
J
H
E
P
1
0
(
2
0
2
1
)
1
8
9

Published for SISSA by Springer

Received: August 16, 2021
Revised: September 27, 2021
Accepted: October 10, 2021
Published: October 22, 2021

Probing the muon g − 2 with future beam dump
experiments

Rupert Coya and Xun-Jie Xua,b
aService de Physique Théorique, Université Libre de Bruxelles,
Boulevard du Triomphe, CP225, 1050 Brussels, Belgium
bInstitute of High Energy Physics, Chinese Academy of Sciences,
Beijing 100049, China

E-mail: Rupert.Coy@ulb.be, xuxj@ihep.ac.cn

Abstract: We consider the light Z ′ explanation of the muon g − 2 anomaly. Even if
such a Z ′ has no tree-level coupling to electrons, in general one will be induced at loop-
level. We show that future beam dump experiments are powerful enough to place stringent
constraints on—or discover—a Z ′ with loop-suppressed couplings to electrons. Such bounds
are avoided only if the Z ′ has a large interaction with neutrinos, in which case the scenario
will be bounded by ongoing neutrino scattering experiments. The complementarity between
beam dump and neutrino scattering experiments therefore indicates that there are good
prospects of probing a large part of the Z ′ parameter space in the near future.

Keywords: Beyond Standard Model, Neutrino Physics

ArXiv ePrint: 2108.05147

Open Access, c© The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP10(2021)189

mailto:Rupert.Coy@ulb.be
mailto:xuxj@ihep.ac.cn
https://arxiv.org/abs/2108.05147
https://doi.org/10.1007/JHEP10(2021)189


J
H
E
P
1
0
(
2
0
2
1
)
1
8
9

Contents

1 Introduction 1

2 Framework 2
2.1 Generic Z ′ couplings 2
2.2 Kinetic and mass mixing 3
2.3 Muon g − 2 and the viable parameter space of muonic Z ′ models 5

3 Sensitivity of future BD experiments 7
3.1 Influence of neutrino couplings: a simplified scenario 8
3.2 Including hadronic and heavy leptonic states 10
3.3 Case studies for SHiP, SeaQuest, and FASER 11

4 Combined results and discussions 13

5 Conclusions 15

1 Introduction

Following the new measurement of the anomalous magnetic moment of the muon at Fer-
milab, which has pushed the tension between theory and experiment to 4.2σ [1–23], the
(g−2)µ anomaly must be considered one of the most compelling indications of new physics.1
Copious explanations have been proposed in the literature, covering a broad range of possi-
bilities. One notable class of solutions involves extending the Standard Model (SM) gauge
sector by an additional U(1)′ symmetry, whose gauge boson, Z ′, is responsible for the shift
in (g − 2)µ [25]. Not only is this scenario very simple, involving only one extra field, it
could potentially be detectable at a large number of different experiments, depending on
the mass and couplings of the Z ′.

Basic Z ′ models such as the dark photon, in which the gauge boson couples to SM
fermions only via kinetic mixing [26], have been ruled out as a solution to the (g − 2)µ
anomaly. This is due to a combination of collider, beam dump, astrophysical and cosmo-
logical bounds, see e.g. [27, 28]. The majority of these bounds are on Z ′ interactions with
electrons, neutrinos and light quarks, while its couplings to second and third generation
fermions are relatively less constrained. Consequently, attention has shifted to frameworks
of a Z ′ with flavour-dependent interactions, for instance a gauged Lµ − Lτ symmetry
wherein the Z ′ does not couple to electrons or quarks at tree-level [29–31]. These types of
models permit the necessary Z ′ coupling to muons to explain the (g − 2)µ anomaly while
at the same time seemingly avoid many of the most severe experimental constraints, see

1Notwithstanding a lattice calculation which suggests a much smaller discrepancy [24].
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e.g. [32–37]. The preferred parameter space for these secenarios is mZ′ < 2mµ, in which
case the Z ′ cannot decay to muons and so avoids powerful BaBar limits [38].

In reality, the situation is not so straightforward. Even if the Z ′ does not couple
to electrons or quarks at tree level, an effective coupling will be generated at loop level.
Despite the loop suppression, there remain a variety of important constraints, which may
also depend sensitively on the size of the Z ′ couplings to neutrinos. In the limit of feeble Z ′-
ν interactions, there are powerful bounds on Z ′-electron couplings down to O(10−8) [28].
Clearly, this is relevant even for loop-induced couplings. This is due in particular to
results from historical beam dumps experiments (see e.g. [39]) and forecasts by ongoing
and future ones such as NA64 [40], SHiP [41, 42], SeaQuest [43–45], MATHUSULA [46, 47],
FASER [48–50], and CODEX-b [51]. These bounds become relatively weaker if the Z ′ has
sizeable interactions with neutrinos. In that case, however, neutrino scattering experiments
provide competitive constraints on the Z ′ [52–57]. There is thus a complementarity between
BD and neutrino experiments for probing the Z ′ solution to the muon g − 2 anomaly.

