86-2.5) x 1073, for the mass range, 0.1 GeV < m < 1 GeV. Furthermore, projections
with more data to be collected at the BESIII detector are made. Our analysis significantly reduces the
parameter region of millicharged dark matter to account for the anomalous 21 cm signal near redshift

z ~ 17 recently observed by the EDGES experiment.
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I. INTRODUCTION

Electric charge quantization is an empirical fact. Charge
quantization is also theoretically related to the magnetic
monopole, because if any magnetic monopole exists in the
Universe, it quantizes the electric charge [1]. However, so
far, there is no clear experimental evidence to support the
existence of the magnetic monopole. Thus we do not know
yet what mechanism leads to electric charge quantization.

A number of experiments have been carried out to detect
the noninteger charge of particles in the standard model
(SM), and very stringent limits have been obtained. For
example, the charge of hydrogen atom and neutron are
measured to be smaller than 1072'e, where e is the
magnitude of the electron charge [2-5]. There are also
searches for new particles beyond the SM that carry electric
charge, and very strong constraints on electrically charged
new particles have been imposed from various laboratory
experiments and astrophysical processes (see, e.g., [6—8]
for the review on the constraints). The electrically charged
particles beyond SM are referred as millicharged (or
minicharged) particles, since usually only new particles
with very small electric charge are allowed.
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To parametrize the extremely weak coupling between a
millicharged fermion and the SM photon, we employ the
following interaction Lagrangian

'Cint = esAﬂ)_(y#)(’ (1)

where y is the millicharged particle, A, is the SM photon,
and ¢ is the millicharge (normalized to the magnitude of
the electron charge). There are viable theoretical models in
which millicharged particle can naturally occur. For exam-
ple, millicharge particles may be present in models in
which a kinetic mixing term is introduced between different
U(1) gauge fields [9,10]. Millicharged particles can also
arise in Stueckelberg extensions of the SM in which mass
terms generated by the Stueckelberg mechanism mix the
SM U(1), gauge boson and new Abelian gauge bosons in
the hidden sector beyond SM [11-13]. In this paper, we
only consider the millicharged particle and the interaction
given by Eq. (1); we decouple all other particles that appear
in a specific model and do not consider any additional
interaction between millicharged particles with SM.

Recently, an anomalous absorption signal near redshift
z=~17 in the cosmological 21 cm spectrum was observed
by the EDGES experiment [14]. To explain such a signal, a
number of papers have used millicharged dark matter (DM)
particles to cool the hydrogen atom in the Universe. Our
analysis in this paper has direct implications to the
parameter space of millicharged particles that can explain
the 21 cm anomaly [15-17].

In this paper, we propose to search for millicharged
particles below GeV at the BESIII detector, which is operated
at the Beijing Electron Positron Collider (BEPCII).
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The existing laboratory constraints for MeV-GeV milli-
charged particles include bounds from the SLAC electron
beam-dump experiment [18], bounds from the SLAC
MilliQ searches [19], bounds from the E613 experiment
[20], and bounds from MiniBooNE [21]. Recently, CMS
collaboration [22] excludes particles with electric charge
2¢/3 (e/3) below 310 (140) GeV. There is also a proposed
experiment at the LHC aiming to detect millicharged
particles [23]. Here we use the monophoton signal to
probe the MeV-GeV millicharged particles by analyzing
the BESIII data of ~15/fb. The monophoton signature
has been considered previously in DM searches at ete”
colliders [24-29]. Here we first carry out a detailed analysis
at the BESIII detector by taking into account various
backgrounds. We derive the BESIII sensitivity to the
millicharge, and show that the BESIII detector can probe
the parameter region that has not been constrained by
previous experiments.

I1. SIGNALS OF MILLICHARGED PARTICLES
AT ELECTRON COLLIDERS

Millicharged particle can be produced at particle col-
liders via its coupling with the SM photon. However, if
the millicharge is very small, the produced millicharged
particle is often undetectable in practice, because only a
feeble signature inside particle detectors could be pro-
duced. Thus one relies on final state particles produced in
additional to the millicharged particle for the detection,
which is analogous to most dark matter searches at particle
colliders.

At the electron-positron collider, we use the monophoton
signal to search for the millicharged particles, since the
monophoton channel is the simplest channel to probe the
millicharge at the electron collider. The Feynman diagram
for the production process of the single photon in associ-
ation with millicharged particles, e™e™ — yjy, is shown in
Fig. 1, where y stands for the millicharged particle.

