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Millicharged particles (MCPs) arise in many well-motivated extensions of the Standard Model and are a
popular subject for experimental searches. We investigate the attenuation of the MCP flux produced at
accelerator experiments due to their interactions in the media and demonstrate that it can significantly affect
the final sensitivity to the MCP parameter space, leaving its essential part still unexplored. Applying our
analysis to the SLACmQ experiment [A. A. Prinz et al., Phys. Rev. Lett. 81, 1175 (1998)], we correct their
published exclusion bounds; the obtained results are numerically in a good accordance with A. A. Prinz
[Report No. SLAC-R-569]. We also show that this newly reopened area with the MCP masses in the range
10−4 eV–1 GeV and charges ≳10−5e can be effectively probed by the NA64e experiment at the CERN
SPS. Light MCPs are mostly produced by a virtual photon in electron scattering off nuclei. The main source
of heavy MCP is decays of vector mesons, produced by the electrons on nuclei.

DOI: 10.1103/PhysRevD.106.035029

I. INTRODUCTION

Millicharged particles (MCPs) are considered in con-
nection with the electric charge quantization mechanism
and new physics models with electric charge nonconser-
vation [1]. Moreover, scenarios beyond the Standard Model
(SM) of particle physics can naturally include particles,
whose electric charge is a small fraction of the electron’s
charge, Qχ ¼ eϵ ≪ e. In particular, the millicharged par-
ticles can be considered as well-motivated dark-matter
candidates [2–8]. Thus, experimental searches for such
particles are of great interest [9].
The simplest way to introduce the MCPs in a model is to

consider them as a low-energy limit of the theory, where a
hidden (dark) photon, A0

μ, kinetically mixes with the visible
SM photon Aμ [10]. As a result, e.g., a new fermion of the
hidden sector χ, coupled to the hidden photon, can acquire a
small electric charge ∼eϵ, and the model Lagrangian can be
written as follows:

L ⊃ iχ̄γμ∂μχ −mχ χ̄χ þ eϵAμχ̄γ
μχ; ð1Þ

where mχ is the Dirac mass of the hidden MCP.

The parameter space of the MCP on the ðϵ; mχÞ plane can
be constrained from the searches at collider [11–19] and
fixed-target [20–28] experiments, with optical sensors
[29–31] and searches with a superconducting radio fre-
quency cavity [32], from analysis of cosmological and
astrophysical observations [33–45], and by using results
of cosmic-ray detectors [46–48] and nuclear reactor experi-
ments [49–51], etc.
In accelerator experiments, the MCPs can be produced at

intense proton fixed-target facilities in decays of mesons,

π0; η; η0 → γχχ̄; ρ;ω;ϕ; J=ψ → χχ̄; ð2Þ

from hadronic showers initiated by high-energy protons in
a dump. A thick shield between the production and
detection points of the MCP absorbs all strongly and
electromagnetically interacting secondary particles, while
the MCP may pass through the shield and can be detected
in a far detector via their scattering off electrons,
χe− → χe−. In this case, the observation of MCP is based
on a search for an excess of low-energy recoil electrons in
the detector. The number of signal eventsNχ in such type of
experiments, scales as Nχ ∝ ϵ4 for a single MCP hit in the
detector, and as Nχ ∝ ϵ6 for the double-hit MCP signature
[23]. Consequently, a large number of protons on target
(POT) is required to probe small values of ϵ. For example,
for, say, ϵ≲ 10−3 and MCP masses mχ ≳ 100 MeV, one
needs ∼Oð1020Þ–Oð1022Þ POT.
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A more powerful and effective approach of probing
MCP can be based on their production in high-energy
electrons scattering off heavy nuclei, the process exploited
by the NA64e experiment in the north area of the CERN
SPS. The NA64e facility has been originally designed for
searching for light dark matter (LDM) production in
invisible decays of a dark photon (A0) mediator in the
reaction chain, e−N → e−NA0; A0 → LDM [52]. That
approach can be also adopted for searching for MCP in
missing energy events due to the MCP production in the
reaction eN → e−Nγ� → e−Nχχ̄ accompanied by missing
energy carried away by the MCP pair. The expected
number of signal events in this case is proportional to
Nχ ∝ ϵ2. Therefore, a much lower number of electrons on
target (EOT), nEOT ≃Oð1012Þ–Oð1013Þ is required to test
the same region at small values ϵ≲ 10−3 [52] as compared
to the required number of POT.
Another point, discussed in this work, is related to the

attenuation of a charged particle flux while propagating in
the matter. Both the energy losses and multiple scattering of
charged particles strongly depend on the their charge-to-
mass ratio, as we well know from the comparison of the
electron and muon propagation in media. Therefore, for the
relatively light MCP in the mass range, mχ ≲ 10 MeV, and
a small charge ϵ≲ 10−5–10−1, the search sensitivity of
beam-dump experiments, such, e.g., as SLACmQ [53],
might be constrained by a significant attenuation of the
MCP flux at the detector location.
Investigating SLACmQ in this paper, we rely on the