The potentially important role of neutrino couplings in BD experiments and the afore-
mentioned complementarity were largely overlooked in the past, and constitute the main
focus of the paper.

This work is organized as follows: in section 2, we establish the conventions for the
analysis, including the effects of kinetic mixing, mass mixing and loop diagrams on Z ′ cou-
plings to fermions. We then outline the present experimental status of the Z ′ explanation
of the (g − 2)µ anomaly. The focus turns to future beam dump experiments in section 3.
After reviewing the physics of beam dumps, we demonstrate how the bounds depend sen-
sitively on the Z ′ couplings to both electrons and neutrinos. In section 4, we combine
present and expected future bounds, finding that most of the currently viable parameter
space will be probed by a combination of future BD and neutrino experiments. Figure 6
summarises our key findings, and we conclude in section 5.

2 Framework

2.1 Generic Z′ couplings

We consider a generic framework in which a weakly-coupled, neutral vector boson Z ′,
typically originating from hidden U(1)′ extensions of the SM, is coupled to relevant SM
fermions (denoted as f) as follows:

L ⊃
∑
f

gfZ
′
µfγ

µf . (2.1)

Here the gf should be viewed as effective couplings. They may be fundamental, induced by
kinetic or mass mixing (see the discussion in the next section), or generated by loop-level
processes (see for instance [58]). The SM fermion f can be either chiral (e.g. f = eR,
νL, uL) or non-chiral (e.g. f = e, µ, d). In principle, one could also introduce an axial
coupling when considering non-chiral fermions, however in our phenomenological analysis
we will assume that the charged leptons couple purely vectorially to the Z ′. This provides
the most economical solution to the (g − 2)µ anomaly and is realised in various popular
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scenarios such as Lµ − Lτ . For neutrinos, since light right-handed neutrinos (νR) with
sizeable couplings would be in conflict with cosmological observations,2 we assume that
they are either decoupled from the Z ′ (in which case they can be light), or sufficiently
heavy that they do not contribute to the invisible decay width of the Z ′. Thus, we take
gνα ≡ gναL for neutrino flavour α.

We note here that while in this work we treat the gf as independent parameters for
different fermions, they may potentially be correlated in specific models that address gauge
invariance, electroweak symmetry breaking, and kinetic and mass mixing in detail. To
remain maximally model-independent, we concentrate on the generic framework proposed
in eq. (2.1). For kinetic and mass mixing, our analysis and results can be readily applied
according to the discussion in the next subsection.

2.2 Kinetic and mass mixing

In general, when the SM is extended by an extra U(1)′, there is kinetic mixing of the form,

L ⊃ −ε2F
µνF ′µν , (2.2)

where Fµν and F ′µν are the field strength tensors of the SM U(1)Y and U(1)′, with ε

the kinetic mixing parameter. After electroweak symmetry breaking, there may be mass
mixing between the gauge boson of the U(1)′ and the Z-boson of the SM, which can be
written as3

L ⊃ sin θm2
ZZ

µZ ′µ , (2.3)

where θ is the mass mixing parameter. After necessary transformations to redefine the
physical mass eigenstates as Z and Z ′, eqs. (2.2) and (2.3) lead to mixing-induced effective
couplings of the Z ′ to all SM fermions, see e.g. refs. [28, 53]. Here we list the leading-order
results for f = `L,R (` = e, µ, τ) and νL:

g`L ≈ εe
1− rm/(2c2

W )
1− rm

+ 1
2gZ

(
2s2
W − 1

)
sin θ, (2.4)

g`R ≈ εe
1− rm/c2

W

1− rm
+ gZs

2
W sin θ, (2.5)

gνL ≈ εe
−rm/(2c2

W )
1− rm

+ 1
2gZ sin θ, (2.6)

where (sW , cW ) ≡ (sin θW , cos θW ) with θW the Weinberg angle; gZ ≡ g/cW with g the
SU(2)L gauge coupling of the SM, and ε and rm are defined as

ε ≡ εcW , rm ≡
m2
Z′

m2
Z

. (2.7)

2More specifically, for a sub-GeV Z′ coupled to a light νR, the effective coupling needs to be smaller
than ∼ 10−8 — see e.g. figure 6 in ref. [59].

