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In the L, —L; model the 3.6 o discrepancy between the predicted and measured values of the anomalous
magnetic moment of positive muons can be explained by the existence of a new dark boson Z’ with a
mass in the sub-GeV range, which is coupled at tree level predominantly to the second and third lepton
generations. However, at the one-loop level the Z’ coupling to electrons or quarks can be induced via
the y — Z’ kinetic mixing, which is generated through the loop involving the muon and tau lepton.

This loophole has important experimental consequences since it opens up new possibilities for the
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Ly — Ly model density is also discussed.

complementary searches of the Z’ with high-energy electron beams, in particular in the ongoing NA64
and incoming dark photon experiments. An extension of the model able to explain relic Dark Matter
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1. Introduction

At present there are several signals that new physics beyond
the standard model (SM) exists. The most striking is the observa-
tion of Dark Matter (DM). Among the many models of DM, for a
review, see e.g. [1-4], those that motivate the existence of light
vector (scalar) bosons with a mass mg < 0 (1) GeV are rather pop-
ular now [5,6]. The main idea is that in addition to gravity a new
interaction between visible and dark sector exists which is medi-
ated by this gauge boson [6]. Another possible hint in favour of
new physics is the muon g, — 2 anomaly, which is the 3.6 o dis-
crepancy between the experimental values [7,8] and the SM pre-
dictions [9-12] for the anomalous magnetic moment of the muon.

Among several extensions of the SM explaining the anomaly,
the models predicting the existence of a weak leptonic force me-
diated by a sub-GeV gauge boson Z’ that couples predominantly
to the difference between the muon and tau lepton numbers,
L, — L¢, are of general interest. The abelian symmetry L, — L is
an anomaly-free global symmetry within the SM [13-15]. Breaking
L, — Lt is crucial for the appearance of a new relatively light, with
a mass myz <1 GeV, vector boson (Z’) which couples very weakly
to muon and tau-lepton with the coupling constant o, ~ 0(10°8)
[16-29]. The Z’ interaction with L, — L; vector current given by
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leads to additional contribution to the muon anomalous magnetic
moment [30]

S
sa= = F( . ) (2)
where
[2z(1 — 2)?]

(3)

F(x) = /d

and o), = %. The use of the formulae (2), (3) allows to determine
the coupling constant o, which explains the value of the g, — 2
anomaly [16-29] and it does not contradict to existing experimen-
tal bounds for mz < 2m,, [29]. Namely, for mz «m, [30]

[(1 =22 +x227]

o, =(1.840.5) x 1078, (4)
For another limiting case mz > m, the «, value is

2
s Mz
o =27£0.7) x107° x —5-. (5)
m
"
In addition to the case of the g, — 2 anomaly, there are also
other implications of Z’ [16-29]. For example, in neutrino sector,
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the L, — L; model can provide a natural explanation of a zeroth-
order approximation for neutrino mixing with a quasi-degenerate
mass spectrum predicting a maximal atmospheric and vanishing
reactor neutrino mixing angle [31-33], small masses of neutri-
nos and its oscillations by extending the model with the left-right
gauge symmetry [34], the Rk puzzle in LHCb data and the g, —2
anomaly can be simultaneously explained with the ~ 10 MeV Z’
which also induces the nonstandard matter interactions (NSI) of
neutrinos [35]. The later could also provide LMA-Dark solution to
solar anomaly, which also requires NSI [36]. Recently, it has been
pointed out that specific features of cosmic neutrino spectrum re-
ported by the IceCube Collaboration can be explained by a mass of
the MeV scale [37,38], which can be of interest for the search at
Belle II [39]. Probing of the Z’ in neutrino trident production and
in neutrino experiments has been also discussed in [40,41].