MCP yield provided by Ref. [54] for SLAC. In particular,
in our analysis, we adopt the exclusion limits associated
with MCP that would reach the SLAC detector without
energy loss [54]. The adopted exclusion limit corresponds
to the SLAC lower edge curve of Fig. 5.17 from Ref. [54].
By using both the numerical MCP spectra and former
SLAC limit, we recalculated numerically the part of the
MCP bounds from the SLACmQ beam-dump experiment
taking into account the MCP flux attenuation due to
(i) MCP energy loss in the reactions of χe− → χe−

scattering, pair production, χN → χNeþe−, bremsstrah-
lung, χN → χNγ (ii) timing acceptance, and (iii) decreasing
of the MCP deflection acceptance due to the MCP multiple
scattering in the dump.
We show that indeed, altogether these processes may

prevent the MCP from reaching the SLAC mQ detector and
giving the signal. We find that our revised results on SLAC
MCP sensitivity following from the processes (i)–(iii) are
in a fairly good agreement with previous study [54],
which corresponds to the upper edge curve of Fig. 5.17
from Ref. [54].
We implement the developed ideas of MCP stopping

power calculation for the estimate of the expected reach of the
NA64e in the region of model parameter space, mχ ≲
100 MeV and ϵ≲ 10−5–10−1. We also calculate and find
it promising the expected sensitivity of NA64e to MCP,

produced in bremsstrahlung-like events, eN → eNγ�ð→χχ̄Þ
and toMCP, emerged in invisible decays of short-lived vector
mesons V ¼ fρ;ω;ϕ; J=ψg, produced in the reaction of
photo-production inside the dump, γ�N → NVð→χχ̄Þ for
mχ ≳ 10 MeV and 10−3 ≲ ϵ≲ 10−2.
The paper is structured as follows. Section II describes

various effects associated with MCP passage through
matter, namely: the dominant MCP energy losses in the
matter (ionization and radiation losses via bremsstrahlung
and eþe− pair production) and the deflection of MCP
trajectory due to multiple scattering. In Sec. III, we
implement the results of Sec. II to revise the analysis of
the SLACmQ experiment [53] and correct their exclusion
region in ðmχ ; ϵÞ parameter space. In Sec. IV, we calculate
the exact tree-level cross section of the process eN →
eNγ�ð→χχ̄Þ to estimate the yield of the MCP in the NA64e
missing energy signature. In Sec. V, we estimate the NA64e
prospects in probing MCP models for the relatively wide
mass range 10−4 eV≲mχ ≲ 1 GeV. In Sec. VI, we esti-
mate the expected reach of the NA64e to examine MCPs
from invisible decay of vector mesons. We conclude in
Sec. VII. Two appendixes contain some formulas used in
the numerical calculations.

II. MCP INTERACTIONS IN MATTER

High energy particles can produce sufficiently light
MCPs by scattering off the target. In turn, the MCP collides
with electrons and nuclei of the dump material resulting in
energy losses and multiple scattering, and thus, deviation
from its original direction, when passing through matter. In
this section, we consider three processes of MCP energy
loses: ionization, radiation, and pair production, some of
which are illustrated in Fig. 1. In the end of section, we
estimate a typical angle of MCP deviation from the original
direction due to the multiple scattering.

A. Ionization losses

Ionization energy losses are associated with the MCP
collision with an atom, which initiates the atom excitation
and knocking out the electron; see Fig. 1(a1). To quantify
the ionization losses effect for MCP, we adopt the Bethe-
Bloch formula as [55]

�
−
dEχ

dx

�
ion

¼ 4πZϵ2r2eme

β2χ

NAρ

MA

×

�
1

2
ln
2meβ

2
χγ

2
χTmax

I2
− β2χ −

δðβχγχÞ
2

�
; ð3Þ

where x is the track length of MCP, βχ is its velocity, and
γχ ¼ Eχ=mχ is its Lorentz factor. The last term in (3) comes
from the matter polarization, and at very high energies,
γχ ≫ 1, it approaches δðβχγχÞ ≈ 2 logðωpβχγχ=IÞ − 1.
Then I stands for the ionization potential of the atom,
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re ¼ α=me ≃ 2.8 fm is the classical radius of the electron,
NA ¼ 6.02 × 1023 mol−1 is the Avogadro’s number, Z is
the atomic number of target material,MA is the atomic mass
of the target material, and ρ is its density, the maximum
energy transferred from MCP to an electron is given by

Tmax ¼
2meβ

2
χγ

2
χ

1þ 2γχme=mχ þm2
e=m2

χ
: ð4Þ

We note that the MCP’s ionization stopping power (3)
scales as ∝ ϵ2 and depends logarithmic on Eχ andmχ in the
ultrarelativistic regime βχ ≃ 1.

B. Radiation losses

The MCP slows down due to the scattering off nuclei in
the material and the emission of photons as illustrated by
the Feynman diagrams in Fig. 1(b). The radiation loss due
to scattering off electrons is suppressed by the nuclear
charge as 1=Z, and we neglect it in our study.
The atomic electrons outside the nucleus screen

the nucleus Coulomb field, so that its effective strength
decreases and atomic electrons also serve as scattering
targets. In our case of ultrarelativistic MCP, the screening
can be considered as a complete one. The MCP energy
losses for radiation per unit length are determined by

�
−
dEχ

dx

�
brems

¼ n
ZEχ−mχ

0

dEγ
dσbrems

dEγ
Eγ; ð5Þ

where n ¼ NAρ=MA is the number density of atoms in the
target, dσbrems=dEγ is the differential bremsstrahlung
cross section, and Eγ is the energy of the emitted photon.

The bremsstrahlung spectrum in the case of complete
screening is given by the formula [55],

dσbrems

dEγ
≃

1

Eγ
4αZ2r2eϵ4

�
me

mχ

�
2
�
4

3
−
4

3

Eγ

Eχ
þ E2

γ

E2
χ

�
Fcorr; ð6Þ

where Fcorr is the factor that takes into account the
Coulomb correction to the Born cross section and atomic
screening effects [55]. We note that the stopping loss of the
MCP due to the radiation scales as ∝ ϵ4Eχ=m2

χ ; therefore,
the lighter MCPs lose their energy more rapidly.

