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Neutral gauge bosons beyond the Standard Model are becoming interesting as possible mediators to
explain several experimental anomalies. They have small masses, below 1 GeV, and are referred to as dark
photons, U, A0 or Z 0 bosons. Electron-positron collision experiments at the B-factories provide the most
straightforward way to probe bosons of this kind. In the present article, we study production of the bosons
at eþe− colliders operating at GeV center-of-mass energies. We have studied two channels: eþe− → γZ 0

and eþe− → eþe−Z 0. Analytic expressions for the cross sections and various observables such as the energy
spectra of the produced bosons and the final electrons from the Z 0 decays are derived. We have also studied
the transverse momentum distribution of the bosons and the spatial distribution of the Z 0 → eþe− decay
vertices. It is shown that these distributions provide distinct signatures of the bosons in eþe− → γZ 0. The
reaction eþe− → eþe−Z 0 becomes important at small Z 0 scattering angles where its contribution to the
overall yield may be larger by orders of magnitude compared to eþe− → γZ 0. The standard processes
eþe− → γγ and eþe− → eþe−γ that lead to the same signal are considered. We include numerical
predictions for the production rates at the energy

ffiffi
s

p ¼ 10.5 GeV. The case with a light scalar boson is also
discussed. The calculations are performed in detail and can be useful for additional studies.

DOI: 10.1103/PhysRevD.97.115004

I. INTRODUCTION

The notion of gauge bosons has become an integral part
of particle physics. A gauge boson is an electrically neutral
or charged particle with spin 1 responsible for transmission
of forces in a theory. Well-known representatives with
precisely established properties are the photon, Z0 andW�.
Many extensions of the Standard Model accommodate

new gauge bosons. After the electroweak SUð2Þ × Uð1ÞY
model was proposed, there appeared numerous alternative
theories with additional Uð1Þ0 symmetries leading to
associated new neutral bosons [1–3]. Production of heavy
mass states in the TeV region has been studied [4,5] and
searched for directly at the LHC in the ATLAS and CMS
experiments, which put stringent limits on their masses
and couplings to particles of the Standard Model [6–9].
These bosons have also been indirectly probed using high-
precision electroweak data [10].

Apart from the heavy mediators, models with much
lighter gauge bosons of masses around 1 GeVor even a few
tens of MeV are extensively discussed in articles and are
popular today [11]. They are often referred to as dark
photons,U, A0 or Z 0 bosons. Such models have been widely
studied for various reasons. In particular, their existence
was assumed in order to reconcile the measured value of the
anomalous magnetic moment of the muon with theoretical
calculations [12–17]. The bosons were introduced to
account for some cosmological and astrophysical obser-
vations [18–24]. The possible impact of a new gauge
interaction with a light mediator on rare kaon decays
[15,25–27] and the Higgs boson decay [28–33] has been
investigated.
Recently, the Atomki Collaboration reported the obser-

vation of an anomalous bump in the angular and invariant-
mass distributions of electron-positron pairs emitted in
nuclear transitions, 8Be� → 8Beþ eþe−, with high statis-
tical significance of 6.8σ [34]. The known nuclear theory
predicts no such bump. A possible explanation of this
anomaly can be an additional channel with the emission of
a light neutral vector boson, subsequently decaying into a
eþe− pair [34–38]. To describe the experimental distribu-
tions, the new boson should have mass mZ ¼ 16.70�
0.35ðstatÞ � 0.50ðsysÞ MeV [34]. In the last year, there
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have appeared many articles devoted to this hypothetical
17 MeV boson [39–50]. First limits on its coupling to
electrons have been set in the NA64 experiment at the
Super Proton Synchrotron (SPS) of the European
Organization for Nuclear Research (CERN) [51].
Searches for a light boson in π0 → Z 0 þ γ require that Z 0

should couple to u and d quarks very weakly [52], which
means that such a boson should be, as usually dubbed in
the literature, “protophobic.” On the other hand, if the
Atomki anomaly is a manifestation of new physics, then
the boson could be produced in a reversed process, for
example in eþe− → γZ 0 [18,40,53,54]. Electron-positron
collisions are the most straightforward reactions to probe
Z 0s [55–58]. At the same time, one should keep in mind
that the value of the coupling must be compatible with
other measurements in which Z 0 may contribute as the
electron magnetic dipole moment [59], beam dump
experiments and νe scattering [60].
In this paper, we focus our attention on the search for the

new light gauge bosons at eþe− colliders in the reactions
eþe− → γZ 0 and eþe− → eþe−Z 0. Introducing a general
V − A interaction, we present a detailed analytic study of
the corresponding production cross sections and emphasize
experimental signatures. For completeness, we also inves-
tigate a scalar theory considering the production of a
spinless light boson in the same channels.
The article is organized as follows. In Sec. II, we study

the reaction eþe− → γZ 0 and derive distributions of various
observables, such as the transverse momentum distribution
of the bosons, the distribution of the Z 0 → eþe− decay
vertex positions, the energy spectrum of the final electrons
and positrons from the boson decays. A similar analysis in
the framework of the equivalent photon approximation is
performed for eþe− → eþe−Z 0 in Sec. III. In Sec. IV, we
consider the production of a scalar boson. Section V
summarizes our results. Four Appendixes are devoted to
calculations in Secs. II and III.

II. VECTOR BOSONS IN e+ e − → γZ0 REACTION

Existing constraints to the parameters of the light Z 0
bosons with the mass mZ ∼ 10 MeV lead to extremely
narrow partial widths for the decay Z 0 → eþe−, less than
0.1 eV. This makes their detection at collider experiments

as a peak in the eþe− invariant-mass distribution a
challenging problem. It is therefore important to investigate
other possibilities for the identification of the bosons. For
example, a way to search for narrow resonances, and
specifically Z 0, coupled to eþe− pairs has been proposed
in Ref. [61]. In this section, we study distributions of
several observables in eþe− → γZ 0.