In this letter we show that in the L, — L; model nonzero
y — Z’ mixing generated at the one-loop level strongly motivates
the complementary searches of the light Z’ with high-energy elec-
tron beams. This open up an intriguing possibility for probing the
L, — Ly gauge boson Z’ in the near future with ongoing NA64 ex-
periment with the statistics increased by a factor ~ 100. The Z’
searches can be as well performed in the incoming dark photon
experiments, e.g. such as AWAKE, Belle-II, BDX, and LDMX. More-
over an extension of the L, — L, model allows to explain relic Dark
Matter density for mz >~ 0(10) MeV, which strengthen motivation
for the experimental search of the L, — L; mediator of the DM
production in invisible decay mode.

2. The y — Z’ mixing and Z’ — invisible decays

It is generally assumed that searches for the L, — L; gauge bo-
son are difficult as it couples only to the muon and tau lepton
family. The relevant bounds can be extracted from the measure-
ments of the neutrino trident production v,N — v, utu™N [20,
21], from the search for a muonic dark force at BABAR [22], and
from the data of the Borexino experiment [23]. Currently, the al-
lowed Z’ mass region for the explanation of the g, — 2 anomaly
is constrained to mz < 400 MeV from by the neutrino trident pro-
duction [42,43], while the BABAR search excluded masses myz 2>
200 MeV. Besides this, the mass of the light Z’ is constrained to
be mz >5 MeV from the cosmology and astrophysical considera-
tions [44-46]. To search for the Z’ in the still unconstrained mass
region 5 <myz <200 MeV is challenging as the Z’ dominant de-
cay Z' — v is invisible. The direct search for such Z’ by using
the reaction uZ — nZzZZz'; 7’ — invisible of the Z’ production in
high-energy muon scattering off heavy nuclei at the CERN SPS was
proposed in Ref. [51]. The experiment is expected to improve the
sensitivity to the coupling o, by a few orders of magnitude and
fully cover the parameter region referred with Eqgs. (4) and (5).

Let us now discuss the mixing between the Z’ and ordinary
photons. An account of one-loop diagrams, which is in our case
propagator diagrams with virtual p- and t-leptons in the loop,
leads to nonzero y — Z’ kinetic mixing $F*"Z"" where € is the
finite mixing strength given by [19]

8 eey
€=z
31672

In(T)=1.43-1072e,, . (6)
mu

Here e is the electron charge and m,, m; are the muon and tau-
lepton masses respectively. It should be stressed that we assume
that possible tree level mixing Er’%F’“’Z’“’ is absent or much
smaller than one-loop mixing %F’“’Z“”. To be precise, we as-
sume that there is no essential cancellation between tree level and
one loop mixing terms |€¢ree + €| > |€|. For mz <« my, the value

e, =(475+0.8)- 10~ from Eq. (4) leads to the prediction of the
corresponding mixing value

€=(6.84+1.1)-107° (7)

Thus, one can see that the Z’ interaction with the L, — L current
induces at one-loop level the y — Z’ mixing of Z’ with ordinary
photon which allows the Z’ to couple to electrons. This loophole
opens up the new possibility of searching the weak leptonic force
mediated by the Z’ in the complementary experiments looking for
dark photons (A’). Indeed, the currently ongoing experiment NA64
at CERN [47,48] aimed at the direct search for invisible decay of
sub-GeV A”s in the reaction e~ +Z — e~ +Z+ A’; A’ — invisible
of high energy electron scattering off heavy nuclei [49,50]. The
experimental signature of the invisible decay of Z’ produced in
the reaction e~ +Z — e~ +Z + Z'; Z' — invisible due to mix-
ing of Eq. (6) is the same - it is an event with a large missing
energy carried away by the Z’. Thus, by using Eq. (6) and bounds
on the y — A’ mixing, the NA64 can also set constraints on the
coupling e;,. The current NAG4 bounds on the parameter € for
the dark photon mass region 1 <my < 10 MeV are in the range
107> <€ <1074 for the number of accumulated electrons on tar-
get (EOT) ngor ~ 4.3-10'° [48]. Taking into account that the sensi-
tivity of the experiment scales as € ~ 1/,/ngor, results in required
increase of statistics by a factor ~100 in order to improve sensi-
tivity up to the mixing value of Eq. (7) for the Z’ with a mass
in this region. This would allow either to discover the Z’, or ex-
clude it as an explanation of the g, —2 anomaly for the substantial
part of the mass region mz < 2m,,. The direct search for the Z’ in
missing-energy events in the reaction wZ — wZzZz'; Z' — invisible
in the dedicated experiment NA64 of Ref. [51] with the CERN
muon beam would then be an important cross check of results
obtained with the electron beam.

