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Abstract The recent measurement of the muon anomalous
magnetic moment by the Fermilab E989 experiment, when
combined with the previous result at BNL, has confirmed the
tension with the SM prediction at 4.2 σ CL, strengthening the
motivation for new physics in the leptonic sector. Among the
different particle physics models that could account for such
an excess, a gauged U (1)Lμ−Lτ stands out for its simplicity.
In this article, we explore how the combination of data from
different future probes can help identify the nature of the new
physics behind the muon anomalous magnetic moment. In
particular, we contrastU (1)Lμ−Lτ with an effectiveU (1)Lμ-
type model. We first show that muon fixed target experiments
(such as NA64μ) will be able to measure the coupling of the
hidden photon to the muon sector in the region compatible
with (g − 2)μ, and will have some sensitivity to the hid-
den photon’s mass. We then study how experiments looking
for coherent elastic neutrino-nucleus scattering (CEνNS) at
spallation sources will provide crucial additional information
on the kinetic mixing of the hidden photon. When combined
with NA64μ results, the exclusion limits (or reconstructed
regions) of future CEνNS detectors will also allow for a better
measurement of the mediator mass. Finally, the observation
of nuclear recoils from solar neutrinos in dark matter direct
detection experiments will provide unique information about
the coupling of the hidden photon to the tau sector. The sig-
nal expected for U (1)Lμ−Lτ is larger than for U (1)Lμ with
the same kinetic mixing, and future multi-ton liquid xenon
proposals (such as DARWIN) have the potential to confirm
the former over the latter. We determine the necessary expo-
sure and energy threshold for a potential 5 σ discovery of a
U (1)Lμ−Lτ boson, and we conclude that the future DARWIN
observatory will be able to carry out this measurement if the
experimental threshold is lowered to 1 keVnr.

a e-mail: dorianamaral@gmail.com (corresponding author)

1 Introduction

The recent determination of the muon anomalous magnetic
moment, aμ = (g − 2)μ/2, by the E989 experiment at Fer-
milab [1] shows a discrepancy with respect to the theoretical
prediction of the Standard Model (SM) [2–21],1

aFNAL
μ = 116 592 040(54) × 10−11,

aSM
μ = 116 591 810(43) × 10−11. (1)

When combined with the previous Brookhaven determina-
tion [26–28] of

aBNL
μ = 116 592 089(63) × 10−11, (2)

this leads to a 4.2 σ observed excess of

�aμ = 251(59) × 10−11. (3)

This exciting result represents a substantial improvement
with respect to the previous measurement at BNL [26–28],
as the experimental uncertainty has been reduced. Since the
central value has shifted towards the SM value, the resulting
discrepancy falls short of confirming this as evidence for new
(BSM) physics, although it certainly leaves the door open
for this exciting possibility. While more data from E989 is
needed to ultimately judge whether this excess is due to a
statistical fluctuation or new physics, complementary search
strategies for the possible origin of this excess should be
pursued.

1 More details on the individual contributions entering the SM calcu-
lations can be found in Ref. [22]. Furthermore, it should be noted that a
recent lattice calculation of the leading order hadronic vacuum polari-
sation [23] significantly reduces this difference; however, this worsens
fits to other precision EW observables [24,25].
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During the past two decades, different realisations of par-
ticle physics models have been proposed to address this ten-
sion, which in general consider extensions in the leptonic
sector. Among these, the gauged U (1)Lμ−Lτ stands out for
its simplicity, as it is anomaly free without the addition of any
extra new fermion fields [29–31]. Various realisations of this
model have been studied, including also additional neutrino
[31–33] and dark matter (DM) fields [34–37]. Recently, it
has also been noted that a simultaneous explanation of the
Hubble tension can be achieved in these models [38,39].
The purpose of this work is to identify a set of complemen-
tary experiments suited for an independent confirmation of
U (1)Lμ−Lτ as a solution to the (g − 2)μ anomaly.