C. Electron-positron pair production

MCP energy losses can be accounted by considering the
process illustrated in Figs. 1(c) and 1(d). One observes, that
for sufficiently small parameter ϵ, the amplitude of Fig. 1(d)
is suppressed due to the additional factor ϵ. The MCP’s
energy losses due to the eþe− pair production can be
written as

�
−
dEχ

dx

�
eþe−pair

¼ n
ZEχ−mχ

2me

dω
dσeþe−pair

dω
ω; ð7Þ

where ω ¼ Eeþ þ Ee− is the total energy of eþe− pair. The
cross section dσeþe−=dω can be taken [56] in the ultra-
relativistic approximation, when the energies of initial and
final MCPs are high, E0

χ ; Eχ ≫ mχ ; me, as well as the
energies of electron and positron, Eeþ ; Ee− ≫ me. In
particular, the integration over the energy of positron yields
the spectrum of the produced pair,

FIG. 1. Feynman diagrams for MCP energy loss in matter: (a) scattering off atomic nucleus and electrons, (b) bremsstrahlung,
(c), (d) eþe− pair production.
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dσeþe−pair
dω

¼
Z

ω−me

me

dσeþe−pair
dEeþdEe−

dEeþ ;

where the double differential cross section is written as

dσeþe−pair
dEeþdEe−

¼ Z2ϵ2
α2r2e
2π

E0
χ − ω

ω2Eχ
G; ð8Þ

and the value of G is given in Appendix A.
In the given material, the energy losses of all the types

depend on the MCP energy Eχ, mass mχ , and parameter ϵ.
We illustrate their impacts with plots of Fig. 2. We observe
that in different parts of the model parameter space,
different mechanisms dominate at a given energy. In
particular, one can neglect the ionization energy loss of
the MCP at energies Eχ ≳ 10 GeV.
The energy loss of the MCP on its way from the

production point through the media to the detector can
significantly reduce its energy. It should be taken into
account when estimating the energy release in the detector
due to the MCP elastic scattering inside the detector, which
provides the MCP signal signature. In the case of large
energy loss, the MCP energy may drop below the threshold

accepted for the energy release to be observable. Such a
low-energy MCP avoids detection.

D. Multiple scattering

We should also take into account the deflection of the
MCP trajectory from the rectilinear one, which happens
mostly due to multiple elastic scatterings off nuclei and
electrons in the media; see the corresponding Feynman
diagrams in Figs. 1(a1) and 1(a2). For the nucleus case, the
averaged squared deflection angle of the MCP per unit
propagation length reads

dθ̄2χZ
dx

¼ n
Zπ

0

dθχθ2χ
dσχZ
dθχ

; ð9Þ

with the scattering cross section on a nucleus,

dσχZ
dθχ

¼ Z2ϵ2r2em2
e

4E2
χβ

2
χ

1 − β2χsin2ðθχ2 Þ
sin2ðθχ

2
Þ þ 1=ð2apχÞ2

2π sin θχ ; ð10Þ

where a ≃ 111Z−1=3=me is the screening parameter for the
Thomas-Fermi atoms.

FIG. 2. The diagrams showing in which parts of the model parameter space which mechanism of the energy loss dominates. There are
four plots for MCP energies Eχ ¼ 500 MeV, Eχ ¼ 1.5 GeV, Eχ ¼ 5 GeV, Eχ ¼ 10 GeV.
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Similarly, for the case of MCP deflection by the atomic
electron, one has the following expression for the average
squared angle per unit propagation length:

dθ2χe
dx

¼ Z
NAρ

MA

Zπ

0

θ2χ
dσχe
dθχ

dθχΘðEχ − E0
χ − α2me=2Þ; ð11Þ

where the differential cross section in the laboratory frame
is

dσχe
dθχ

¼ 2

π
sin θχ

ϵ2r2emejp⃗χ
0j

E0
ejp⃗χ j

×
m2

eðE2
χ þ E02

χ Þ þ 1
2
ðm2

e þm2
χÞð2m2

χ − 2ðpχpχ0 ÞÞ
ð2m2

χ − 2ðpχpχ0 ÞÞ2
:

ð12Þ

The last term in Eq. (11) is the step function, which
accounts for screening effects. In particular, the additional
condition should be imposed on the MCP transfer momen-
tum squared, −t ¼ −ðp0

χ − pχÞ2 ≳ 1=R2
scr, where Rscr ≃

ðαmeÞ−1 is the typical screening radius for the atomic
electrons. The latter condition implies the following
inequality: E0

χ ≲ Eχ − α2

2
me, which defines the step func-

tion ΘðxÞ in the integral of (11). It refers to the fact that the
energy of the initial electron is below its mass because of
the binding energy −α2me=2.

III. REVISITING SLACMQ BOUNDS ON MCPS

In this section, we revise the SLACmQ bounds on MCPs
using detailed information on the expected MCP spectra
and geometry of the SLACmQ experiment provided
in Ref. [54].
In particular, we reconsider the limits associated with

MCP stopping power, time resolution, and angular accep-
tance of the SLAC detector. The revised constraints we
obtain in this way are similar to the ones from Ref. [54].