The mixing given by the Eq. (6) would also lead to an extra
contribution to the elastic ve — ve scattering [38]. The BOREXINO
solar neutrino data [23] and measurements in the LSND experi-
ment [24] lead to the lower mass bound mz > (5 — 10) MeV and
a similar bound to the e, coupling for mz < 10 MeV [38], re-
spectively, assuming that the muon anomaly is explained by the
existence of a light Z’ boson interacting with L, — L; current and
there is no tree level mixing between photon and Z’, i.e. €ee = 0.
The expected 90% CL. NAG4 exclusion regions in the (mz,ey)
plane from the measurements with the election beam for ~ 4.10'2
and ~ 4 -10'3 EOT [47,48,50] and muon beams for ~ 10'> muons
on target (MOT) [51] are shown in Fig. 1, together with constraints
from the BOREXINO [38], CCFR [43], and BABAR [22] experiments,
and the BBN exclusion area [38,52]. The parameter space shown
in Fig. 1 could also be probed by other electron experiments such
as Belle II [39], BDX [53], and LDMX [54], which would provide
important complementary results.

3. Search for the Z’ — e*e™ decay

Another possible way to search for the Z’ is based on the pro-
duction and detection of its visible decay mode, Z’ — e*e™, which
can also occur at the one-loop level. The flux of Z’s would be
generated in a high intensity beam dump experiment through the
mixing with photon produced either directly in the dump [55] or,
e.g., in the 79 75, n’ decays [56]. The Z’s would then penetrate
the dump without significant interaction and decay in flight into
ete™ pairs which can be observed in a far detector. For a given
flux d®(mz, Ez, Npot)/dEz of Z"s from the dump the expected
number of Z’ — ete™ decays occurring within the fiducial length
L of a far detector located at a distance L’ from the beam dump is
given by
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Fig. 1. The NAG4 90% C.L. expected exclusion regions in the (mz, e, ) plane (dashed
curves) from the measurements with the election (NA64, ~ 4 x 10'2 EOT and ~
4 x 10'3 EOT) [47,48,50] and muon (NA64, ~ 10'2 MOT) [51] beams. Constraints
from the BOREXINO [38], CCFR [43], and BABAR [22] experiments, as well as the
BBN excluded area [38,52] are also shown. Two triangles indicate reference points
corresponding to the mass mz =9 and 11 MeV, and coupling e, =4 x 10~ and
5 x 104, respectively, which are used to explain the IceCube results, see Ref. [38]
for details.

N Br(Z' e+e_)/ do ex ( UmZ/)
/ - = —> —
Z'—ete dE, D [
Lmy
-[1 —exp(— z )]ee,cfAdEz/ (8)
Pz/'l.'z/

where Ez/, Pz, and Tz are the Z’ energy, momentum and the life-
time at rest, respectively, €qsr, A are the ete™ pair reconstruction
efficiency and acceptance, Npp7 is the number of primary parti-
cles on target (dump). For the mass region 1 <my <200 MeV the
branching fraction Br(Z’ — ete™) is given by
[(Z —ete
Br(Z' —ete) = ( ) 9)
[(Z' - ete)+T'(Z' — vv)

where the decay rate of the Z’ into neutrino, I'(Z' — vv) (v =
vy, vr)and ete” pairs, ['(Z' — eTe™) is given by