The fundamental difficulty in inferring the underlying
model of the (g−2)μ excess is that (g−2)μ is only sensitive to
the muon coupling of any new hypothetical mediator. Hence,
in order to explain the (g − 2)μ excess alone, a simplified
mediator model suffices in which the new scalar or vector
mediator couples to muons only. Such a new muon-philic
singlet mediator will be directly accessible at muon beam
experiments. If indeed the only coupling of the new media-
tor to the SM is to muons alone, it can for example be tested
in high-energy muonic Bhabha scattering or μμ → hγ at
muon colliders [40–42]. However, in order to explain the
positive shift in (g − 2)μ with respect to the SM, the new
interaction must be (mostly) of scalar- or vector-type rather
than pseudo-scalar or axial-vector [43,44]. This necessarily
implies that the new mediator has to couple to both left- and
right-handed components of the muon with approximately
equal strength. Since the fundamental building blocks of the
SM in terms of matter fields are the irreducible represen-
tations of SU (3)C × SU (2)L × U (1)Y , gauge invariance
requires the new mediator at the fundamental level to couple
to the left-handed SU (2)L lepton doublet L rather than just
the left-handed component of the muon μL .

In the case of a new vector mediator, the only gauge-
invariant, renormalisable interaction terms required to solve
the (g − 2)μ anomaly are given by

Lint ⊃ −gx L̄2γ
αL2 Xα − gx μ̄Rγ αμR Xα, (4)

where LT
2 = (νμL , μL) and gx denotes the coupling of the

new vector boson Xα . The Lagrangian in Eq. 4 necessarily
implies an equal-strength interaction of the new vector boson
with the muon-neutrino as with the muon. In this paper, we
study the potential of such neutrino interactions for unveiling
the underlying physics behind the (g− 2)μ excess, if indeed
it is due to a new vector mediator.

The Lagrangian in Eq. 4 could correspond to the interac-
tions of a U (1)Lμ gauge boson with the SM. However, such
a U (1)Lμ is anomalous with only the SM field content and

new fields need to be added to cancel the anomalies.2 Sen-
sible UV completions of the U (1)Lμ model quickly run into
the highly restrictive flavour-changing constraints [46].3 On
the other hand, the U (1)Lμ−Lτ model is anomaly-free with
only the SM field content and is therefore theoretically very
appealing. In this work, we are interested in experimentally
confirming U (1)Lμ−Lτ by measuring its three characteristic
properties.

P1. A vector-like coupling to the second generation of lep-
tons.

P2. A specific value for the kinetic mixing with the SM pho-
ton, namely ε ∼ gx/70.

P3. A vector-like coupling to the third generation of leptons,
which is equal and opposite to that of the second.

As explained above, a vector solution to the (g−2)μ excess
only needs to satisfy property P1, so in order to confirm that
U (1)Lμ−Lτ is indeed responsible for the (g − 2)μ anomaly,
we must verify properties P2 and P3. Since a genericU (1)Lμ -
type mediator satisfies property P1, has the freedom to satisfy
property P2, but does not satisfy property P3, it is a good
model to contrast with U (1)Lμ−Lτ due to its similar, but not
identical, physical predictions.

If the new vector boson exists and is light, in particular
lighter than the dimuon threshold MX < 2mμ, the only way
to directly search for such a boson is via its invisible decay
into neutrinos. This can for example be done by a missing
momentum search in muon fixed target experiments like M3

[47] or NA64μ [48,49], where the muon-philic vector is pro-
duced via Bremsstrahlung in muon-nucleus collisions. Addi-
tionally, it can also be looked for in the low-energy e+e−
collider experiment BESIII [50]. If on the contrary the new
boson is heavy, MX > 2mμ one could directly search for it in
the visible decay into a pair of muons at NA64μ [49] as well
as at M3 [47]. Alternatively, the new boson can be produced
in kaon decays K → μνX and searched for in a missing
energy signature at NA62 [51]. Hence, these searches would
be prime candidates to confirm that the (g − 2)μ excess is
indeed due to a new muon-philic vector mediator, thus testing
P1. However, these missing energy searches are only sensi-
tive to the production cross section of the muon-philic vector
boson σX and its total invisible branching ratio BRX→inv.
Therefore, these searches cannot distinguish a muon-coupled
boson with decays into light dark sector states from e.g. a
U (1)Lμ or U (1)Lμ−Lτ boson with decays into neutrinos.