A. Stopping power

Let us consider first the impact of stopping power on
bounds onMCP parameter space obtained by the SLACmQ

experiment; see its layout in Fig. 3. The SLACmQ collected
data of 3.8 × 1018 EOT. It employed a pulsed beam of
29.5 GeV electrons hitting the target made mostly of
rhenium (25%) and tungsten (75%). On the way to the
detector, placed at the distance S ¼ 110.1 m from the
target, MCPs passed downstream through sandstone, with
an effective density ρ ¼ 2.19 g=cm3 and a length of
L ≃ 88.5 m. Note that MCPs are produced in the target
mainly due to the bremsstrahlung process, eN → eNχχ,
which implies that the production cross section scales as
∝ α4ϵ2Z2. Therefore, the number of produced MCP pairs is
proportional to Nprod ∝ ϵ2.
The predominant signature of the MCP used for detec-

tion is its elastic scattering off electrons in the far detector,
χe− → χe−; see the corresponding diagrams in Fig. 1(a1).
Hence, assuming ϵ ≪ 1 and MCP reach the detector, the
part of MCPs which hit the electrons on the way through
the detector scales as Ndet ∝ ϵ2. In addition, we note that
for ϵ ≪ 1 and mχ ≫ me, both the rate of MCP production
and their attenuation rate are small. Therefore, as long
as the attenuation rate of MCP is negligible, the number
of expected signal events scales as Nsig ∝ ϵ4. To set the
constraints at a given confidence level (typically 90%
C.L. or 95% C.L.) in that region of MCP’s parameter
space, one should set sup ≃ Nsig, where sup is the upper
limit on the average number of signal events for the given
sum of signal and background events. In Fig. 6, these
bounds correspond to the lower edge of the SLACmQ [54]
excluded contour. We adopt that curve from Fig. 5.17 of
Ref. [54]. It differs noticeably from the curve presented in
the seminal work [53] as the upper limits of SLACmQ on
the parameter ϵ.
Let us consider the attenuation of the MCP initial energy

flow I0,

I ¼ I0 exp

�
−

L
Xχ

�
;

where Xχ is the MCP attenuation length and L is the
distance traveled by the MCP in matter. In case of the
SLACmQ experiment, the MCP attenuation length can be
estimated as follows:

FIG. 3. Layout of SLACmQ experiment.

PASSAGE OF MILLICHARGED PARTICLES IN THE ELECTRON … PHYS. REV. D 106, 035029 (2022)

035029-5



Xχ ¼
Z

Emax

Emin

dEχ
1

N
dN
dEχ

Z
Eχ

Eχ
cut

dE0
χ

jdE0
χ=dxj

; ð13Þ

where Eχ is initial energy of MCP, Eχ
cut is the energy

threshold of MCP detection in the experiment,
Emin ¼ 0.125 GeV, and Emax ¼ 29.5 GeV is the beam
energy [54]. The total energy losses are

�
dEχ

dx

�
tot

¼
�
dEχ

dx

�
ion

þ
�
dEχ

dx

�
rad

þ
�
dEχ

dx

�
pair

: ð14Þ

Thenormalized to unity spectraN−1dN=dEχ of theproduced
MCP are taken from Table A. 2 in the Appendix of [54]; in
Fig. 4, we show them for various masses mχ .
The account of attenuation of the MCP passing through

the matter changes the upper bound on ϵ at a given massmχ

as follows:

ϵ4 ¼ ϵ4u:b: exp

�
−

L
Xχðϵu:b:Þ

�
; ð15Þ

where ϵ is the charge value of the MCPs that would reach
the detector without energy loss (so that sup ∝ ϵ4), and ϵu:b:
is the maximum charge value of the MCP that reach the
detector with the proper accounting of their energy losses.
We note that for the relatively large charge,

ϵ≳ 10−2–10−1, and mχ ≳me the rate of MCP production
is fairly high. On the other hand, the rate of MCP
absorption in the dump due to ionization and eþe− pair
production is also high. Thus, the number of produced
MCP is compensated by their attenuation in the dump.
Moreover, numerical calculations reveal that for ϵ ≪ 1 and
mχ ≲me the radiation stopping power of MCP is not
negligible and plays the dominant role in their absorption in
the dump. In Fig. 5, the typical stopping power and its
impact on the limit is illustrated for Xχ ≃ L and two values
of MCP energy at production, which are relevant for the
SLACmQ experiment.

B. Angular and timing acceptance

There are also two important benchmark conditions that
should be taken into account to constrain the charge-mass
parameter space of MCP in the case of SLACmQ. The first
one is associated with the time interval of data taking.
The arrival time of theMCPs in the detector is defined by the

FIG. 4. Approximations to the differential energy spectra from
SLACmQ data [54] normalized to inity for a set of MCP masses
mχ and ϵ ¼ 10−3.

FIG. 5. Illustration of the stopping power for two examples of MCP initial energies.
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muon beam scintillating counters located between the
target and the detector at the distance of Sμ ¼ 82.6 m from
the target (Lμ ¼ 61 m through sandstone) as shown in
Fig. 3. The data are collected during the time interval
Δtcoll ¼ 250 ns. The offset of synchronized signal is such
that the muon signals came to muon counters in Δtoff ¼
60 ns after the start of main timing window. It is assumed
that the muons are (ultra)relativistic and collisionless; hence
they reach the muon counter without any delay with respect
to the light. Indeed, the typical radiation length of the muon
can be estimated as Xμ

0 ≃ Xe
0ðmμ=meÞ2 ≃ 4.4 × 104Xe

0, for
Xe
0 ≃Oð1Þ cm that implies Xμ

0 ≃ 440 m, so that muon loses
a small amount of the initial energy when it reaches the
detector at the typical distance of 110 m. On the other hand,
the produced in the target MCP of energy Ei can scatter off
the sand and reach the muon counter with time delay of

Δτμ ¼
Z0

Sμ

dx
1 − β

β
¼

ZEμ

Ei

dE
jdE=dxj

1 − β

β
; ð16Þ

where Eμ is the MCP energy when it enters the muon

counter, and the MCP velocity is β≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