2

Nz — v) = e—“mz/ (10)
247

and

o 4m?2 2m?
[(Z —ete) = gezmz/ 1-—=° (1 + = ) (11)
Vo omi my,

respectively. Using Eqs. (9)-(11) we found the Z’ lifetime to be
in the range 10~1° < 1,7 < 10713 s. This results in a short Z’
decay length 0.3 < ctzy <30 cm even for the mz ~ 10 MeV
and Ez =~ 50 GeV. Thus, the attenuation of the Z’ flux due to

Z' decays in flight which is given by the term exp<f ;;TTZZ’) in

Eq. (8), give a suppression factor < 101> for any beam dump ex-
periment searching for an excess of ete™ pairs from dark photon
decays [8], as they typically used L’ > 100 m and Z’ energy range
Ez <50 GeV. Here, the y-factor is y = Ez /my . Because the ef-
fective coupling of Z, to electrons (or quarks) due to the mixing
of Eq. (6) is suppressed by a factor ~ 10~2, the branching fraction

Br(Z' — ete™) is estimated to be ~ 0 (10~%). Taking all these into
account makes current constraints 1078 < e <1074 [8] from the
beam dump experiments searching for visible A’ — ete~ decays
of dark photons in the mass range 1 < my < 200 MeV inapplica-
ble to the Z’ case and much more weaker than the value of Eq. (7)
as they were obtained under the assumption that this decay mode
is dominant.

Thus, the advantage of searching for Z’ in a missing-energy
type experiment, e.g. such as NA64, is that its sensitivity is roughly
proportional to the mixing squared, €2 associated with the Z’ pro-
duction in the primary reaction and its subsequent invisible de-
cay, while for the visible case it is proportional to €2 x Br(Z’' —
ete™). The factor €2 is coming from the Z’ production process
and another suppression factor Br(Z' — ete™) = 0(10~%) from
the Z’ — eTe~ decay in the detector. Similar arguments are also
valid for the experiments that searched for the visible A’ in par-
ticle decays and provided exclusion area € > 10~% — 1073 for
the mass range 1 <my <200 MeV [8]. As a consequence, tak-
ing into account the previous discussions, in any beam dump or
decay experiment using electrons or quarks as a source of Z’s
through the mixing of (6), the number of visible Z' — ete™ sig-
nal events would be highly suppressed resulting in a weak bound
on «,. Similar considerations results in rather modest constraints
on invisible decays of Z’ which one can extract from the present
bounds of dark-photon experiments searching for the invisible A’
decays [8]. For example, the limit on the coupling o, from the
Kt — 't 4 missing energy decay is at the level o, < 0(1073),
which is several orders of magnitude below the value from Eq. (4).

Finally, note that in order to cover the range € <10~ for the
Z' — ete~ decays the trick would be to run a corresponding ex-
periment in a very short-length beam dump mode. A good exam-
ple of such approach is the AWAKE experiment at CERN, which
plan to search for dark photon decays A’ — eTe~ with a ~ 50 GeV
electron beam by using short W-dump and a detector located at
a distance L’ ~ a few meter [57]. This experiment would be very
complementary to the Z’' searches in invisible decay mode pro-
vided the accumulation of > 10'® EOT. The feasibility of this search
is under study and will be reported elsewhere. Another experi-
ment, which potentially might be sensitive to the values around of
those from Eq. (7) is the HPS [58], which currently aims at reach-
ing the sensitivity € ~ 107> for the A’ — ete~ decays with the
masses < 100 MeV by using a thin W target.

4. Dark matter in the L, — L; model

Let us show now that an extension of the L, — Ly model is
able to explain today DM density in the Universe. Consider the
simplest SM extension with an additional complex scalar field ¢g.!
The charged dark matter field ¢4 interaction with the Z’ field is

Loz = ("¢ —ieqZ ' $)* (9 —ieqZ),¢) —mpyd*d — ry (6" $)
(12)

ihilati i y Y Y ~ 4Am2
The annihilation cross section ¢qpg — v, Uy, Ve Vr for s~ 4mp,,
has the form?

2 2 .2
8 €“angmy,,V
DM " rel (-13)

O.Vrel = Y5 5 95 5>
3 (m%, —4m3,))?