In order to test P2, we need to get a handle on the
kinetic mixing parameter, ε. To this end, we consider experi-
ments measuring coherent elastic neutrino-nucleus scattering

2 Such anomalous leptophilic vector models of gauged lepton number
can play an important role in baryogenesis [45,46].
3 We want to thank Yue Zhang for pointing this out to us.
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(CEνNS) at spallation sources. This also allows one to distin-
guish between neutrino-coupled and DM-coupled mediators
because the former would induce corrections to the CEνNS
rate, while the latter would not. CEνNS was first detected
at the COHERENT experiment, which employed a CsI[Na]
target [52,53]. Recently, this observation has been replicated
using argon nuclei [54]. Since the results are compatible with
the SM theoretical prediction, they can be used to constrain
new physics in the neutrino sector. Data from the CsI run
was used to derive limits for the U (1)Lμ−Lτ model [55] and
in Ref. [56] we computed the limits from CENNS-10 LAr
results. The combined bounds from CsI and LAr have been
presented in Ref. [57]. The current exclusion line does not
probe the (g − 2)μ favoured region for U (1)Lμ−Lτ (Fig. 1).

In the future, there are plans to build more sensitive multi-
ton detectors to further test CEνNS and probe neutrino non-
standard interactions [57–59]. These include the European
Spallation Source (ESS) [60], the Coherent CAPTAIN-Mills
(CCM) at Los Alamos National Laboratory [61], and Oak
Ridge National Laboratory [62]. In this work, we investigate
the sensitivity of all these experiments to U (1)Lμ−Lτ and
find that their predicted reach will allow them to test some
of the areas of its parameter space which are consistent with
the recent (g − 2)μ measurement. In the case of detection,
these experiments combined with muon beam experiments
provide a powerful strategy for constraining the value of ε.

It should be noted that all above detectors are only able
to probe the second generation lepton couplings, thereby not
directly testing P3. In order to confirm a U (1)Lμ−Lτ boson
as a solution for (g − 2)μ, one therefore needs sensitivity to
the third generation lepton couplings. This can be achieved
by considering solar neutrino scattering, as the solar neu-
trino flux has a ντ component due to neutrino oscillations.
In this context, direct detection experiments are becoming
increasingly sensitive to rare events, and they will soon have
the potential to probe new physics in solar neutrino scatter-
ing. Although their main purpose is to observe dark matter
particles, the increased payload, together with the improved
cleanliness and analysis techniques, will turn the new genera-
tion detectors into multi-purpose instruments. In particular, it
is expected that they will be able to observe neutrinos through
either their scattering off electrons or through CEνNS. This
is, in fact, often regarded as a limitation for DM searches,
since CEνNS events will constitute a new background which
is difficult to disentangle from potential DM events.

In Ref. [56], we pointed out that direct detection, and in
particular experiments based on liquid xenon, could be cru-
cial to probe theU (1)Lμ−Lτ solution to the muon anomalous
magnetic moment. The new results of the E989 experiment
confirm this, since the 2 σ region in the (gμτ , MA′) parame-
ter space lies partly within the expected sensitivity of future
detectors such as DARWIN. In this work, we study how well
a potential signal fromU (1)Lμ−Lτ in agreement with the lat-

est (g−2)μ measurement could be reconstructed in multi-ton
liquid xenon experiments. We find that, since the contribution
to nuclear recoils fromU (1)Lμ−Lτ andU (1)Lμ differs, direct
detection experiments will be crucial to distinguish between
these models when combined with results from muon beam
and CEνNS experiments.

This article is organised as follows. In Sect. 2, we intro-
duce two extensions of the SM with a muon-philic vector
mediator, namely a minimal gauged U (1)Lμ−Lτ and a sim-
plified U (1)Lμ for comparison. We compute the region of
the parameter space compatible with the new (g − 2)μ mea-
surement and define a set of benchmark points for analysis.
In Sect. 3, we study how this region can be probed at muon
beam experiments, specifically at NA64μ, arguing that these
experiments will be able to constrain the mass of the medi-
ator and the couplings to the muon sector. Next, in Sect. 4,
we turn our attention to experiments looking for CEνNS in
spallation sources, reviewing the current experimental situ-
ation and the forecast for future detectors, finding that these
experiments can constrain the kinetic mixing ε when com-
bined with muon beam experiments. Finally, in Sect. 5, we
include direct detection probes and study the performance
of upcoming and future xenon-based detectors, focusing on
the observation of nuclear recoils induced by the CEνNS
of solar neutrinos. We show that, when combined with the
previous experimental analysis, direct detection experiments
could confirm a signal from the U (1)Lμ−Lτ model for medi-
ator masses below ∼ 50 MeV due to their sensitivity to the
tau neutrino coupling. Finally, we present our conclusions in
Sect. 6.