A. Transverse momentum distribution

Consider the production of electrically neutral vector
boson Z 0 in the reaction

eþe− → γZ 0: ð1Þ

This channel may be favorable for searches at electron-
positron colliders [18,40,53,54]. Assume the interaction

Le ¼ −eεūeγμðgV − gAγ5ÞueZ 0μ; ð2Þ

where e is the elementary electric charge and ε denotes the
coupling strength of the boson to the vector current. The
lowest-order Feynman diagrams contributing to this process
(see Fig. 1) lead to the following square of the amplitude
averaged over the initial and summed over final spins:

jMj2ðs; t; uÞ ¼ 2e4ε2ðg2V þ g2AÞ
�
u
t
þ t
u
þ 2m2

Zs
ut

�
: ð3Þ

Throughout the article, we adopt the Mandelstam variables
s, t and u. Note that

ffiffi
s

p
is the c.m. energy. Also note that the

electron mass is neglected because the standard experimen-
tal conditions imply s ≫ m2

e.
It is interesting to investigate the behavior of the trans-

verse momentum distribution of the produced bosons. The
cross section differential in p2T , which actually represents
the distribution, generally reads

dσγZ
dp2T

¼ 1

16πs2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2T

s

q jMj2ðs; p2TÞ; ð4Þ

where jMj2 is now the function of two independent
variables, s and p2T . Using that

e−

e+

Ze−

e+

Z

FIG. 1. Leading Feynman diagrams that contribute to reaction eþe− → γZ 0.
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p2T ¼ ut
s
; ð5Þ

one can rewrite (3) as

jMj2ðs; p2TÞ ¼ 2e4ε2ðg2V þ g2AÞ
s
p2T

�
1 −

2p2T
s

þ m4
Z

s2

�
: ð6Þ

Since we are interested in bosons with masses of the
order of several tens of MeV or lighter, the term m4

Z=s
2

in (6) can also be safely omitted. Then, from (4) and (6),
we obtain

dσγZ
dp2T

¼ 2πα2ε2ðg2V þ g2AÞ
1

sp2T

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − p2T

p2

q �
1 −

p2T
2p2

�
; ð7Þ

where α ¼ e2=4π is the fine structure constant and p ¼ffiffi
s

p
=2 is the magnitude of the Z 0 boson three-momentum

(provided m2
Z ≪ s). A plot of the transverse momentum

distribution (7) for
ffiffi
s

p ¼ 10.5 GeV is shown in Fig. 2.
Note that the distribution grows up rapidly at p2T → p2. In
this case, nearly all the momentum of the produced boson is
carried away in the transverse direction. This feature should
lead to an enhancement of Z 0 events in the transverse plane
which goes through the collision point of the eþ and e−

beams. For εðg2V þ g2AÞ1=2 ¼ 10−4, there may appear about
20 bosons in this region for an integrated luminosity of
5000 fb−1. In particular, 514 fb−1 of data collected by the
BABAR experiment [57] can be sensitive to such bosons
with the mass ≲17 MeV and coupling ∼10−3.
If needed, the formalism of this paper allows one to

easily incorporate interactions of Z 0 with other particles.
For example, if the bosons leave the experimental setup
undetected due to invisible decays [58,62–64], say, due to

open Z 0 → νν̄ channels, an enhancement of the eþe− →
γ þmissing pT events in this plane and in its vicinity
should be observed. Since the production of the bosons
and their subsequent Z 0 → νν̄ decays are independent
processes, the missing p2T distribution will read

dσγZ
dp2Tmiss

¼ BrðZ 0 → νν̄ÞdσγZ
dp2T

����
p2T¼p2Tmiss

; ð8Þ

where BrðZ 0 → νν̄Þ is the branching ratio for Z 0 → νν̄.
Also note that (7) and (8) are invariant under Lorentz
transformations along the beams.

B. Spatial distribution of the Z0 → e + e−
decay vertices

The produced bosons decaying in the detector may leave
eþe− vertices or single-track electromagnetic showers of
which the positions can be measured. We study next how
these vertices are distributed with respect to the incident
electron beam. For this purpose, we calculate the distri-
bution of the distances between the beam axis and the
Z 0 → eþe− decay vertices, as shown in Fig. 3. In other
words, we wish to find the density of the vertices in the
transverse direction. The distance r traveled by a Z 0 boson
from the interaction point of the beams to the decay point
can be defined as

r ¼ vγðvÞτ; ð9Þ
where v, γðvÞ and τ are the velocity, the Lorentz factor
and the mean lifetime at rest of Z 0, respectively. We need
the transverse component of the three-vector r ¼ vγðvÞτ.
We decompose vγðvÞ into transverse and longitudinal
components [65]

vγðvÞ ¼
�
pT
mZ

;
pL
mZ

�
ð10Þ

and obtain the distance traveled by the boson in the
transverse direction to be

rT ¼ pT
mZΓ

; ð11Þ

gV
2 gA
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FIG. 2. Transverse momentum distributions of the Z 0 bosons
produced in eþe− → γZ 0 (solid curve) and in eþe− → eþe−Z 0

(dashed curve) at the c.m. energy
ffiffi
s

p ¼ 10.5 GeV. The coupling
is fixed to εðg2V þ g2AÞ1=2 ¼ 10−4. The right-hand side of the
figure is labeled with the number of events corresponding to an
integrated luminosity of 5000 fb−1. Note that the distributions are
independent on the bosons mass as long as mZ ≪

ffiffi
s

p
.