3Strictly speaking, since the Z′ and Z in eq. (2.3) are not physical mass eigenstates, one should differ-
entiate the notation in the original basis from that in the mass basis. Here, for simplicity, we neglect the
difference. For a rigorous treatment, see refs. [28, 53].
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µ

µ

Z ′ Z ′γ, Z

f = e, ν, q

f

µ

⇒

Figure 1. The loop diagram from which the presence of the Z ′-µ-µ coupling generally implies the
existence of Z ′ couplings to other fermions.

In eqs. (2.4)–(2.6), the first term comes from kinetic mixing and the second from mass mix-
ing. Note that there are different conventions for the definitions of ε and ε in the literature.
To avoid potential confusion, we have defined both. Our conventions are consistent with
e.g. refs. [28, 60]. When fermion f has a nonzero U(1)′ charge, Q′f , then one can add g′Q′f
to these effective couplings, where g′ is the fundamental U(1)′ gauge coupling, as long as
both couplings are perturbatively small.

There are some noteworthy limits often considered in the literature:4

• The dark photon limit (rm → 0): when the Z ′ is very light, the kinetic mixing
leads to photon-like couplings which are parity-conserving for charged fermions and
proportional to their electric charges:

lim
rm→0, θ→0

(geL , geR , gνL) = (εe, εe, 0) . (2.8)

• Hypercharge limit (rm � 1): when the Z ′ is very heavy, one can see that the ε
terms in eqs. (2.4)–(2.6) are proportional to their hypercharges while the sin θ term
vanishes, thus:

lim
rm→∞, θ→0

(geL , geR , gνL) ∝ (1/2, 1, 1/2) . (2.9)

• Z-like limit (ε→ 0): the sin θ terms in eqs. (2.4)–(2.6) are proportional to the SM Z

couplings to the respective fermions. Hence, when Z ′ is coupled to fermions only via
Z ′-Z mass mixing, the couplings are Z-like:

lim
ε→∞

(geL , geR , gνL) ∝
(
s2
W − 1/2, s2

W , 1/2
)
. (2.10)

It is important to note that while tree-level kinetic and mass mixing could be sup-
pressed by tuning ε and θ to sufficiently small values, loop-induced mixing generally exists.
Assuming that the Z ′ interacts with muons (in order to explain the (g − 2)µ anomaly),
this generates couplings of the Z ′ to electrons and quarks, as illustrated in figure 1. Unless
the tree-level mixing is fine-tuned to cancel the loop-induced mixing,5 generally we expect

4Note that in these limits, all SM fermions are neutral under the U(1)′.
5This would violate ’t Hooft’s technical naturalness [61].
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an approximate lower bound on gf by adapting results in ref. [58] to the loop diagram in
figure 1,

|gf | &
α

3π |gµQf | log
(

Λ2

m2
µ

)
, (2.11)

where Qf is the electric charge of f , α ≡ e2/(4π), and Λ denotes the new physics scale
at which UV divergences are cancelled. In the case of a gauged Lµ − Lτ , for instance,
which is a popular model to address the muon g− 2 anomaly, the loop diagram of figure 1
combined with a similar τ loop is free from UV divergences and leads to the loop-induced
couplings [62],

gf = − α

3πgµQf log
(
m2
µ

m2
τ

)
. (2.12)

As it has been shown in previous studies (see e.g. [28, 54, 63]), the loop-induced couplings
play a crucial role in the Lµ − Lτ model when confronting it with existing experimental
constraints.

2.3 Muon g − 2 and the viable parameter space of muonic Z′ models

The muonic coupling, gµ, can be responsible for the discrepancy between the SM predic-
tion and experimental measurements of the muon’s anomalous magnetic moment. The
contribution of a Z ′ can be evaluated using the general formula [64],

∆aµ =
g2
µ

4π2

(
mµ

mZ′

)2 ∫ 1

0

(1− x)x2

1− x+ (mµ/mZ′)2x2dx . (2.13)

Here we have assumed that the Z ′ couples purely vectorially to muons, as mentioned in
section 2.1. The recent Fermilab measurement of aµ combined with the previous BNL E821
result gives [1, 2, 23]

aµ(Exp)− aµ(SM) = (25.1± 5.9)× 10−10 , (2.14)

which indicates a 4.2σ deviation. Using the value in eq. (2.14), we plot green bands in
figure 2 which gives the region where the Z ′ reduces the tension to within 1σ. As can be
seen, for mZ′ � mµ, gµ needs to be around 4.5× 10−4 to account for the discrepancy. For
mZ′ � mµ, however, the required magnitude of gµ increases approximately linearly with
mZ′ , gµ ≈ 0.05× (mZ′/10 GeV).