2 Muon-philic vector mediators and (g − 2)μ

The focus of this paper is to study the physical implica-
tions of an explanation of the (g − 2)μ excess in terms of
a U (1)Lμ−Lτ gauge boson. For this purpose we consider an
extension of the SM by a minimal U (1)Lμ−Lτ gauge model
and an effective U (1)Lμ -type model. Throughout this work,
we not only test an experiment’s ability to reconstruct a sig-
nal from a U (1)Lμ−Lτ gauge model, but also test its power
to differentiate between the predictions of a U (1)Lμ−Lτ and
those of a U (1)Lμ .

Quite generically, the Lagrangian of a U (1)X extensions
of the SM can be written in the form

L = LSM − 1

4
XαβX

αβ − εY

2
BαβX

αβ − gx j Xα Xα

− M2
X

2
XαX

α, (5)

where Bαβ and Xαβ denote the field strength tensors of the
SM hypercharge boson Bα and new U (1)X gauge boson Xα ,

123



861 Page 4 of 27 Eur. Phys. J. C (2021) 81 :861

Fig. 1 Current constraints on the parameter space of the gauge boson
of a minimal U (1)Lμ−Lτ gauge group from Neff [38], Borexino [56],
white dwarf cooling [63], COHERENT CsI [55] and LAr [56], neu-
trino tridents (Charm-II) [64,65] and BaBar [66] and CMS [67] 4μ

searches in grey. We show the neutrino trident constraint from CCFR
as a grey dashed line, since some backgrounds have not been prop-
erly taken into account [51]. The corresponding plot for a simplified
U (1)Lμ with the same kinetic mixing looks exactly the same with the

exception of the BaBar and CMS 4μ limits, which are slightly shifted

towards smaller couplings by a factor
√

BRμ−τ

A′→μμ
/BRμ

A′→μμ
≈ 0.87

(0.71) below (above) the ditau threshold due to the increased branch-
ing ratio of the Lμ boson to muons. The green band shows the region
favoured at 2σ by the recent confirmation of the (g− 2)μ excess by the
E989 experiment [1]. The blue band shows the region favoured by H0
[38]. For illustrative purposes we also show the four benchmark points
BP1–BP4 used for analysis in this work

εY is the kinetic mixing parameter, MX is the mass of the
new boson, and gx and j Xα are the U (1)X coupling constant
and gauge current, respectively. For the two types of models
we are considering, the currents are given by

jμ−τ
α = L̄2γαL2 + μ̄RγαμR − L̄3γαL3 − τ̄RγατR, (6)

jμα = L̄2γαL2 + μ̄RγαμR +
∑
ψ

Qψψ̄γαψ, (7)

where LT
i = (νi , ei ) denotes the lepton doublet of the i th

generation and ψ are new heavy fields needed to cancel the
anomalies in the case of U (1)Lμ .

It is worth pointing out that effectiveU (1)Lμ models as an
explanation of (g − 2)μ as considered here can be subject to
very strong constraints from flavour-changing processes like
K → πX and B → K X [46]. These constraints are due to
enhanced production of the longitudinal mode of the associ-
ated gauge boson coupled to an anomalous current [68]. In the
low-energy EFT, the heavy fields ψ (which carry electroweak
charge) can be integrated out to produce Wess–Zumino (WZ)

terms coupling the new X -boson to the weak bosons, leading
to flavour-changing penguin diagrams. The coefficients for
the WZ terms are dictated by the underlying UV completion
of U (1)Lμ and are, in general, non-vanishing.