χ=E2
q

. Then,

the MCP has a time slot of

Δτχ ≡ Δtcoll − Δtoff − Δτμ

to reach the detector while the time window for the data
collection is still open. Therefore, the MCP must cover the
distance L − S ¼ Lμ − Sμ ¼ 27.5 m in a shorter time. This
traveling through the sandstone is also accompanied by
additional time delay due to scattering. This energy loss
makes MCP less relativistic. Taking this into account, we
obtain the following condition forMCP to arrive in time and
be recorded:

ZL

Lμ

dx
βc

¼
ZEμ

EL

dE
jdE=dxj

1

β
< Δτχ ; ð17Þ

where EL is the MCP energy in the detector.
If the energy losses are small, the energies of MCP in

front of the scintillating counters are EL ≈ E − j dEdx jL,
Eμ ≈ E − j dEdx jLμ; if not, it is necessary to solve the
equation,

ZE

EL

dE
jdE=dxj ¼ L;

where dE=dx is from Eq. (14) and takes into account the
energy loss in matter. To solve this equation, we adopt the
approximate expressions from Appendix B. It must be

pointed out that such time arriving constraints were not
taken into account in the original paper [54].
The second benchmark condition is associated with the

detector angular acceptance of 2 mr. We estimate the
multiple scattering angle of MCP as a function of energy
it has in front of the detector (EL) by using Eqs. (9) and (11)
and require it to be

θχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θ2Z þ θ2e

q
< 2 mr: ð18Þ

C. Revised exclusion plot

We have explained previously, all the steps towards
reevaluation of the SLACmQ bounds on models with MCP.
All of the numerical calculations we perform with the
approximate spectrum of MCP presented in Ref. [54]. In
Fig. 6, we show the resulted exclusion region in the (mχ , ϵχ)
plane, which is determined by Eqs. (15), (17), and (18). As
expected, the MCP scatterings are mostly important for
relatively large charges and small masses. Most critical are
deflections of the MCP trajectories depicted by the green
dotted line.
The upper limit obtained in this way is similar to the one

presented in Ref. [54], which corresponds to the upper edge
curve in Fig. 5.17 of Ref. [54]. As one can see from Fig. 6,

FIG. 6. Regions bounded from Eqs. (15), (17), and (18) and the
combined exclusion region from our analysis of the SLACmQ
data (shaded blue region). In particular, the orange solid line is
the numerical solution ϵu:b: to Eq. (15), for which ϵ is the charge
fraction of the MCP that would reach the SLAC detector without
energy loss; the latter ϵ is adapted from lower edge curve in
Fig. 5.17 of Ref. [54] (see text for details). The grey dash-dotted
line is the solution to Eq. (17) that is associated with time arriving
constraints. The green dotted line is the solution to Eq. (18) that is
associated with MCP multiple scattering constraints. The ob-
tained region closely matches the result of Ref. [54] (red solid
line) and refines that published in the original SLACmQ paper
[53] (green solid line).
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the exclusion region from the original publication [53] of
the SLACmQ Collaboration is rather limited in mass and
has no upper bounds. What is more important, there is a
triangular region at ϵ ∼ 10−3 andmχ ∼ 100 MeV, which we
find not constrained from the SLACmQ data, contrary to
their publication.1 This region is also open in Ref. [54]. It is
worth mentioning again that we adopt the lower edge of the
curve SLACmQ [54] shown in Fig. 6 from Fig. 5.17 of the
Ref. [54]. The adopted in this way numerical values of
the regarding coupling correspond to the ϵ in Eq. (15).

IV. CALCULATION OF THE DOUBLE-
DIFFERENTIAL CROSS SECTION

OF MCP PAIR PRODUCTION

In this section, we describe our procedure of calculation
the double-differential cross section of MCP production in
electron scattering off nucleus. At the sufficiently small
MCP charge, the production happens mostly through
emission of the virtual photon,

eðp1ÞNðP2Þ → eðp3Þγ�ðpχ1 þ pχ2ÞNðP4Þ →
→ eðp3Þχðpχ1Þχ̄ðpχ2ÞNðP4Þ; ð19Þ

and since it is purely electromagnetic process, we calculate
it in the exact tree-level approach. The Feynman diagrams
referring to the tree-level amplitude are presented in Fig. 7.
This contribution is linear in ϵ, and we neglect contribu-
tions proportional to ϵ2 coming from other diagrams.
The NA64e experiment utilizes the electron beam of

E1 ¼ 100 GeV and lead target (see below Sec. V). We
carry out the integration of squared exact tree-level ampli-
tude over the phase space of the process (19) by exploiting
the latest version of the CalcHEP package [57]. The vertex
for NNγ interaction we take to be

ieZFð−q2Þγμ: ð20Þ

It corresponds to the spin-1=2 nucleus interaction with a
photon; here, q ¼ ðP2 − P4Þ is the nucleus transfer
momentum, and P2 and P4 are the initial and final
momenta of the nucleus. The elastic form factor Fð−q2Þ
has the following form:

FðtÞ ¼ a2t
ð1þ a2tÞ

1

ð1þ t=dÞ ; ð21Þ

where t ¼ −q2 is the squared transfer momentum, a ¼
111Z−1=3=me and d ¼ 0.164A−2=3 GeV2 are screening and
nucleus parameters, respectively. For the lead active target
(atomic number A ¼ 207, nuclear charge Z ¼ 82) of the
NA64e, one estimates the following typical momenta

transfer associated with screening effects and nucleus size
respectively:

ffiffiffiffi
ta

p ¼1=a≃2×10−5GeV and
ffiffiffiffi
td

p ¼ ffiffiffi
d

p
≃

6.7 × 10−2 GeV.
We implement the form factor (20), (21) in the C++ code

of CalcHEP and carry out VEGASMonte Carlo integration
of the cross section for various massesmχ in order to obtain
the differential energy spectra of the produced MCP. Before
presenting its form, let us note that to check our calcu-
lations, we integrate the double-differential cross section
over the MCP energies and thus, evaluate the total MCP
production cross section, which is shown in Fig. 8 as a
function of MCP mass mχ . A similar plot can be found in
Fig. 3 of Ref. [58], where the calculation is done in the limit
of massless electron and for mχ > 1 MeV. We have
checked that in this limit our estimate of the total cross
section matches with that of Ref. [58] with the accuracy of a
few percent.2 Therefore, in our study, we extend the

FIG. 7. Leading Feynman diagrams for MCP pair production
process.