Depending on Z ′ interactions with other SM fermions, there are various experimental
constraints. If the Z ′ couples exclusively to the muon (though this is theoretically unlikely,
especially when taking gauge invariance and loop corrections into consideration), only
collider searches for 4µ final states (e.g. e+e− → µ+µ−Z ′ with Z ′ → µ+µ−) can constrain
it. BaBar [38] and CMS [65] 4µ searches have excluded the Z ′ explanation of the anomaly
for mZ′ > 2mµ, as shown in the upper left panel of figure 2.

From the point of view of gauge invariance, given a coupling to µ, the Z ′ is likely
also to have couplings to νµL with gνµ comparable to gµL .6 When the Z ′ has a neutrino
coupling, neutrino scattering data can be used to constrain it. There are various important

6It might be possible that Z′ only couples to right-handed leptons, so that this argument does not apply.
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gµ only
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BaBar-4µ

(g − 2)µ
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mZ′ [GeV]

gµ = gν , µ-loop ⇒ ge&gq

Coherent

Borexino

CCFR

BBN&CMB

(g − 2)µ

10−3 10−2 10−1 100 101

mZ′ [GeV]

10−4

10−3

10−2

10−1
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g µ

gµ = gν = ge

BaBar

(g − 2)e

E141

E774

(g − 2)µ

10−3 10−2 10−1 100 101

mZ′ [GeV]

gµ = gν = ge = 3gq

NA48

LHCb

(g − 2)µ

Figure 2. Current viable parameter spaces for the Z ′ when it couples exclusively to µ (upper left),
couples equally to µ and νµ,L (upper right), couples universally to leptons (lower left), or couples
to all SM fermions (lower right). The green band reduces the muon g − 2 anomaly to within 1σ.
Grey bounds correspond to ones already introduced in previous panels.

bounds, including from νµ + e− (Borexino [28, 66]) and νµ +N (COHERENT [54]) elastic
scattering,7 and νµ +N → νµ +N +µ+ +µ− trident scattering (CCFR [32]), shown in the
upper right panel under the assumption gνµ = gµ. The neutrino elastic scattering bounds
are derived from one-loop processes that involve a muon loop which connects Z ′ to γ, and
hence to electrons and nucleons. The trident scattering corresponds to opening the loop,
which leads to two muons in the final state.

7Another νµ elastic scattering experiment, CHARM II, provides the most restrictive bound for mZ′ &
100MeV among νµ elastic scattering experiments, but as we have checked, in this regime it is weaker than
the CCFR bound—see e.g. [52, 53]. For lower Z′ masses, this experiment gives a weaker bound than
Borexino and COHERENT.
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When mZ′ is O(MeV), cosmological constraints from Big Bang Nucleosynthesis (BBN)
and Cosmological Microwave Background (CMB) are also relevant. The bounds depend
on the Z ′ coupling to neutrinos and to electrons. Ref. [67] studied the bound on mZ′ as a
function of the electron to neutrino annihilation ratio. For our purposes, this refers to the
ratio of the decay rates into electrons and neutrinos:

Γ(Z ′ → e+e−)
Γ(Z ′ → ν+ν−) ≈

2g2
e

g2
ν

, (2.15)

with the factor of 2 since we sum over final state spins, where we define

g2
ν ≡ g2

νe + g2
νµ + g2

ντ . (2.16)

We take the BBN+Planck row of table VI in ref. [67] and interpolate between the data
points to obtain the bounds. Depending on this ratio, it varies from 1.3 to 9.4MeV. For
the upper right panel of figure 2, using the loop-induced coupling given by eq. (2.12) for
ge, we find that the bound is mZ′ & 4.9MeV, although it should be kept in mind that this
number has an O(1) uncertainty. There is also a bound on Z ′ couplings to neutrinos due to
white dwarf cooling [68]. However, since the constraint is very similar to the one obtained
from Borexino but relatively more uncertain, it is not included in the plots. We also do
not include supernova bounds, which in the mass range above 1MeV lie well below 10−5,
see e.g. ref. [69].

In the lower panels of figure 2, we impose further constraints assuming the presence
of tree-level electron and quark couplings. In this case, collider experiments (e.g. BaBar,
NA48, LHCb [70]) are able to search directly for a Z ′ resonance. Moreover, electron g − 2
and beam dump (e.g. E774, E141)8 experiments provide complementary constraints. These
constraints were obtained by employing the DARKCAST package [27].

Figure 2 demonstrates that in order to accommodate the muon g − 2 anomaly, the Z ′
boson needs to have suppressed couplings to electrons and light quarks in comparison to
gµ, i.e.

|gµ| & {|ge|, |gν |, |gu|, |gd|} . (2.17)

From now on, eq. (2.17) will be considered as a guiding principle when we are concerned
with experimental constraints.