Since we are using the U (1)Lμ model as a mere foil for
the U (1)Lμ−Lτ model, we are not interested in its possi-
ble UV completions, and we rather view it as an effec-
tive model for a muon-coupled vector mediator. If indeed
experimental results begin to favour U (1)Lμ , this could indi-
cate some finely tuned cancellation of flavour-changing cur-
rents. Alternatively, there could be a scenario where the
strong flavour constraints are absent. This could be realised
with UV-completing heavy fields ψ that are SM-chiral with
masses that break the electroweak symmetry [68]. The new
fields ψ would enter the spectrum at a new physics scale MNP

somewhere between the electroweak scale v = 246 GeV and
a possible GUT scale fGUT ≈ 1016 GeV.4 An extension of

4 In particular, the mixed [SU (2)]2[U (1)] anomaly does not cancel
in U (1)Lμ with the SM content alone and therefore one has to add
new fields transforming non-trivially under SU (2)L . In this context, an
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the SM by a gauge U (1)Lμ−Lτ is already anomaly-free with
only the field content of the SM [29–31], but it can even be
extended by three right-handed neutrinos to a minimal phys-
ically viable model for neutrino masses with correct predic-
tion of the CKM and PMNS matrices [32,71–74].

In order to make contact with experiments, we have to
canonically normalise the fields in Eq. 5 and change to the
mass-basis of the fields. This can be done by diagonalising
the kinetic terms of the gauge bosons via a field redefinition
and two consecutive rotations outlined in Ref. [63], leading
to the interaction terms in the form

Lint = −(e jem
α , gZ j Zα , gx j Xα ) K

⎛
⎝

Aα

Zα

A′α

⎞
⎠ , (8)

where e denotes the electromagnetic coupling constant and
gZ = e/(sin θW cos θW ) with the weak mixing angle θW .
Here jem

α and j Zα are the electromagnetic and weak neutral
current, and Aα , Zα and A′

α are the mass eigenstates of the
SM photon, weak neutral boson and the new gauge boson,
which we will refer to as hidden photon. The coupling matrix
K is approximately given by [63]

K �
⎛
⎝

1 0 −εx
0 1 0
0 εx tan θW 1

⎞
⎠ , (9)

with the physical kinetic mixing parameter εx = εY cos θW .
In this article, we will assume that there is no kinetic mix-

ing at tree level, either because a mixing term is forbidden
by the underlying UV symmetries or because the tree-level
mixing is much smaller than the loop-induced one. At low
energies q � vEW the mixing of the new X -boson in Eq. 5
is to good approximation only with the SM photon A. In
this limit of a low-energy effective theory, the kinetic mixing
parameter induced at one-loop can be expressed as

εx (q) = − egx
2π2

∫ 1

0
dx

⎧
⎨
⎩x(1 − x)

∑
f

Q f Q
x
f

× log

(
μ2

m2
f − x(1 − x)q2

)}
, (10)

where f are the fermions running in loop, Q f , Qx
f and

m f denote their electromagnetic, U (1)X charges and mass,
respectively, and μ is a renormalisation scale. For our mod-
els, the kinetic mixing parameters can then be approximated

Footnote 4 Continued
interesting direction could be to revive fourth generation models with
an extended Higgs sector [69,70], where the fourth generation leptons
are charged under a U (1)Lμ−L4 symmetry.

Fig. 2 Contribution of the U (1)Lμ−Lτ gauge boson to the anomalous
magnetic moment of the muon

at energies below the muon mass, q2 � m2
μ, by

εμτ ≈ e gμτ

6π2 log

(
mμ

mτ

)
≈ −gμτ

70
, (11)

εμ ≈ e gμ

6π2 log

(
mμ

MNP

)
≈ −Log gμ, (12)

where the numerical prefactor Log ≈ 10−2 −10−1 for a new
physics scale for the fields ψ of MNP = 102 −1016 GeV. So,
even if we are agnostic about the true mass scale of the new
fields ψ , we can get a rough estimate of the loop-induced
kinetic mixing in the case of a UV completion of U (1)Lμ .