FIG. 3. Distance rT traveled by a Z 0 boson from its production
to the decay in the direction transverse to the colliding eþ and e−

beams. The z axis points along the electron beam.
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where Γ ¼ 1=τ is the partial width for the Z 0 → eþe−
decay (see Appendix B)

Γ ¼ αε2ðg2V þ g2AÞ
3

mZ : ð12Þ

The transverse momentum distribution is related to the
distribution in space as follows,

dσγZ
drT

¼ dσγZ
dp2T

���� dp2TdrT

����; ð13Þ

so that using (7) and (11) gives

dσγZ
drT

¼ 4πα2ε2ðg2V þ g2AÞ
1

srT

ffiffiffiffiffiffiffiffiffiffiffi
1 − r2T

r2

q �
1 −

r2T
2r2

�
; ð14Þ

where

r ¼
ffiffi
s

p
2mZΓ

: ð15Þ

In a set of experimental data, the fraction of the Z 0 → eþe−
decay vertices located in the interval between rT and
rT þ drT from the beam axis is

f γZðrTÞ ¼
1

σγZ

dσγZ
drT

ð16Þ

with

σγZ ¼
Z

r

rm

dσγZ
drT

drT ¼ 4πα2ε2ðg2V þ g2AÞ
s

�
ln

�
2r
rm

�
−
1

2

�
:

ð17Þ
Here, rm is the minimal distance observable at the given
experiment (it is assumed rm ≪ r). Then,

f γZðrTÞ ¼
1

½lnð2rrmÞ − 1
2
�rT

ffiffiffiffiffiffiffiffiffiffiffi
1 − r2T

r2

q �
1 −

r2T
2r2

�
: ð18Þ

This distribution predicts a concentration of the decay
vertices at rT → r (see Fig. 4). Due to azimuthal sym-
metry, such events will form a ring of radius ∼r in the
transverse plane with center at the interaction point of the
beams, as schematically illustrated in Fig. 5. Figure 6
shows how the probability is distributed in this plane. An
enhancement of the density of the Z → eþe− vertices at
distances rT ≃ r is clearly seen. Observation of such a ring
can serve as a distinctive signature of the new bosons. In
addition, measuring its radius r allows one to determine
the product mZΓ, as it follows from Eq. (15). Combining
this with the number of vertices in the ring will give the
mass of Z 0 and its coupling strength separately. The width
of the ring can be estimated by subtracting the distance
corresponding to the minimum of f γZðrTÞ from r:

ring width≲
�
1 −

ffiffiffi
2

3

r �
r: ð19Þ

In Fig. 7, we plot a distribution of the vertices in the
transverse plane for an integrated luminosity of 104 fb−1,
rm ¼ 1 cm and r ¼ 10 cm [the latter corresponds, for
example, to

ffiffi
s

p ¼ 10.5 GeV, εðg2V þ g2AÞ1=2 ¼ 1.2 × 10−4,
mZ ¼ 17 MeV]. In this case, the ring has the width about
1 cm and contains more than 10% of the total number of
vertices. Note that at a fixed c.m. energy different values of

e e Z e e

2 4 6 8 10

0.05

0.10

0.20

0.50

1.00

rT ,cm

f
Z

r T
,

cm
1

FIG. 4. The probability density that a Z 0 → eþe− decay vertex
will appear at the distance between rT and rT þ drT from the
beam axis for rm ¼ 1 cm and r ¼ 10 cm. The bosons are
produced in eþe− → γZ 0.

beam

e−

e+

o
Z

rT
=r

FIG. 5. A schematic illustration of the ring formed by the
Z 0 → eþe− decay events at distance rT ¼ r in the transverse plane
(x, y). The bosons are produced in eþe− → γZ 0. The electron
beam is normal to the plot and directed along the z axis (dashed
line). The origin O coincides with the interaction point of the
colliding eþ and e− beams.
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the parameters may lead to the same radius r. The ranges for
the Z 0 mass and coupling which are accessible to an
experiment operating at

ffiffi
s

p ¼ 10.5 GeV and capable of
measuring vertex positions at distances 1 cm < r < 20 cm
from the beam axis are shown in Fig. 8. The above conditions
overlap with the dimensions of the BABAR Silicon Vertex
Tracker [66]. In the same figure, we also include limits for
the strength of the kinetic mixing between a new vector
meson and the photon. The new vector meson is frequently
introduced to mediate interactions between the dark and
visible matter with the kinetic mixing inducing electromag-
netic decays [51]. Finally, note that the parameters of the ring
will be independent from thematerial of the detector because

its formation is a consequence of the intrinsic properties of
the boson (the Z 0 lifetime). This would appear even in
vacuum. At the same time, the positions of the background
vertices from the γ → eþe− conversion processes will
depend on the media since the related photon mean free
path is proportional to the atomic number squared.

C. Energy spectrum of electrons in
e+ e − → γðZ0 → e+ e − Þ

Special properties of the energy spectrum of the final
electrons (or positrons) coming from the boson decays in
eþe− → γðZ 0 → eþe−Þ may serve as an additional signal
for detecting the new bosons. We compute it as

dσγZ
dEe

¼
Z

1

Γ
dΓ
dEe

dσγZ
dE

dE; ð20Þ

where Ee is the final electron energy and dσγZ
dE is the cross

section for the reaction eþe− → γZ 0 differential in the Z 0
boson energy E. The latter equation, due to (B5), becomes

dσγZ
dEe

¼
Z

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − m2

Z

p dσγZ
dE

dE; ð21Þ

in agreement, for example, with Ref. [4]. Since eþe− → γZ 0
is a 2 → 2 process, the energy of the produced boson
is always fixed in the c.m. reference frame, being E ¼
ðsþ m2

Z − m2
eÞ=2

ffiffi
s

p
. Therefore, neglecting the electron

mass, we may write

Probability, 10- 3/cm2
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FIG. 6. Distribution of the probability to observe a Z 0 → eþe−
decay vertex in the transverse plane for rm ¼ 1 cm, r ¼ 10 cm.
The bosons are produced in eþe− → γZ 0. The origin coincides
with the interaction point of the colliding eþ and e− beams. The
region