3 Sensitivity of future BD experiments

Future beam dump (BD) experiments such as SHiP and SeaQuest have great potential to
probe a light, weakly-interacting Z ′, provided that its invisible decay width is not too large.
In the present framework, where we do not introduce any new fermions, only neutrinos
contribute to the invisible decay width. Therefore, the BD sensitivity depends largely on
the strength of neutrino couplings, gν .

8Other beam dump experiments such as E137 and Orsay are less restrictive in the region of parameter
space we consider.
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To illustrate the influence of gν , we start in section 3.1 with a simplified scenario where
only ge and gν are present, and then generalise in section 3.2 to more realistic situations
where heavy leptons (µ, τ) and hadronic states are also taken into account. Then in
section 3.3 we perform case studies for SHiP, FASER, and SeaQuest.

3.1 Influence of neutrino couplings: a simplified scenario

In the presence of only ge and gν couplings, the Z ′ can be produced at the target in BD
experiments via the bremsstrahlung process, e− +N → e− +N + Z ′, with the production
cross section proportional to g2

e ,
σprod ∝ g2

e . (3.1)

Once produced, the Z ′ particle decays during its flight and causes an observable signal only
if it penetrates the shielding material (of length Lsh) and decays to visible states within
the fiducial decay region (of length Ldec). The probability of the Z ′ flying through the
shielding and decaying in the fiducial decay region is

P = e−Lsh/Lflight
(
1− e−Ldec/Lflight

)
, (3.2)

where the mean flight distance, Lflight, is given by

Lflight = τ0v√
1− v2

, v = pZ′√
m2
Z′ + p2

Z′

. (3.3)

Here v, pZ′ , and τ0 denote the velocity, momentum, and lifetime (at rest) of the Z ′ particle,
respectively.

Decaying in the fiducial decay region is not enough. To be detectable, the Z ′ must
decay to visible final states (e+e−, µ+µ−, or hadronic states). This is taken into account by
including the branching ratio of visible decays, BRvis. Thus, the event rate at the detector
is given by

R ∝ σprod · P · BRvis . (3.4)

Since in this simplified scenario the Z ′ only decays to electrons and neutrinos, BRvis
and τ0 are given by

BRvis = 2g2
e

g2
ν + 2g2

e

, (3.5)

τ−1
0 = ΓZ′→νν + ΓZ′→ee ≈

mZ′

12π

(1
2g

2
ν + g2

e

)
, (3.6)

where we have neglected the electron mass.
Substituting eqs. (3.5) and (3.6) into eq. (3.4), we obtain R as a function of ge, gν

and mZ′ . The absolute magnitude of R depends on the exposure time, beam energy and
luminosity, target material, etc. To avoid these experiment-dependent details, we make the
replacement σprod → g2

e in eq. (3.4) and define a dimensionless event rate,

R ≡ g2
e · P · BRvis . (3.7)
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Figure 3. Left: the dimensionless event rate R (defined in eq. (3.8)) as a function of ge and gν ,
fixing mZ′ = 100MeV. The black horizontal line represents a hypothetical experimental sensitivity
at R = 10−19 for the purpose of illustration. Right: contours of R(mZ′ , ge) = 10−19, demonstrating
the different hypothetical experimental sensitivities to mZ′ and ge.

Assembling the above pieces, we obtain

R = g4
e

g2
e + g2

ν/2
e−λsh(g2

e+g2
ν/2)

[
1− e−λdec(g2

e+g2
ν/2)

]
, (3.8)

where
λsh/dec ≡ Lsh/dec

m2
Z′

12πp . (3.9)

In the left panel of figure 3, we plot R-ge curves with gν/ge fixed at a few given
values. We took pZ′ = 200GeV, Lsh = 60 m, Ldec = 50 m, similar to the specifications
for SHiP [41]. For illustration, we plot a black dashed line at R = 10−19 as a hypothetical
experimental sensitivity. Typically, a BD experiment is sensitive to ge in a certain interval
ge ∈ [glower, gupper] where glower and gupper are determined by the intersection of the R-ge
curve with the black dashed line.

The shape of these curves can be understood as follows. When ge is sufficiently small,
BD experiments lose sensitivity because (i) the Z ′ production rate is suppressed, and (ii)
the probability of the Z ′ decaying in the fiducial region is suppressed (τ0 and Lflight are too
large, so most decays happen after the Z ′ has flown further than Lsh +Ldec). On the other
hand, when ge is too large the BD experiments also lose sensitivity due to small Lflight, in
which case most of the particles decay in the shielding. As can be seen from the left panel
of figure 3, the size of gν/ge can significantly affect gupper but has less impact on glower. As
gν/ge increases, gupper decreases because BRvis is reduced. When gupper approaches glower,
the experiment quickly loses sensitivity.