2.1 Muon anomalous magnetic moment

The muon-philic gauge bosons of U (1)Lμ and U (1)Lμ−Lτ

lead to a shift in the anomalous magnetic of the muon,5 aμ =
(g − 2)μ/2, induced by the loop diagram shown in Fig. 2.
Quite universally, the shift �aμ induced by a neutral gauge
boson with vectorial couplings to muons (as in U (1)Lμ and
U (1)Lμ−Lτ ) can be expressed in the compact form [76,77]

�aμ = Qx2

μ

αx

π

∫ 1

0
du

u2(1 − u)

u2 + (1−u)

x2
μ

, (13)

where αx = g2
x/4π , xμ = mμ/MA′ and Qx

μ denotes the
charge of the muon under the new gauge group.

Since in both U (1)Lμ and U (1)Lμ−Lτ the charge of the
muon is fixed at Qx

μ = 1, the observed excess in Eq. 3 trans-
lates directly to a band of preferred coupling gx and mass

5 Note that a similar contribution exists for the anomalous magnetic
moment of the electron ae, which is, however, doubly suppressed by
kinetic mixing. Since we are only considering loop-induced kinetic mix-
ing, this corresponds effectively to a three-loop process. In this context,
it is interesting to note that the latest experimental determination of
(g − 2)e shows a mild deficit compared to the SM prediction [75]. Due
to the positive sign of the shift from vectorial couplings, the correspond-
ing contribution via aU (1)Lμ orU (1)Lμ−Lτ boson slightly worsens this
tension.
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Table 1 Benchmark points in
the (gμτ , MA′ ) parameter space
of a U (1)Lμ−Lτ boson favoured
by (g − 2)μ. For U (1)Lμ−Lτ we
use the value of the
loop-induced kinetic mixing,
εμτ = −gμτ /70

MA′ (MeV) gμτ

BP1 15 5 × 10−4

BP2 25 6 × 10−4

BP3 50 6 × 10−4

BP4 100 1 × 10−3

MA′ values in the 2D parameter as shown in Fig. 1. This
defines a clear target parameter space for where to look for
this kind of new physics. In this paper, we want to explore the
next steps necessary to test the hypothesis that the observed
(g−2)μ excess is indeed due to aU (1)Lμ−Lτ hidden photon
by exploring this target region with special emphasis on the
additional insights gained by exploiting the neutrino interac-
tions of these bosons.

2.2 Benchmark points and analysis strategy

In this work, we want to explore the sensitivities of various
different experiments like muon beam, coherent elastic neu-
trino nucleus scattering (CEνNS) and DM direct detection
experiments to a solution of (g − 2)μ in terms of a muon-
philic hidden photon A′. For this purpose, we define the four
benchmark points (BP) of Table 1 in the region of parame-
ter space favoured by (g − 2)μ in a U (1)Lμ−Lτ model. The
benchmark points are also illustrated in Fig. 1.

Throughout this paper, we study the sensitivities of the
different experiments to a hypothetical signal coming from a
U (1)Lμ−Lτ boson with coupling and mass as defined by the
benchmark points. For all experiments, we therefore gener-
ate mock data sets for the four different U (1)Lμ−Lτ bench-
mark points and try to reconstruct the mass MA′ and cou-
pling gx under both the hypothesis that the signal is due to a
U (1)Lμ−Lτ or due to aU (1)Lμ hidden photon. In the remain-
der of this paper, we will refer collectively to the coupling
and mixing of U (1)Lμ and U (1)Lμ−Lτ with gx and εx , and
label them by an index μ or μτ when we need to distinguish
between these groups.

3 Muon beam experiments

With the recent measurement of the E989 experiment con-
firming the (g − 2)μ excess, independent complementary
measurements will be of paramount importance for pinning
down its true nature. If the excess is indeed due to a new
light muon-philic vector boson, a missing energy search at
muon beam dump experiments will be crucial in confirming
this. Both the planned CERN NA64μ [78,79] and Fermilab
M3 [47] experiments are prime candidates to conduct such
a search. The NA64μ experiment is planned to perform a

first pilot run in 2021 [80] and conduct its full Phase-I run in
2021–2023 [79] with a total of 1011 muons on target (MOT).
This will therefore be the first experiment to be sensitive
to the full parameter space of a muon-philic boson allowed
by (g − 2)μ. We therefore constrain our analysis of miss-
ing energy searches at muon beam experiments to the case
of NA64μ, but note that our results should be easily gener-
alised to the case of the Fermilab M3 experiment.