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
≤ 4 cm is cut out.
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FIG. 7. Distribution of the Z 0 → eþe− vertices in the transverse
plane corresponding to an integrated luminosity of 104 fb−1,
rm ¼ 1 cm, r ¼ 10 cm. The bosons are produced in eþe− → γZ 0

at
ffiffi
s

p ¼ 10.5 GeV. The origin coincides with the interaction
point of the colliding eþ and e− beams. The region

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
≤

4 cm is cut out.
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FIG. 8. Ranges for the coupling constant and the mass of the Z 0
accessible to collider experiments are located in the region
between the red lines. They were computed for a center-of-mass
energy

ffiffi
s

p ¼ 10.5 GeV and with the ability to identify vertices
for Z 0 → eþe− decays located at a distance r between 1.0 and
20.0 cm from the beam axis. The range can be enlarged by
increasing r and/or the center-of-mass energy. We also include
limits for the strength of the kinetic mixing between a new vector
meson and the photon from experiments NA64 [51], NA48 [52],
BABAR [57], E141 [67] and the electron anomalous magnetic
moment ðg − 2Þe [27].
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dσγZ
dE

¼ σγZδ

�
E −

sþ m2
Z

2
ffiffi
s

p
�
; ð22Þ

where σγZ is the total cross section for eþe− → γZ 0 and δðxÞ
is the delta function. The E-integration in (21) with (22) is
trivial, and we obtain

1

σγZ

dσγZ
dEe

¼ 2
ffiffi
s

p
s − m2

Z
: ð23Þ

Thus, the energy spectrum of the final electrons is flat. Note
that the spectrum of positrons will have exactly the same
behavior. This result is directly obtained in Appendix B.
The main background to eþe− → γðZ 0 → eþe−Þ is

expected from the processes eþe− → γðγ → eþe−Þ and
eþe− → eþe−ðγ → eþe−Þ proceeding through the γ →
eþe− conversion on atomic nuclei in the detector. In
Fig. 9, we compare the electron plus positron spectrum
from the Z 0 decays with that from the background at

ffiffi
s

p ¼
10.5 GeV when the photons convert on silicon nuclei (we
have chosen silicon because this is a frequently used
element in particle detectors). As one can see, the spectra
differ from each other qualitatively as well as quantitatively
by a few tens of percent. An experimental data set of ∼100
electron events accumulated could be enough to resolve
between the processes. It should be emphasized the picture
presented is altered very weakly from nucleus to nucleus.

III. VECTOR BOSONS IN e + e− → e+ e −Z0

Another channel of the production of the Z 0 bosons,
which plays an important role at certain kinematic con-
ditions, is eþe− → eþe−Z 0. Here, we compute the corre-
sponding cross sections and distributions of the observables
introduced in the previous section.

A. Applicability of the equivalent photon
approximation

Consider the reaction

eþe− → eþe−Z 0: ð24Þ
The related leading Feynman diagrams are drawn in
Fig. 10. We will compute the cross sections in the
Weizsäcker-Williams equivalent photon approximation
(EPA). According to the EPA, the reaction (24) can be
factorized into two subprocesses. The first one is emission
of a photon by the electron (positron), e → eþ γ, and the
second is absorption of the emitted photon by the positron
(electron) with the production of a Z 0 boson:

eγ → eZ 0: ð25Þ
Then, the total cross section of (24) can be represented as

σðsÞ ¼ 2

Z
1

0

f ðη; sÞσ̂ðηsÞdη; ð26Þ

where f ðη; sÞ is the equivalent photon distribution of
the electron (positron) with η being the fraction of the
electron (positron) energy carried by the photon and
σ̂ðsÞ is the total cross section for the subprocess (25).
The factor 2 arises because the distributions for electrons
and positrons coincide. Throughout this paper, we adopt
(see Appendix D for details)

f ðη; sÞ ¼ α

2π

1þ ð1 − ηÞ2
η

ln

�
ηs3=2

mZm2
e

�
: ð27Þ

This approximation is quite good for order of magnitude
estimations, especially in view of the unknown coupling ε,
which may vary over a wide range of values depending on a
model. In addition, the interference between the two upper
and two lower diagrams in Fig. 10 is negligibly small in
the limit m2

Z ≪ s. The point is that the Z 0 boson will be
predominantly emitted in the direction of the electron or
positron so that the processes become distinguishable.
Thus, the cross section will be determined by the square
of the sum of the two upper diagrams plus that of the lower
ones. This is another justification for using the EPA, which
considerably simplifies calculations.
The two lowest-order Feynman diagrams contributing to

(25) are shown in Fig. 11. Noting that e−γ → e−Z 0 is related
to the reaction eþe− → γZ 0 by crossing symmetry, we can
immediately obtain the amplitude squared corresponding to
(25). We need to exchange t ↔ s in (3) so that

jMj2ðs; t; uÞ ¼ −2e4ε2ðg2V þ g2AÞ
�
u
s
þ s
u
þ 2m2

Zt
us

�
: ð28Þ

The overall sign changes because one fermion is crossed.
Note that full consideration would also require taking into
account diagrams of the same order shown in Fig. 12.