In the right panel of figure 3, we plot contours of R = 10−19 in the mZ′-ge plane. If
R = 10−19 is interpreted as the experimental sensitivity, then the experiment will be able
to probe the regions enclosed by these contours. As is shown, when gν/ge increases, these
contours shrink not only vertically but also horizontally. This implies that larger invisible
decay widths of the Z ′ will not only lead to smaller intervals of [glower, gupper], but will
also reduce the experimental sensitivity to a heavy Z ′.
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3.2 Including hadronic and heavy leptonic states

The simplified analysis above grasps the main features of BD constraints, such as the
existence of glower and gupper, and the effect of gν . In more realistic situations, additional
decay channels (in particular hadronic states) and the dependence of σprod on mZ′ need to
be taken into account. We turn to this now.

For mZ′ > 2mµ ≈ 212MeV, the decay mode Z ′ → µµ opens up. For even higher
masses, the Z ′ can also decay to hadronic states. Including heavy leptonic final states is
straightforward. In the case of Z ′ → µµ, the partial decay width is given by (see e.g. [60])

ΓZ′→µµ =
g2
µ

12πmZ′

√
1−

4m2
µ

m2
Z′

(
1 +

2m2
µ

m2
Z′

)
. (3.10)

For Z ′ masses above about 3.5GeV, the Z ′ → ττ decay mode could also be relevant, and
can be included using eq. (3.10) with mµ → mτ and gµ → gτ .

The widths of possible hadronic decay modes (Z ′ → hadrons) can be computed using
the hadron-to-muon cross section ratio of e+e− collisions,

R(
√
s) = σ(e+e− → γ∗ → hadrons)

σ(e+e− → γ∗ → µµ) , (3.11)

where
√
s is the center-of-mass energy. The R ratio has been well determined by e+e−

collision data for 0.3 GeV .
√
s . 200 GeV.9 Given the experimentally measured R values,

the total hadronic decay width of Z ′ is given by

ΓZ′→had. =
(
gq
eQq

)2

Γγ∗→µµR(mZ′) , (3.12)

where Qq is the electric charge of quark q and we have assumed that Z ′-quark couplings
are photon-like so that gq/Qq are independent of the type of quarks. This is the case for
the well-studied dark photon scenario, see the dark photon limit in section 2.2. For more
general couplings, if hadronic decays are subdominant compared to Z ′ → µµ, one can still
neglect the difference between gu/Qu and gd/Qd. The virtual photon decay width Γγ∗→µµ
can be computed using eq. (3.10) with g2

µ → e2.
In the presence of decays to hadronic (mZ′ > 2mπ) and heavy leptonic (mZ′ > 2mµ)

states, the BRvis of eq. (3.5) is modified to

BRvis = 1− Γν
Γν + Γ` + Γhad.

, (3.13)

where Γν , Γ`, and Γhad. are the decay widths of Z ′ → νν, Z ′ → `` (` = e, µ, τ), and Z ′ →
hadrons, respectively. The extra decay modes also modifies the lifetime τ0 in eq. (3.6) to

τ0 = (Γν + Γ` + Γhadrons)−1. (3.14)
9See figure 52.2 of [71] or figure 2 of [27]. The data is available from https://pdg.lbl.gov/2021/hadronic-

xsections/.
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Figure 4. Left: reproduced bounds (dashed) on ε compared to the bound published by the SHiP
collaboration [60] (blue shaded). Right: bounds on the muonic coupling, gµ, due to the invisible
decay of Z ′. The green band in the right panel is the same as in figure 2, and couplings of Z ′ to
the electron and quarks are assumed at the loop-induced level given by eq. (2.12).

It is also important to note that when Z ′ is heavy, the production cross section becomes
dependent on mZ′ . Therefore, for SHiP-like experiments, we modify eq. (3.7) as follows,

R ≡ g2
p ·
σprod
σ?prod

· P · BRvis , (3.15)

where gp denote the effective coupling of Z ′ to the proton, σprod can be obtained from
e.g. figure 4 in ref. [60]10 and σ?prod ≡ σprod(mZ′ = 100 MeV).

3.3 Case studies for SHiP, SeaQuest, and FASER

In the left panel of figure 4, we apply eq. (3.15) to reproduce the SHiP sensitivity curves for
the dark photon scenario with gf = εcW eQf = εeQf . The blue shaded region represents
the result published by the SHiP collaboration (taken from the upper panel in figure 13 of
ref. [60]) and the dashed curves are produced by extracting contours of R(mZ′ , ε), which
are fixed at certain values so that the resulting lower bounds at mZ′ = 100MeV match the
SHiP result (ε = 5.28×10−8). As indicated in the plot, the momentum p is fixed at several
values below the proton beam energy (400GeV). We take Lsh = 60 m and Ldec = 50 m
for the shielding and decay lengths, following refs. [41, 60]. The specific values of R for
the three contours (blue, orange, green) to match ε = 5.28 × 10−8 at mZ′ = 100MeV are
(0.5, 0.75, 1.5)× 10−20, respectively.