The differential cross section for the e™e™ — yjyy proc-
ess is given by

8a’e?(1 4 2m2/s E2
e |

Y 4 14 14
where E, is the energy of the final state photon, z, =
cos 6, with 6, being the relative angle between the final
state photon and the beam direction of the initial state
electron, s is the square of the center-of-mass energy, m,

FIG. 1. Feynman diagram for the process ete™ — y7y.

FIG. 2. Feynman diagrams for the process eTe™ — v, 0,7,
where v, = v,,v,, v, [30,31].

is the mass of the millicharged particle, 5, = 5 — 2\/§Ey,
and f, = (1 —4m2/s,)"/%. Here we have integrated over

all possible momenta for the two final state millicharged
particles and neglected the electron mass.

III. THE IRREDUCIBLE BACKGROUND

The major irreducible SM background processes to the
monophoton signal at the electron-positron collider are
the e*e™ — v, D,y processes, where v, = v,, v,, U, are the
three SM neutrinos. The corresponding Feynman diagrams
are displayed in Fig. 2. The diagram with two W bosons is
neglected for colliding energies at the GeV scale because it
is much smaller than the other diagrams. The differential
production cross section for the eTe™ — vy processes
mediated by a single W/Z boson is given by [32,30]

2

fsw) [1 + ? (1+ zi)] . (3)

14

do aG?s?
dE,dz, An*sE,(1-2z3)

where G is the Fermi constant, sy = sin 8y, with 6y being
the weak mixing angle, and f(sy) = 8s}, —4s%,/3 + 1.
Here we have integrated over the momenta of the final state
neutrinos and summed all three neutrino flavors.

There are other irreducible SM backgrounds due to semi-
invisible meson decays, e.g., J/w — vvy. However, the
branching ratio of these decay modes are typically very
small, for instance, BR(J/y — vy) = 0.7 x 10719 in SM
[33]. Thus we exclude those irreducible backgrounds in
meson decays in our analysis.

IV. REDUCIBLE BACKGROUNDS AT THE
BESIII DETECTOR

Next we want to investigate the reducible backgrounds at
the BESIII detector, which is located at the double-ring
BEPCII with the beam energy ranging from 1.0 GeV to
2.3 GeV [34]. The reducible backgrounds are present due
to the limited detection capability of the BESIII subdetec-
tors. The main drift chamber (MDC) covers the polar
angle | cos 8| < 0.93 [34]. The electromagnetic calorimeter
(EMC) consists of the barrel with angle coverage | cos 0| <
0.83 and the endcap with angle coverage 0.85 < |cos 8| <
0.93 [34]. The time-of-flight (TOF) subdetector consists
of the barrel with angle coverage |cos6| < 0.83 and the
endcap with angle coverage 0.85 < |cos@| < 0.95 [34].
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FIG. 3. Feynman diagram for the process ete™ — ¢

ey.

One of the most important reducible backgrounds arises
from the radiative Bhabha scattering, eTe™ — eTey,
where neither of the two final state electrons is detected.
There are eight diagrams in the radiative Bhabha scattering,
two of which are shown in Fig. 3.

The reducible backgrounds also include the e*e™ — ffy
background where the final state f fermion (f # e) escapes
detection, and the eTe™ — yyy process where only one of
the three final state photons is detected. There are also
reducible backgrounds from meson decays in which a final
state photon is accompanied by several other particles
going along beam directions. We consider all these reduc-
ible backgrounds in our analysis.

V. DETECTOR SIMULATION

We simulate signal events and different SM background
events for various BESIII running energies, which are
shown in Table II. For the signal process e*e™ — yzy and
the irreducible background e e~ — vDy, we generated one
million points from the analytic differential cross sections,
Egs. (2) and (3), in the E, — z, plane using Monte-Carlo
methods.

The simulations for the ete™ — e e~y background need
extra care because the collinear singularities in the radiative
Bhabha scattering, which arise in the t-channel photon
processes in Fig. 3, dominate the total cross section
[35-38]. We use FEYNARTS [39] and FOrRMCALC [40]
packages to numerically evaluate the cross section for
the process ete™ — ete”y where the final state e® has
| cos 8| > 0.95, which is beyond the coverage of the TOF,
as well as MDC and EMC. We found that MADGRAPH [41]
cannot sample the phase space efficiently due to the
collinear singularity. We carry out similar calculations
for ete” — putu"y and ete” — yyy. We impose E, >
1 MeV [42] to remove the infrared divergence in ete™ —
yyy. The reducible backgrounds from meson decays are
simulated using EVTGEN [43,44].