FIG. 9. Normalized energy spectra of electrons plus positrons
produced in eþe− collisions at

ffiffi
s

p ¼ 10.5 GeV. The horizontal
solid line corresponds to an experimental data set containing the
Z 0 → eþe− decay events only. The dashed and dotted curves
represent situations in which the data contain either only
γ → eþe− conversion events of photons from eþe− → γγ or
bremsstrahlung photon conversions in silicon, respectively.
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FIG. 10. Leading Feynman diagrams that contribute to eþe− → eþe−Z 0.
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FIG. 11. Leading Feynman diagrams that contribute to subprocess eγ → eZ 0.
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FIG. 12. Feynman diagrams with an s-channel photon exchange that contribute to eþe− → eþe−Z 0.
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However, they contain the exchange of an s-channel photon
and produce terms ∼1=s thus being greatly suppressed
relative to the diagrams in Fig 10. This happens because the
t-channel photon exchange in Fig. 10 becomes highly
dominating as the mass of the photon tends to zero. This
leads to an enhancement of the cross sections in models
with light bosons due to the boson mass that appears in the
denominators. These cross sections may be much larger
than that for eþe− → γZ 0. The main reason is that, even
though eþe− → eþe−Z 0 is higher order in α compared to
eþe− → γZ 0, this suppression is compensated by the soft
photon exchange.
Everywhere in the η-integrations of this section, we will

keep only the leading terms.

B. Energy spectrum of Z0 bosons

Let us find out how the energies of the Z 0 bosons
produced in eþe− → eþe−Z 0 will be distributed. For this
purpose, we start with the cross section differential in the
boson energy E:

dσ
dE

¼ 2

Z
ηmax

ηmin

f ðη; sÞ dσ̂
dE

ðηsÞdη: ð29Þ

Here, dσ̂
dE corresponds to the subprocess eγ → eZ 0 and,

according to Appendix A, can be written as

dσ̂
dE

ðηsÞ ¼ 1

8πs3=2
1

ηð1 − ηÞ jMj2ðηs; t; uÞ; ð30Þ

where the amplitude squared is given by (28). The
integration limits are

ηmax
min

¼ Effiffi
s

p
 
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
Z

E2

r !
; ð31Þ

as shown in Appendix C. Using (29) with (30), we obtain

dσ
dE

¼ 32α3ε2ðg2V þ g2AÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − m2

Z

p
m2

Zs
2E2 − 2E

ffiffi
s

p þ s
m2

Z − 2E
ffiffi
s

p þ s

× ln

�
mZs
2m2

eE

�
; ð32Þ

which determines the energy spectrum of the Z 0 bosons.
The Z 0 energy may vary in the range

mZ ≤ E ≤
sþ m2

Z − m2
e

2
ffiffi
s

p : ð33Þ

This spectrum is shown in Fig. 13 for a 17 MeV boson with
εðg2V þ g2AÞ1=2 ¼ 10−4 produced at

ffiffi
s

p ¼ 10.5 GeV. One
can see that most probably a boson carries a half of the total
c.m. energy.

C. Transverse momentum and the Z0 → e + e−
vertex position distributions

In analogy with (29), we may write

dσ
dp2T

¼ 2

Z
1

4p2T=s
f ðη; sÞ dσ̂

dp2T
ðηsÞdη; ð34Þ

where pT is the transverse momentum of the Z 0 boson. The
subprocess cross section will read

dσ̂
dp2T

ðηsÞ ¼ 1

16πη2s2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2T

ηs

q jMj2: ð35Þ

Compare the latter with (4). Using (5) in (28), we obtain

jMj2 ¼ −2e4ε2ðg2V þ g2AÞ
�
p2T
t
þ t
p2T

þ 2m2
Z

η2s2
t2

p2T

�
: ð36Þ

The interference term can be omitted because it behaves as
∼m2

Z=p
2
T for pT ≠ 0 and vanishes at p2T → 0 since

t ¼ −
ηs
2

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4p2T
ηs

s !
: ð37Þ

Therefore, we may further write

jMj2 ¼ −2e4ε2ðg2V þ g2AÞ
�
p2T
t
þ t
p2T

�
: ð38Þ

Substituting (37) into (38), we have performed the integra-
tion over η in (34) and arrived at the following transverse
momentum distribution of the Z 0 bosons in eþe− → eþe−Z 0:

dσ
dp2T

¼ 35α3ε2ðg2V þ g2AÞ
48ðp2TÞ2

ln

�
4
ffiffi
s

p
p2T

mZm2
e

�
: ð39Þ

Energy spectrum of Z’ bosons, s 10.5 GeV, mZ 17 MeV
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FIG. 13. Energy spectrum of 17 MeV vector bosons produced
in eþe− → eþe−Z 0 at

ffiffi
s

p ¼ 10.5 GeV. The coupling is fixed to
εðg2V þ g2AÞ1=2 ¼ 10−4. The right-hand side of the figure is labeled
with the number of events corresponding to an integrated
luminosity of 500 fb−1.
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Note that this distribution very weakly depends on the boson
mass. A plot of (39) for the bosons with εðg2V þ g2AÞ1=2 ¼
10−4 produced at

ffiffi
s

p ¼ 10.5 GeV is shown in Fig. 2. The
bosons are seen to have mostly small transverse momenta.
Note that in this region the considered reaction significantly
dominates over eþe− → γZ 0.
Now, we can also find out how the positions of the Z 0 →

eþe− decay vertices will be distributed in the plane trans-
verse to the colliding beams. Using (11) with (12), we
rewrite (39) in terms of rT :

dσ
drT

¼ 105α

16ε2ðg2V þ g2AÞm4
Zr

3
T
ln

�
4mZ

ffiffi
s

p
Γ2r2T

m2
e

�
: ð40Þ

Equation (40) demonstrates that the vertices will be con-
centrated close to the beam axis. For example, the probability
for a 17 MeV boson with εðg2V þ g2AÞ1=2 ∼ 10−4 to decay at
the distances of ∼1 cm will be greatly suppressed because
the denominator becomes as large as ∼1027 MeV.