1 The annihilation cross-section for scalar DM has p-wave suppression that allows
to escape CMB bound [59].
2 Here we consider the case my > 2mpy.
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We use standard assumption that in the hot early Universe DM
is in equilibrium with ordinary matter. During the Universe ex-
pansion the temperature decreases and at some point the ther-
mal decoupling of the Dark Matter starts to work. Namely, at
some freeze-out temperature the cross-section of annihilation
DM particles — SM particles becomes too small to obey the
equilibrium of DM particles with the SM particles and DM decou-
ples. The experimental data are in favour of scenario with cold relic
for which the freeze-out temperature is much lower than the mass
of the particle. In other words DM particles decouple in the non-
relativistic regime. The value of the DM annihilation cross-section
at the decoupling epoch determines the value of the current DM
density in the Universe. Too big annihilation cross-section leads to
small DM density and vice versa too small annihilation cross sec-
tion leads to DM overproduction. The observed value of the DM
density p}‘;—(’” ~ (.23 allows to estimate the DM annihilation cross-
section into the SM particles and hence to estimate the discovery
potential of light dark matter both in direct underground and ac-
celerator experiments.

The dark matter relic density can be numerically estimated as
(60]

(n+ DX 0.856. 109 Gev—2
Qouh? =0.1] o] , (14)
(8+s/8+'") 0o
where < 0 Vg >:oox17", Xp= ”;% and
1
xf:c—(n+§)1n(c), (15)
c= 1n[o.038(n +1-2 MplmDMao]. (16)
A/ 8x

For the case where dark matter consists of dark matter particles
and dark matter antiparticles o = "zﬂ Numerically we find that

2

m my, 2

k(mp) - 1075¢ D’V')z[ A —4] = ap. (17)
Gev' Lm?,,

Here the coefficient k(mpy;) depends logarithmically on the dark

matter mass mpy and kpy ~ 0.5(0.8) for mpy = 1(100) MeV.

For instance, for my = 2.2 mpy; we have

mpm 12
= . 18
1 GeV] € (18)

As a consequence of (18) we find that for mz « m, the values
€2=(2.5+0.7)-107% and

0.71k(mpy) - 10—6[

Mom ]2 (19)

1 GeV

explain both the g, —2 muon anomaly and today DM density. We
can rewrite the equation (19) in the form

og =(0.28 £ 0.08)k(mDM)[

Mbum ]2 (20)

2

e

d
“d _ (16 + 9)k(m [
e ( Yk(mpum) TMeV
So we see that for mpy > 1 MeV we have ey >> ey, ie. the Z’
must interact much more strongly with light DM than with the

SM matter.
5. Summary
In summary, the L, — L; model with the light vector boson Z’

interacting with L, — L; current is a well-motivated SM extension,
with impressive indirect support from the possible explanation

of the muon g, — 2 anomaly and several observations in neu-
trino sector and astrophysics. While the model can be effectively
tested with the direct high-energy muon experiment at the CERN
SPS [51], we show that nonzero y — Z’ mixing generated in the
model at the one-loop level strongly motivates the complemen-
tary searches of the light Z’ with high-energy electron beams. This
open up an intriguing possibility for probing the L, — L; gauge
boson Z’ in the near future with ongoing NA64 experiment with
the statistics increased by a factor ~ 100. The Z’ searches can be
as well performed in the incoming dark photon experiments, e.g.
such as AWAKE, Belle-II, BDX, and LDMX. Moreover an extension
of the L, — Ly model allows to explain relic Dark Matter density
for mz >~ 0(10) MeV, which strengthen motivation for the exper-
imental search of the L, — L; mediator of the DM production in
invisible decay mode. Finally, we note that if the Z’ couples to light
DM, then an additional contribution from the invisible decay mode
Z' — dark matter increases the Z’ — invisible decay rate as a con-
sequence for mz > 2m,, visible decay Z’ — p*u~ is suppressed.
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