The energy and position information of photon and
electron are determined by the EMC. The energy resolution
of the EMC at the BESIII detector is [34]

o(E)/E = 2.3%/\/E/GeV & 1%. (4)

The angular resolution also depends on the energy of the
particle; we provided the following fitted function which
gives a nice approximation to the angular resolution [45]

c(0) = (0.024/+/E/GeV — 0.002)(rad). (5)
To simulate the detector effects on the final state
particles, we smear the energy and the polar angle for
the final state electron and photon using Gaussian distri-

butions which take into account the resolution functions,
Egs. (4) and (5).

VI. DETECTOR CUTS

The energy measurement for electrons or photons in the
EMC at the BESIII detector ranges from 20 MeV to 2 GeV.
We follow the cuts used by the BESIII Collaboration [46]:
(hereafter the basic cuts) photon candidates must satisfy
E > 25 MeV in the barrel (| cos 8| < 0.8) or E > 50 MeV
in the end-caps (0.86 < |cos 6| < 0.92).

However, after the basic cuts, the reducible background
dueto ete™ — eTey is still very large, as shown in Fig. 4
where we display E, — z, normalized distributions for both
the monophoton events due to millicharged particle pro-
duction process and the ete™ — eTe~y process. To sup-
press the big reducible backgrounds, we further impose the
following cuts (hereafter the advanced cuts) on top of the
basic cuts:

E,/GeV > az’ + b, (6)

where a and b are free parameters to be fixed by
maximizing the significance. The advanced cuts are moti-
vated by the fact that the final photon in the central region
(|cos @] < 1) cannot have a sufficient large energy due
to energy conservation in the ete™ — eTe”y process
with both final e* going along the beam directions.

FIG.4. Photon E, — z, normalized distributions in e"e™ — yjyy
with m, = 0.1 GeV (yellow) and in e*e™ — e'e™y (gray) at
/s = 4.18 GeV. The red curve is E,/GeV = 0.99z7 + 0.99.
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TABLE I. The cross sections (in unit of fb) of the signal and
SM background processes (labeled by the final state) after
each cut, and the corresponding significance S = §/+/S + B.
The integrated luminosity is £ = 1 fb~! and the running energy
is /s =4.18 GeV. We choose m, = 0.1 GeV and &= 0.01
for the millicharged particle. The advanced cut here is
E,/GeV > 0.99z2 + 0.99.

Cuts Xy vy eteTy  ptuy rry S
Basic 323 139 6.9x107 2.6 x 10* 4.5 x 105 0.0038
Advanced 6.58 0.022 0 0 0 2.56

The ete™ — utp~y and ete™ — yyy background proc-
esses exhibit similar distributions. As shown in Table I and
in Fig. 4, the advanced cuts are very efficient in eliminating
these reducible backgrounds.

We optimize the advanced cuts for each BESIII running
energy by choosing the a and b values that maximize
the significance for the case in which m, = 0.1 GeV
and € = 0.01. Four SM backgrounds are considered in
the optimization, including ete™ — vy, ete™ — eTe7y,
eTe” - yyy, and the reducible background in meson
decays. Table II shows the optimized a and b values for
each running energy at BESIII. We have checked that under
the optimized advanced cuts, the e*e™ — putu~y process
does not contribute any background event.

TABLE 1II. The center-of-mass energy and corresponding
luminosities collected since 2011 at the BESIII detector, and
the corresponding optimized a and b parameters for the advanced
cuts. €95 is the 95% C.L. upper limit on millicharge e for the
m, = 0.1 GeV case. Data before 2017 are given by [47], and
information about 2017 data is provided by [48]. The last row
shows the limit combining all data between 2011 and 2017.