FIG. 8. Total cross section of MCP pair production as the
function of mχ for Ebeam ¼ 100 GeV and ϵ ¼ 1.

1We thank A. Prinz and J. Jaros for helping us to clarify this
discrepancy in private correspondence.

2We thank J. Pradler, X. Chu and A. Pukhov for helping us to
do this cross-check.
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previous work on (much) lighter MCP and account
corrections due to nonzero electron mass.

V. SENSITIVITY OF THE NA64e

Before evaluating the MCP search sensitivity with the
NA64e experiment, let us briefly describe its main features
relevant for further discussion. The NA64e detector is
schematically shown in Fig. 9. The experiment employed
the optimized H4 100 GeV electron beam from the CERN
SPS. The beam has a maximal intensity ≃107 electrons per
SPS spill of 4.8 s produced by the primary 400 GeV proton
beam with an intensity of few 1012 protons on target. The
detector utilized the beam defining scintillator (Sc) counters
S1−4 and veto V1;2, a magnetic spectrometer consisting of
two successive dipole magnets1;2 with the integral magnetic
field of ≃7 T · m and a low-material-budget tracker. The
tracker was a set of two upstream micromegas chambers
T1;2, and two downstream MM3;4, allowing the measure-
ments of e− momenta with the precision δp=p ≃ 1%. To
significantly improve the electron identification, the syn-
chrotron radiation (SR) emitted in the magnetic field of the
magnets1;2 was used for their tagging with a SR detector
(SRD) [59,60]. By using this method, the initial fraction of
the hadrons in the beam π=e− ≲ 10−2 was further sup-
pressed by a factor ≃103. The detector was also equipped
with an active target, which is an electromagnetic calo-
rimeter (ECAL), a matrix of 6 × 6 Shashlik-type counters
assembled from lead and scintillator plates for measure-
ment of the electron energy EECAL. Each counter has ≃40
radiation lengths (X0) with the first 4X0 serving as a
preshower detector. Downstream of the ECAL, the detector
was equipped with a large high-efficiency veto counter
VETO, and a massive, hermetic hadronic calorimeter
(HCAL) of ≃30 nuclear interaction lengths in total. The
modules HCAL1–3 provided an efficient veto to detect
muons or hadronic secondaries produced in the e−A
interactions in the target. The search described in this

paper uses the data sample of NEOT ¼ 2.84 × 1011 EOT
collected in the three years 2016, 2017, and 2018. The
method, briefly discussed in Sec. I and proposed in
Refs. [59], is based on the detection of the missing energy,
carried away by the hard bremsstrahlung MCPs produced
in the process e−N → e−Nγ�ð→χ̄χÞ of high-energy elec-
trons scattering in the active ECAL target. The advantage of
the NA64 idea compared to the beam dump one is that its
sensitivity is proportional to ϵ2. The latter is associated with
the χ production and its subsequent prompt escaping the
detector without interactions in the HCAL modules.
In the following, similar to Ref. [58], we first calculate

the number of missing energy events associated with MCP
emission by energetic electrons incident on the thin target.
The latter implies a single scattering on average and then a
rapid degradation of the electron energy due to brems-
strahlung. For the case of the NA64e, we assume that the
incident electron produces MCP in the first scattering
within the first radiation length of the ECAL target of
the NA64e, X0 ≃ 0.56 cm. This assumption is justified by
the fact that the high energy electron loses most of its
energy in a single process transferring it to the emitted
photon.
Now let us evaluate the sensitivity of the NA64e to

model parameters of MCP taking into account the energy
loss of the millicharged particles in the detector. This
energy transfers to the electromagnetic channel which
NA64e closely monitors and hence, sums up with all other
sources of electromagnetic activity. The experimental
signature of the MCP detection would be an event with
the missing energy Emiss ≳ 50 GeV; see, e.g., Ref. [61].
The events with lower missing energy are not considered as
potentially signal events. Therefore, the estimate of MCP
energy loss within the detector is an important step towards
understanding prospects of the NA64e in testing models
with MCP.
The total number of MCP pairs produced in the process

eN → eNχχ̄ can be calculated as follows:

FIG. 9. Schematic illustration of the setup to search for MCP production in the reaction e−N → e−Nγ�ð→ χ̄χÞ of 100 GeV e− incident
on the active ECAL target. See text.
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Nχχ̄ ¼
ρNA

MA
NEOTX0

Z
s:b:

dEχ1dEχ2

dσðEbeamÞ
dEχ1dEχ2

: ð22Þ

Here, NEOT is a number of electrons accumulated on target,
ρ ¼ 11.34 g cm−3 is a density of the lead ECAL active
target, MA ¼ 207 gmol−1 is the atomic mass of the target,
NA is Avogadro’s number, Ebeam ¼ 100 GeV is the energy
of initial electron from the beam, and the double-differ-
ential cross section of χχ̄ production dσ=ðdEχ1dEχ2Þ is
calculated by using CalcHEP as described in Sec. IV. The
diplots corresponding to several choices of MCP mass are
presented in Fig. 10. Naturally, the distribution is sym-
metric with respect to the interchange of the positive and
negative MCP.
The integration over Eχ1 and Eχ2 in (22) is performed

inside the signal box (s. b.). This region is determined by the
missing energy cut of the electromagnetic calorimeter
(ECAL) exploited inNA64e,Eth

miss ≡ 50 GeV, and the initial
energy of the electron beam Ebeam ¼ 100 GeV as follows:

Eth
miss ≲ Eχ1 þ Eχ2 − ΔEχ1 − ΔEχ2 ≲ Ebeam: ð23Þ

Here, Eχ1 and Eχ2 are the MCP energies at production, and
ΔEχ1 and ΔEχ2 are the total energy depositions of the

millicharged particles in the ECAL due to possible electro-
magnetic rescattering on their way out. These quantities are
estimated through the differential energy loss as follows:

ΔEχ1;2 ¼ −
ZLT

0

dEχ1;2

dx
dx ¼ Eχ1;2ð0Þ − Eχ1;2ðLTÞ ≥ 0;

and the integral goes over the effective width of the lead
material in ECAL, LT ¼ 22.5 cm. The MCP energies at the
exit from ECAL Eχ1;2ðLTÞ can be expressed through the
energy of MCP at production Eχ1;2ð0Þ ¼ Eχ1;2 by solving the
equation,

ZEχ1;2
ðLT Þ

Eχ1;2
ð0Þ

dEχ1;2

1

ðdEχ1;2=dxÞ
¼ −LT; ð24Þ

where for ðdEχ1;2=dxÞ, we use numerical approximations
collected in Appendix A. Finally, for the given energies of
MCP at production in the target, Eχ1;2ð0Þ, one has the
following region for the signal box:
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FIG. 10. Double-differential cross section of the MCP pair production as a function of MCP energies Eχ1 and Eχ2 for a set of MCP
masses mχ and energy of incident electron Ebeam ¼ 100 GeV. Note that only events above the line Eχ1 þ Eχ2 > 50 GeV are interesting
with cuts adopted in NA64e experiment.
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Eth
miss ≲ Eχ1ðLTÞ þ Eχ2ðLTÞ≲ Ebeam: ð25Þ

The relevance of the energy transfer to the electromagnetic
cascade is demonstrated in Fig. 11. There we chose three
examples of MCP pairs with total energy exceeding the
threshold value in NA64e. In the regions above the corre-
sponding lines, theMCP loses its energies emitting energetic
photons, which are collected by the NA64e ECAL. Finally,
the total MCP energy drops below the threshold, and so they
do not contribute to the signal events.
Numerical calculations reveal that for the wide ranges of

ϵ≲ 0.3 and mχ ≲ 1 MeV, the radiation energy loss of the
millicharged particle (bremsstrahlung) dominates over the
energy loss due to ionization, χe → χe, and due to pair
production, χN → χNeþe−. The energy loss of the milli-
charged particle due to the bremsstrahlung, χN → χNγ,
inside the Pb target can be approximated for the interesting
energetic MCP as follows (see Appendix B):

1

Eχ

dEχ

dx
≃ −ðX0Þ−1ϵ4

�
mχ

me

�
−2

≃ −0.45 cm−1ϵ4
�

mχ

1 MeV

�
−2
: ð26Þ

It helps to solve (24) for this region of the model parameter
space. We note that for ϵ ¼ 1 and mχ ¼ me, the result for
the electron radiation length X0 ≃ 0.56 cm is restored from
Eq. (26). It implies the well-known result that the electron
energy is reduced by factor of e ≃ 2.71 within the first
radiation length in lead due to the radiation loss.
Estimated in this way, numbers of the signal events are

outlined in Fig. 12 for a set of MCP masses and for the
projected statistics of NEOT ¼ 5 × 1012.

We evaluate the lower 95% C.L. bound on the coupling ϵ
by requiring Nχχ̄ > sup ≡ 3.0, which in the Poisson sta-
tistics corresponds to the null result at zero background
(that is a realistic assumption for NA64e and moderate
number of incident electrons we utilize). The results are
shown in Fig. 13 for the currently accumulated NEOT ¼
2.84 × 1011 and for the projected statistics NEOT ¼
5 × 1012 [62]. It is worth mentioning that magnetic field
does not affect the sensitivity of the NA64e, since the

FIG. 11. The MCP pairs with a chosen initial energies do not
contribute to the signal events for parameters above the corre-
sponding lines.
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FIG. 12. Number of signal events eN→eNγ�ð→χχ̄Þ as function
of ϵ.

FIG. 13. Sensitivity contours (at 95% C.L.) of the NA64e in the
ðϵ; mχÞ plane for the process eN → eNγ�ð→χχ̄Þ. We account for
nonzero electron mass in the calculation, me ≠ 0, and suppose
that MCP pairs are produced within the first layer (its width is
about the electron radiation length) of the lead target. We also set
αQED ¼ 1=137.
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dominant part of MCPs is produced in the ECAL that is
installed downstream after the magnetic spectrometers (see,
e.g., Fig. 9). So that the magnetic field would not deflect the
original direction of the MCP that can be potentially
detected in the active target of the NA64e.
Concluding this section we note that it is worth to carry

out a similar analysis for the MCP sensitivity of the muon
fixed target experiments such as NA64μ and M3 (see, e.g.,
Refs. [63–66]). In particular, the signal of muon missing
energy events due to the MCP emission can be originated
from the following process: μN → μNχχ̄, for which the
effects of the MCP passage through the detector should be
taken into account. This task is beyond the scope of the
present paper, and we leave it for future study.