D. Angular distribution

Some care has to be taken when applying the EPA to the
derivation of the angular distribution of the Z 0 bosons. Now,
the directions of motion of the equivalent photons from the
incident electrons and positrons play a role. The integral
over η must take into account that the eþ and e− beams are
opposite to each other. Therefore, the cross section must be
symmetrized as follows,

dσ
d cos θ

¼
Z

1

mZ=
ffiffi
s

p f ðη; sÞ
�

dσ̂
d cos θ

ðηs; cos θÞ

þ dσ̂
d cos θ

ðηs; cosðπ − θÞÞ
�
dη; ð41Þ

where θ is the scattering angle of Z 0. The subprocess cross
section standardly reads

dσ̂
d cos θ

ðηs; cos θÞ ¼ 1

32πηs
jMj2ðcos θÞ: ð42Þ

The squared amplitude can be obtained from (38) using
t ¼ −ηsð1 − cos θÞ=2 and u ¼ −ηsð1þ cos θÞ=2:

jMj2ðcos θÞ ¼ 2e4ε2ðg2V þ g2AÞ
�
4þ ð1þ cos θÞ2
2ð1þ cos θÞ

�
: ð43Þ

Thus, we have

dσ̂
d cos θ

ðηs; cos θÞ þ dσ̂
d cos θ

ðηs; cosðπ − θÞÞ

¼ 4πα2ε2ðg2V þ g2AÞ
ηssin2θ

�
1þ 1

4
sin2θ

�
: ð44Þ

Finally, Eq. (41) with (44) gives the angular distribution of
the bosons in eþe− → eþe−Z 0,

dσ
d cos θ

¼ 4α3ε2ðg2V þ g2AÞ
mZ

ffiffi
s

p
sin2θ

�
1þ 1

4
sin2θ

�
ln

�
s
m2

e

�
: ð45Þ

As an example, Fig. 14 shows this distribution for a
17 MeV boson with εðg2V þ g2AÞ1=2 ¼ 10−4 produced atffiffi
s

p ¼ 10.5 GeV. According to (45), the bosons are pre-
dominantly scattered in the forward and backward direc-
tions, close to the beam axis. However, there is also a
considerable fraction of events at large angles (cos θ ≃ 0).
Note that, though the angles ∼π=2, such bosons, at the
same time, carry small energies.

E. Energy spectrum of electrons in
e + e− → e+ e− ðZ0 → e + e− Þ

As above, we compute the energy spectrum of the
electrons from the Z 0 → eþe− decays by substituting
(32) into (21). The integration over the Z 0 energy must
be performed in the range

Emin ¼
4E2

e þ m2
Z

4Ee
; Emax ¼

sþ m2
Z − m2

e

2
ffiffi
s

p : ð46Þ

The lower limit is a consequence of the condition cosψ ≤ 1
with ψ being the angle between the three-momenta of Z 0 and
the outgoing electron. In contrast to Emin, where the electron
mass can be safely neglected (as we have done), in Emax, the
mass should be kept to ensure the regular behavior of
the electron spectrum in the upper edge. Thus, we obtain
the following energy spectrum of the final electrons:

dσ
dEe

¼ 8α3ε2ðg2V þ g2AÞ
m2

Z
ffiffi
s

p ln

�ð ffiffi
s

p
− 2EeÞð2Ee

ffiffi
s

p
− m2

ZÞ
2Eem2

e

�

× ln

�
mZ

ffiffi
s

p
m2

e

�
: ð47Þ
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FIG. 14. Angular distribution of 17 MeV vector bosons
produced in eþe− → eþe−Z 0 at

ffiffi
s

p ¼ 10.5 GeV (solid curve).
The coupling is fixed to εðg2V þ g2AÞ1=2 ¼ 10−4. For comparison,
the distribution in reaction eþe− → γZ 0 given by (A19) at the
same values of the parameters is also shown (dashed curve). The
right-hand side of the figure is labeled with the number of events
corresponding to an integrated luminosity of 500 fb−1.
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The corresponding expression for positrons is exactly the
same. We plot the spectrum of electrons plus positrons in
Fig. 15 for the case of a 17MeVbosonwith εðg2V þ g2AÞ1=2 ¼
10−4 produced at

ffiffi
s

p ¼ 10.5 GeV. For an integrated lumi-
nosity of 500 fb−1, more than 103 Z 0 → eþe− decay events
may occur. Note that, similar to the reaction eþe− → γZ 0, the
spectrum (47) is also flat. This is a consequence of the fact
that the spectrumofZ 0 bosons in eþe− → eþe−Z 0 peaks at the
boson energies ≃

ffiffi
s

p
=2 exhibiting a delta function–like

behavior (see Fig. 13).

IV. LIGHT SCALAR BOSONS

We can extend the analysis and study the production of a
neutral scalar boson (let us denote it by ϕ) in

eþe− → γϕ: ð48Þ

The interaction

LS ¼ −egūeueϕ ð49Þ

leads to the lowest-order amplitude squared of the form

jMj2Sðs; t; uÞ ¼ e4g2
�
u
t
þ t
u
þ 2m2

ϕs

ut
þ 2

�
; ð50Þ

where g is a Yukawa coupling. One can proceed exactly as
above and repeat all the calculations.
It is important and relevant to compare (50) with (3). The

dependences of both amplitudes on the Mandelstam var-
iables are identical except the last term in (50). The latter
will give a ∼10% contribution to the cross sections. In the
situation when the coupling is unknown, the observables
will be described with a reasonable accuracy even when
this term is omitted in (50). This makes all the results of
Secs. II and III directly applicable to the scalar boson
production when one makes the replacement

ε2ðg2V þ g2AÞ →
g2

2
; mZ → mϕ: ð51Þ

In other words, the cross sections as well as the distribu-
tions in this case will behave like those for the vector boson
studied above in all details.