The plot shows that eq. (3.15) can rather accurately describe the experimental sensi-
tivity in the dark photon scenario. The choice of the specific value of pZ′ does not affect
the result significantly, as long as it is a significant fraction of the incoming proton energy.
This allows us to recast the SHiP bound on the dark photon to give bounds on a Z ′ with
invisible decays.

10Ref. [60] adopted two approaches to evaluate the production cross section. One included the standard
dipole form factor, while the other took into account the possibility of nuclear resonance enhancement,
referred to as the vector meson dominance (VMD) model. The former leads to a more conservative result
than the later, although the difference becomes significant only for mZ′ & 500MeV. In this work, we adopt
the cross section obtained from the former approach.
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Experiments Lsh [meter] Ldec [meter] proton beam energy Ref.
SHiP 60 50 400GeV [60]

SeaQuest 5 1 120GeV [44]
FASER 480 5×3 7TeV [49]

Table 1. Configurations of future BD experiments.

In the right panel of figure 4, we set pZ′ = 200GeV and R = 0.75×10−20 (corresponding
to the orange curve in the left panel) to generate the SHiP bound on a Z ′ with gν =
(0, 0.2, 2)gµ. In addition, we assume gp and ge are loop-induced (see figure 1) using
eq. (2.12), which gives gp = −ge. Modifying this by an O(1) amount will not qualitatively
change our conclusions.

As is shown in figure 4, the value of gν significantly affects the SHiP sensitivity to Z ′.
For gν = 0, since there is no invisible decay, the Z ′ can only decay to electrons when mZ′

is below 212MeV. When it is above 212MeV, the decay mode Z ′ → µµ opens and, due to
the large coupling, the Z ′ lifetime drastically decreases, leading to a very substantial drop
in the upper and lower bounds on gµ. For gν = 0.2gµ, the high-mass regime (> 212MeV)
is not significantly affected because Z ′ → µµ is still the dominant decay mode. In the
low-mass regime, however, the branching ratio of invisible decay is enhanced, leading to a
reduction of the upper bound by an order of magnitude. When gν further increases, both
high- and low-mass regimes are affected. In particular, when gν/gµ = 2, the sensitivity
region is divided into two separate regions: mZ′ . 80MeV and mZ′ & 212MeV.

The above analysis can be straightforwardly adapted to other similar BD experiments
such as FASER and SeaQuest. We summarize their configurations in table 1 and perform
similar analyses. For SeaQuest, we adopt the result in figure 2 of ref. [44] to determine
the mass dependence of the production rate. The FASER experiment is based on 7+7TeV
proton collision at the LHC, and thus technically not a BD experiment. Nevertheless, we
can treat it as a BD experiment because it is sensitive to Z ′ masses below 3GeV, where
proton bremsstrahlung and meson decays are the dominant processes for Z ′ production.
Using eq. (3.15), we successfully reproduce the anticipated dark photon results in both
ref. [44] (SeaQuest) and ref. [49] (FASER). Like the above analysis for SHiP, we also find
that the dependence of the results on pZ′ is weak and the best fit is obtained when pZ′ is
set at half the proton beam energy.

In figure 5, we recast the published dark photon bounds of SeaQuest and FASER to
the bounds on Z ′. For SeaQuest, we present the sensitivity reach of its Phase-I run with
1.44× 1018 protons on target (POT). The result could be further improved by its Phase-II
run with 1020 POT. Due to the uncertainty of the experimental configuration for its Phase
II, we only include Phase I of SeaQuest in our analysis. For FASER, there are also two
proposed configurations, with the integrated luminosity

∫
dL and the decay volume Ldec

given by (
∫
dL, Ldec) = (150 fb−1, 1.5 × 3 m) and (3 ab−1, 5 × 3 m) — see section 2E

in [49]. We adopt the latter and find that even with the enhanced integrated luminosity, the
FASER sensitivity still cannot reach the green (g−2)µ band in figure 5. This is mainly due
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Figure 5. Similar to the right panel of figure 4, this time for SeaQuest (left) and FASER (right).

to the low collision rate of collider-based experiments compared to fixed-target experiments
(3 ab−1 only corresponds to 2.3× 1017 POT).