VI. CONTRIBUTION OF VECTOR MESONS

In this section, we estimate a contribution of vector
mesons, V¼fρ;ω;ϕ;J=ψg, to MCP production at NA64e.
We adopt the results of Ref. [67] to estimate the yield of
vector mesons produced at NA64e in photonuclear reaction
γN → NV for the expected statistics NEOT ≃ 5 × 1012.
The invisible branching ratio of mesons to MCP can be
written as

BrðV → χχ̄Þ ¼ ϵ2 × BrðV → eþe−Þ
× ð1þ 2m2

χ=m2
VÞð1 − 4m2

χ=m2
VÞ1=2: ð27Þ

In the absence of signal events, it implies the limit on ϵ for
each meson mode, V → χχ̄, of the following form:

ϵ≳ N−1=2
V · s1=2up · ðBrðV → eþe−ÞÞ−1=2 × ð28Þ

× ð1þ 2m2
χ=m2

VÞ−1=2ð1 − 4m2
χ=m2

VÞ−1=4: ð29Þ

Here, NV denotes the total number of V mesons produced
at NA64, which is taken from Table II of Ref. [67]. In
Fig. 14, we show the corresponding limits in ðϵ; mχÞ plane.

VII. CONCLUSIONS

In the present paper, we investigate various effects
associated with MCP passage through the matter. In
particular, we discuss in detail the MCP energy losses in
the matter due to the ionization, bremsstrahlung, and eþe−
pair production. We also discuss the effects of the MCP
trajectory deflection due to the multiple scattering in the
matter. We implement these results to revise the bounds on
the MCP parameters from SLACmQ experimental data. We
find that our results are in a good agreement with the
previous study [54]. Our study opens a part of the model
parameter space previously considered as excluded on the
base of published SLACmQ results [53].
In addition, by exploiting the state-of-the-art CalcHEP

package, we calculate the exact tree-level cross section of the
electron scattering off nucleus e−N → e−Nγ�ð→χχ̄Þ to
estimate the sensitivity of theNA64e fixed target experiment
to MCP parameters. We find that the bremsstrahlung
reaction, χN → χNγ, is thedominant process ofMCPenergy
losses in the detector of theNA64e for the parameter space of
interest ϵ≲ 0.1 and mχ ≲ 1 MeV. To summarise, NA64e
can test themodels withMCPmasses from about 10−4 eV to
1 GeV. In particular, we show that for the expected statistics
of electrons incident on the target NEOT ≃ 5 × 1012 at
NA64e, the relatively light MCP with mχ ≃ 10−4 eV and
ϵ ≃ 10−5 can be directly probed provided by the bremsstrah-
lung-like missing energy process e−N → e−Nγ�ð→χχ̄Þ,
while the relatively large MCP with mχ ≃ 1 GeV and ϵ ≃
2 × 10−2 can be examined thanks to the invisible vector
meson decay signature eN → eNJ=ψð→χχ̄Þ.
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APPENDIX A: FACTORS FOR THE SPECTRUM
OF PAIR PRODUCTION

The function is defined by

G ¼ −Ag
�

1

1þ ξ

�
− Bξ log

�
1þ 1

ξ

�
−

C
1þ ξ

þ
�
2 log

EeþEe−

2meω
ffiffiffiffiffiffiffiffiffiffiffi
1þ ξ

p − 1

�

×

�
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�
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ξ

�
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1þ ξ

�
; ðA1Þ
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�
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4

3
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��
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�
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ξ

�
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�
;
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χEeþEe−

4m2
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x

0

log
j1− tj

t
dt;

and

ω ¼ Eeþ þ Ee− ; Eχ ¼ Eχ0 þ ω:

APPENDIX B: NUMERICAL APPROXIMATIONS
FOR THE ENERGY LOSS

This appendix presents the approximation formulae for
the MCP energy loss due to bremsstrahlung and eþe− pair
production. The bremsstrahlung energy losses can be
approximated as

���� dEχ

dx

����
brems approx

≈ 0.45 cm−1Eχϵ
4

�
mχ

1 MeV

�
−2
:

The MCP energy loss due to eþe− pair production can be
described by different expressions for different ranges of
MCP mass,

���� dEχ

dx

����
eþe− pair approx

¼ ðB1Þ

10−aiϵ2
�

Eχ

1 MeV

�
di
�

mχ

1 MeV

�
ci ½MeV cm−1�; ðB2Þ

where ei−1 <
mχ

MeV < ei, and i ¼ 1;…; 5, values of the
coefficients are shown below: e0 ¼ 0,

a1 ¼ 1.9281 c1 ¼ −0.0805 d1 ¼ 1.1340 e1 ¼ 2.154 × 10−4

a2 ¼ 2.3194 c2 ¼ −0.1964 d2 ¼ 1.1374 e2 ¼ 0.1551
a3 ¼ 2.7185 c3 ¼ −0.5705 d3 ¼ 1.1477 e3 ¼ 4.1596
a4 ¼ 2.6936 c4 ¼ −0.3986 d4 ¼ 1.1138 e4 ¼ 12.4520
a5 ¼ 2.8549 c5 ¼ 0.1423 d5 ¼ 1.0096 e5 ¼ 1 × 103

Recall in Sec. II that the ionization loss of MCP is
negligible for the interesting energetic MCP, Eχ > 10 GeV.
Thus, the approximate overall energy loss of high energy
MCP is given by the sum,

���� dEχ

dx

����
rad approx

¼
���� dEχ

dx

����
brems approx

þ
���� dEχ

dx

����
eþe−pair approx

:
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