V. CONCLUSIONS

New light neutral gauge bosons beyond the Standard
Model are of interest today as a possible explanation of
several anomalies recently observed in experiments. These
bosons may have nonzero couplings to electrons so that the
most straightforwardway to probe them is in eþe− collisions.
In this paper, we have analyzed two reactions for the

production of the new vector bosons with masses in the
sub-GeV region. The first one is eþe− → γZ 0. The second
one, eþe− → eþe−Z 0, we have treated within the framework
of the equivalent photon approximation. Analytic expres-
sions for the cross sections and the energy spectra of the
produced bosons as well as of the final electrons from the
boson decays have been obtained. In particular, we have
studied the transverse momentum distribution of the bosons
and the distribution of the positions of Z 0 → eþe− decay
vertices with respect to the axis of the colliding beams.
It has been shown that these distributions can serve as distinct
signatures of the bosons in eþe− → γZ 0. The reaction
eþe− → eþe−Z 0 becomes important at small Z 0 scattering
angles where its contribution to the overall yield may be
larger by orders of magnitude compared to eþe− → γZ 0.
Numerical predictions, at energies

ffiffi
s

p ¼ 10.5 GeV, typical
for the B-factories have been derived.
The dominant background to the considered reactions is

expected from the γ → eþe− conversion of photons appear-
ing from eþe− → γγ and the QED bremsstrahlung. These
eþe− pairs can be disentangled from the Z 0 → eþe− decays
by measuring the energy spectra of the final electrons
(positrons) and/or the spatial distribution the eþe− vertices.
As to the direct production of eþe− pairs, eþe− →
eþe−eþe−, selecting the vertices clearly separated from
the collision point of the beams [68,69] reduces this
background.
We have also discussed the possibility of the boson

decay into neutrino-antineutrino pairs. In this case, the
boson can manifest itself as missing transverse momentum.
The production of a scalar boson is also investigated. The
calculations are performed in full detail and can be useful
for similar studies.
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APPENDIX A: KINEMATICS AND CROSS
SECTIONS

In order to find dσ̂
dE which appears in (29), we begin with

dσ̂
dt

¼ 1

16πη2s2
jMj2ðηs; t; uÞ: ðA1Þ

This is a well-known textbook formula when η ¼ 1. We
choose the z axes to point in the electron beam direction.
Then, by definition, for the subprocess eþγ → eþZ 0,

u ¼ ðp0e − pZÞ2 ¼ m2
e þ m2

Z −
ffiffi
s

p ðE þ pLÞ: ðA2Þ
Here, p0e is the incident positron four-momentum and E and
pL are the energy and longitudinal momentum of Z 0,
respectively. We have also used that the positron energy
is

ffiffi
s

p
=2. Likewise,

t ¼ ðpγ − pZÞ2 ¼ m2
Z − η

ffiffi
s

p ðE − pLÞ: ðA3Þ
Note that Eγ ¼ ηEe ¼ η

ffiffi
s

p
=2. On the other hand, there is

also the condition

ηsþ t þ u ¼ 2m2
e þ m2

Z : ðA4Þ
Adding (A2) to (A3) and using (A4) yield

pL ¼
m2

Z − m2
e − E

ffiffi
s

p ð1þ ηÞ þ ηsffiffi
s

p ð1 − ηÞ : ðA5Þ

Substituting (A5) into (A3), we find the relation between t
and E:

t ¼ m2
Z − ηðm2

e þ 2E
ffiffi
s

p
− ηsÞ

1 − η
: ðA6Þ

Since

dσ̂
dE

¼ dσ̂
dt

���� dtdE
����; ðA7Þ

we obtain

dσ̂
dE

¼ 1

8πs3=2
1

ηð1 − ηÞ jMj2ðηs; t; uÞ; ðA8Þ

which is in agreement, for example, with Eq. (53) of
Ref. [4].
In analogy, if we know the relation between t and p2T ,

then

dσ̂
dp2T

¼ dσ̂
dt

���� dt
dp2T

����: ðA9Þ

Neglect the square of the electron mass in (A2), and write
down the following product,

ðu − m2
ZÞðt − m2

ZÞ ¼ ηsðE2 − p2LÞ ¼ ηsp2T þ ηsm2
Z ;

ðA10Þ

where we have used E2 ¼ p2L þ p2T þ m2
Z . On the other

hand,

ðu − m2
ZÞðt − m2

ZÞ ¼ ut − m2
Zðuþ tÞ þ m4

Z

¼ ut − m2
Zðm2

Z − ηsÞ þ m4
Z

¼ ut þ ηsm2
Z : ðA11Þ

Comparing (A10) with (A11), we obtain

p2T ¼ ut
ηs

: ðA12Þ

Using (A4), rewrite (A12) in the form

p2T ¼ ðm2
Z − ηs − tÞt

ηs
: ðA13Þ

Now, we can solve (A13) as an equation with respect to t.
The kinematically allowed solution reads

t ¼ −
ηs − m2

Z

2

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4ηsp2T
ðηs − m2

ZÞ2

s !
: ðA14Þ

If the problem also justifies neglecting m2
Z , then

t ¼ −
ηs
2

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4p2T
ηs

s !
; ðA15Þ

���� dt
dp2T

���� ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2T

ηs

q ðA16Þ

and according to (A9),

dσ̂
dp2T

¼ 1

16πη2s2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2T

ηs

q jMj2: ðA17Þ

Equations (A12)–(A17) apparently hold at η ¼ 1, so that
we can check the correctness of (7) as follows. By
definition, p2T ¼ s

4
sin2θ ¼ s

4
ð1 − cos2θÞ, which leads to

���� dp2T
d cos θ

���� ¼ s
2
j cos θj with j cos θj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4p2T
s

r
:

ðA18Þ

Therefore,

dσγZ
dcosθ

¼dσγZ
dp2T

���� dp2T
dcosθ

����¼4πðg2V þg2AÞε2α2
ssin2θ

�
1−

1

2
sin2θ

�
:

ðA19Þ

This is the angular distribution of the vector bosons in
eþe− → γZ 0 [18,40,54].
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APPENDIX B: THE BOSON DECAYS