4 Combined results and discussions

Using the results obtained in the previous sections, in figure 6 we present the prospects of
probing the Z ′ as a solution to the muon g−2 anomaly in future BD experiments. We show
SHiP and SeaQuest sensitivity curves for gν/gµ =1, 0.1, 0.01, and 0.001. FASER results
are absent due to their weak sensitivity—see the discussion in section 3. These new bounds
are coloured and outlined by dashed lines. Existing limits including BaBar-4µ, Borexino,
CCFR, and BBN&CMB are presented as solid black curves and their details have been
explained in section 2.3.

As we have discussed, the neutrino coupling gν plays a crucial role here because the
invisible decay width can substantially weaken the sensitivity of BD experiments. On the
other hand, a sizeable gν can be constrained by various neutrino scattering experiments.
When gν increases, neutrino scattering bounds are stronger. When gν decreases, BD ex-
periments provide more restrictive bounds. Therefore, constraints from BD and neutrino
experiments are complementary to each other.11

To show this complementarity, we adapt results from previous studies on neutrino
trident scattering12 (similar to CCFR) at the DUNE near detector [56] and coherent elastic
neutrino-nucleus scattering (CEνNS) at future COHERENT detectors [54]. The DUNE
curves presented in figure 6 assume a 75 tonne LAr near detector with 5-year data taking
for each of ν and ν modes, and a 5% normalization uncertainty. The COHERENT curves
assume 10 tonne·year exposure of NaI and Ar detectors with the current neutrino flux

11In this paper, we took gν = gνµ , and therefore gνe = gντ = 0, in order to directly compare bounds
from BDs with those from muon neutrino scattering experiments. Introducing non-zero gνe and gντ would
modify this, however it would introduce a range of additional bounds e.g. the stringnet bound on electron
neutrino scattering from TEXONO [72].

12Although ν-e elastic scattering at the DUNE near detector can also be sensitive to the Z′, in the low-
mass limit it is about a factor of two weaker in terms of gµ than the trident scattering. We note also that
DUNE may in some cases extend on the beam dump searches, see ref. [73].
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Figure 6. Prospects of future BD and neutrino experiments probing the Z ′ solution to the muon
g−2 anomaly. Existing bounds are shaded grey and outlined by solid black lines, while the expected
future bounds are coloured and have dashed borders. The upper left panel assumes gν/gµ = 1 and
states the different bounds in the figure, the other panels with gν/gµ =0.1, 0.01, and 0.001 employ
the same conventions. Couplings of Z ′ to the electron and quarks are assumed to be at the loop-
induced level given by eq. (2.12).

from the Spallation Neutron Source. When gν/gµ varies, the neutrino scattering bounds
are rescaled by a factor of

√
gν/gµ.

As is shown in figure 6, for gν/gµ = 1, future neutrino scattering experiments such
as DUNE or COHERENT will be fully able to probe or exclude the Z ′ solution to muon
g − 2. Reducing gν can significantly alleviate neutrino scattering bounds but in this case
SHiP and SeaQuest will provide rather restrictive constraints. For gν/gµ varying from 1 to
0.001, the combination of future neutrino and BD experiments can generally probe most
of the current viable parameter space of the Z ′ solution to the muon g − 2 anomaly.
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5 Conclusions

A light Z ′ is a simple and popular explanation for the muon g−2 anomaly. Within this class
of solutions, in order to evade stringent experimental bounds, the Z ′ couplings to electrons
and quarks have to be suppressed. In this work, we impose general lower bounds on
these suppressed couplings by taking into account possible loop corrections, and study the
prospect of probing such a Z ′ in future BD experiments. After introducing the formalism
and current experimental status in section 2, we investigate in detail the sensitivity of future
beam dump experiments in section 3. When the Z ′ coupling to neutrinos is suppressed with
respect to its coupling to muons, these beam dumps will have the capacity to rule out—or
discover—a large portion of the successful Z ′ parameter space, despite the smallness of its
coupling to electrons and quarks. For gν/gµ . 0.01, SHiP and SeaQuest will rule out Z ′
explanations of the anomaly with mZ′ . 100MeV, leaving only a fairly narrow window
given that mZ′ & 2mµ is already excluded by BaBar 4µ. Models with larger Z ′ couplings
to neutrinos somewhat circumvent these bounds, but are constrained by current or future
neutrino scattering experiments. There is thus a powerful complementarity between beam
dump and neutrino scattering experiments, as outlined in section 4 and displayed in figure 6.
The gν = gµ case, which arises for instance in the Lµ−Lτ model, will be completely covered
by the experiments we considered.

The muon g− 2 anomaly is particularly interesting not just because it is an indication
of new physics, but because the nature of the anomaly suggests that the new physics,
if it exists, may very well be discovered in the near future. This works highlights some
promising avenues for such a potential discovery.
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