Year Vs (GeV) L (fb7h) a b €95
2015 2.125 0.1 052 053 0.015
2012 3.097 0.32 0.68 1.12 0.015
2017 3.515 0.5 0.79 0.86 0.0095
2011 3.554 0.024 0.84 0.86 0.044
2012 3.686 0.51 095 1.21 0.013
2011 3.773 1.99 0.89 0.94 0.0051
2017 3.872 0.2 0.90 0.96 0.016
2011 4.009 0.5 092 0.98 0.011
2016 4.18 3.1 0.99  0.99 0.0060
2013 423 1.05 1.00 1.01 0.011
2013 4.26 0.83 1.01  1.02 0.013
2017 4.28 3.9 1.04 1.04 0.0063
2012 4.36 0.5 1.06 1.05 0.019
2014 4.42 1 1.02  1.08 0.014
2014 4.6 0.5 1.04 1.14 0.024
11-17 15.024 8.6 x 1074

VII. METHODOLOGY OF COMBINING DATA

A large amount of data have been accumulated by the
BESIII detector at various running energies since 2011
when the monophoton trigger was implemented [49].
A summary of the BESIII data is presented in Table II
where the data are arranged by the center-of-mass energy
\/s. To probe the millicharge, we carry out a likelihood
analysis to combine all the data collected at various
running energies as shown in Table II. We first define
a chi-square at each running energy, y? = S;/\/S; + B;,
where S; (B;) is the number of signal (background) events
at the running energy labeled by the index i. Here B;
includes the SM irreducible background, the SM reducible
backgrounds, and other possible background events caused
by instruments. We further build a likelihood function £;
for each running energy, L; =exp(—y?/2). The total
likelihood function £ for combing all the running energies
can be built via £ = IT,w;L;, where w; is the weight for
each running energy. The test-statistic (TS) is related to the
total likelihood via TS = —2InL. The 95% confidence
level (C.L.) exclusion limit on the millicharge ¢ is obtained
by demanding that the corresponding TS is larger by 2.71
than that in SM. In our analysis, we set w; = 1 for all data
points.

SLAC beam dump a

0.01p
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L MiniBooNE

0.001
0.0005 -
= 2.125 GeV -+
----- 3.773 GeV ]
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FIG. 5. The expected 95% C.L. exclusion limits on milli-

charged particles corresponding to the BESIII data collected
during 2011-2017. The upper (lower) edge of the red band
corresponds to the assumption where five (zero) more events
appear in the BESIII data which are caused by instruments. The
black-dashed (blue-dotdashed, green-dotted) line is the projected
limit by assuming an additional 10 (10, 15) fb~! data in future
BESIII runs with /s = 4.6(2.125,3.773) GeV. Existing bounds
are shown as shaded regions: bounds from the SLAC electron
beam-dump experiment [18], bounds from the SLAC MilliQ
searches [19], bounds from E613 [20], and bounds from Mini-
BooNE [21].
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VIII. RESULTS

Figure 5 shows the combined 95% C.L. exclusion upper
limits on millicharge e for various masses, by using the
data presented in Table II. Here we further consider
other possible background events that are caused by
instruments. As shown in Fig. 5, the current BESIII data
can probe millicharge down to £ < 0.86(2.5) x 10~ for the
m, = 0.1(1) GeV case. Figure 5 further shows preexisting
experimental constraints in the 0.01 GeV $m, <1 GeV
mass range, which include bounds from the SLAC electron
beam-dump experiment [18], bounds from the SLAC
MilliQ searches [19], bounds from E613 [20], and bounds
from MiniBooNE [21]. Thus, BESIII data can provide new
leading upper limits to the millicharged particle in the mass
range, 0.1 GeV < m, <1 GeV.The new limits significantly
reduce the parameter space in which one can use 1%-10%
millicharged DM to explain the 21 cm anomaly [15-17].

We further make projections in the future BESIII runs.
Three different projected limits are drawn on Fig. 5 with
additional 10 fb=! data at /s = 2.125 GeV, additional
10 fb~! data at Vs = 4.6 GeV, and additional 15 fb!
data at /s = 3.773 GeV [50]. Realistic data takings with
more running energies can be interpolated between these
projected limit lines.

IX. SUMMARY

In this paper, we have proposed a search for milli-
charged particles via the monophoton signature at the
BESIII detector at BEPCII. We found that by using the
current BESIII data, one can provide new leading con-
straints on the millicharged particle in the mass range,
0.1 GeV < m, <1 GeV. We also systematically analyzed
the irreducible and reducible SM backgrounds for the
monophoton signature that are essential for dark matter
searches at the BESIII detector which was lacking in the
literature to our knowledge.
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