Usually, a decay of a particle is considered in its rest
reference frame. Meanwhile, there are problems in which
the particles are produced with nonzero three-momenta,
and one has to analyze the energy spectra of their decay
products. Such a situation arises, for example, in the
process eþe− → γðZ 0 → eþe−Þ. Let us derive the energy
spectrum of electrons coming from the in-flight decays of
the unpolarized vector bosons

Z 0ðpZÞ → eþðp0eÞe−ðpeÞ; ðB1Þ

where the four-momenta are given in the parentheses,
pZ ¼ ðE;pÞ, pe ¼ ðEe;qeÞ. For the interaction in (2), the
square of the matrix element summed over spin states and
averaged over initial polarizations is

jMj2ðpZ ;pe;p0eÞ¼
8παε2ðg2V þg2AÞ

3m2
Z

½4ðpZpeÞðpZp0eÞþm4
Z �:

ðB2Þ

The electron mass is neglected. Following standard rules,
we obtain

dΓ
dEe

¼ αε2ðg2V þ g2AÞ
3pE

m2
Z ðB3Þ

and

Γ ¼ αε2ðg2V þ g2AÞ
3γðvÞ mZ : ðB4Þ

Here, we emphasize the presence of the Lorentz factor,
γðvÞ ¼ E=mZ , in the denominator. For the decay at rest,
γðvÞ ¼ 1. Dividing (B3) by (B4), we finally obtain the
spectrum of electrons coming from the decays of Z 0 bosons
of given momentum p:

1

Γ
dΓ
dEe

¼ 1

p
: ðB5Þ

The spectrum is flat, independent of the electron momen-
tum. For example, if the reaction eþe− → γZ 0 proceeds at
the center-of-mass energy

ffiffi
s

p
, then p ¼ ðs − m2

ZÞ=2
ffiffi
s

p
, and

the final electron energies will be distributed as

1

Γ
dΓ
dEe

¼ 2
ffiffi
s

p
s − m2

Z
: ðB6Þ

The spectrum of positrons from the Z 0 → eþe− decays is the
same since (B2) is symmetric under the exchange pe ↔ p0e.
If we consider a similar decay mode of the scalar boson

ϕðpϕÞ → eþðp0eÞe−ðpeÞ with the interaction (49), then

jMj2ðpϕ; pe; p0eÞ ¼ 8παg2m2
ϕ: ðB7Þ

One can show that the related partial width in the boson rest
frame is

ΓS ¼
αg2

2
mϕ: ðB8Þ

The energy spectrum of the outgoing electrons (positrons)
exactly repeats the one for Z 0 given by (B6).

APPENDIX C: THE η-INTEGRATION LIMITS

Here, we derive the limits of integration over η in the
calculations of the angular and energy distributions of the
Z 0 bosons produced in the reaction eþe− → eþe−Z 0.
Neglecting the square of the electron mass, rewrite (A5) as

η ¼ −
E þ pL −

m2
Zffiffi
s

p

E − pL −
ffiffi
s

p : ðC1Þ

Then, using pL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − m2

Z

p
cos θ, we obtain

η ¼ −
E þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − m2

Z

p
cos θ − m2

Zffiffi
s

p

E −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − m2

Z

p
cos θ −

ffiffi
s

p : ðC2Þ

Thus, we have η as a function of two independent variables,
E and θ.
In order to find the integration limits in the case of the

angular distribution, we fix the angle θ and vary the boson
energy in the interval

Emin ¼ mZ ; Emax ¼
sþ m2

Z

2
ffiffi
s

p : ðC3Þ

We find from (C2) that the corresponding η limits are

ηmin ¼
mZffiffi
s

p ; ηmax ¼ 1: ðC4Þ

In the case of the energy distribution, we fix the energy
E and vary the longitudinal momentum (in other words,
the angle θ). Obviously, pLmin ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − m2

Z

p
and pLmax ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2 − m2
Z

p
, so that from (C1) we obtain

ηmax
min

¼ Effiffi
s

p
 
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
Z

E2

r !
: ðC5Þ

APPENDIX D: SCALE DEPENDENCE OF THE
EQUIVALENT PHOTON DISTRIBUTION

Here, we derive the scale dependence of the equivalent
photon distribution of the electron, which can be repre-
sented as [4,70]
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f ðη; sÞ ¼ α

2π

1þ ð1 − ηÞ2
η

ln

�
Q2

max

Q2
min

�
: ðD1Þ

Note that Q2 ¼ −t. Then, using (A6) at fixed η, we can
write

Q2
max ¼ −

m2
Z − ηðm2

e þ 2Emax
ffiffi
s

p
− ηsÞ

1 − η
: ðD2Þ

Since

Emax ¼
sþ m2

Z − m2
e

2
ffiffi
s

p ;

one obtains

Q2
max ¼ ηs − m2

Z : ðD3Þ

In analogy,

Q2
min ¼ −

m2
Z − ηðm2

e þ 2Emin
ffiffi
s

p
− ηsÞ

1 − η
: ðD4Þ

Obviously, Emin ¼ mZ . However, there is the following
subtlety in this case. Equation (C2) tells us that only one
value of η corresponds to E ¼ mZ , namely η ¼ mZ=

ffiffi
s

p
.

Therefore, Eq. (D4) becomes

Q2
min ¼ m2

e
mZffiffi
s

p
− mZ

: ðD5Þ

Finally, substituting (D3) and (D5) into (D1), we find

f ðη; sÞ ¼ α

2π

1þ ð1 − ηÞ2
η

ln

�ðηs − m2
ZÞð

ffiffi
s

p
− mZÞ

mZm2
e

�
:

ðD6Þ

As long as m2
Z ≪ ηs,

f ðη; sÞ ¼ α

2π

1þ ð1 − ηÞ2
η

ln

�
ηs3=2

mZm2
e

�
: ðD7Þ
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