Complementary to these two muon fixed target experi-
ments, is the search for invisible decays of a muon-philic
mediator A′ in rare kaon decay experiments like NA62 [51].
There, the A′ could be produced from the final state muon in
the kaon decay K → μν. The A′ can then decay invisibly,
leading again to a missing energy signature. While in princi-
ple this experiment is also capable of probing the (g − 2)μ
region, NA62 will need its total planned number of 1013

collected kaons. More importantly, however, NA62 is not a
background free experiment, and in order to be sensitive to
U (1)Lμ−Lτ as a solution to (g − 2)μ, the experimental sys-
tematics have to be further reduced [51]. We leave a detailed
analysis of NA62 for future work and focus on NA64μ in
this paper.

3.1 Signals of (g − 2)μ at NA64μ

In the NA64μ experiment, a beam of muons with E0 ∼
160 GeV is dumped onto a lead target with a thickness of
LT = 40 X0 ∼ 20 cm. The energy and momentum of the
scattered particles are measured in the fiducial volume of
the detector with LD = 5 m, consisting of the active target
ECAL, a magnetic spectrometer, tracker and HCAL [79].
The production of a light muon-philic vector boson in the
NA64μ target proceeds via the Bremsstrahlung process μ +
Z → μ + Z + A′ illustrated in Fig. 3. Since the virtuality
of the photon exchanged between the muon and the nucleus
is quite small [81], the 2 → 3 production cross section is
related to real photon scattering via the Weizsäcker–Williams
approximation [82,83],

dσ(μ + Z → μ + Z + A′)
dEA′ d cos θ

= α χ

π

E0 βA′

1 − x

× dσ(μ + γ → μ + A′)
d(p · k) ,

(14)

where α is the fine structure constant, βA′ =
√

1 − M2
A′/E2

0
is the boost factor of the hidden photon, x = EA′/E0 is
the energy fraction carried away by the hidden photon, and
χ denotes the effective photon flux sourced by the nucleus.
The photon flux is given in terms of the electric form factor
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Fig. 3 Initial and final state bremsstrahlung production of a muon-
philic vector boson A′ in muon-nucleus scattering

G2(t) of the nucleus as [82,84]

χ =
∫ tmax

tmin

dt
t − tmin

t2 G2(t), (15)

where t = −q2 and one can approximate tmin =
(M2

A′/2E0)
2 and tmax = M2

A′ . The electric form factor
G2(t) = G2,el(t) + G2,in(t) has an elastic and an inelas-
tic contribution, which are given e.g. in Ref. [81].

Taking the expression for real photon scattering from
Ref. [48] and integrating over the hidden photon emis-
sion angle θ , the 2 → 3 differential cross section in the
Weizsäcker–Williams approximation is

dσ

dx
≈ α2 g2

x χ βA′

2π2 (1 − x)

[
C2

V
+ C3

2V 2 + C4

3V 3

]
, (16)

where

C2 = (1 − x) + (1 − x)3, (17)

C3 = −2x(1 − x)2M2
A′ − 4m2

μx(1 − x)2, (18)

C4 = 2m4
μx(1 − x)3

+ (1 − x)2[4m4
μ + 2m2

μM
2
A′(x2 + (1 − x)2)], (19)

and

V = M2
A′

1 − x

x
+ m2

μx (20)

is the virtuality of the intermediate muon. The total number
of expected hidden photon events at NA64μ can then be
expressed as [85]

NA′ = MOT
∫ ymax

ymin

dy natom

∫ 1

xmin

dx
dσ2→3

dx

×
∫ zmax

zmin

dz P(z), (21)

where y is the penetration depth of the muon in the target,
natom denotes the number density of nuclei in the target mate-
rial, and xmin is a cut imposed on the minimum energy frac-
tion carried away by the hidden photon in order to suppress
the background. P(z) denotes the decay probability density
of the hidden photon and can be written as

P(z) = 1

�A′
e
− z

�A′ , (22)

where

�A′ = c βA′ γ τA′ = c βA′ EA′

MA′ �A′
, (23)

is the decay length. However, as long as the hidden photon
is lighter than the dimuon threshold, MA′ < 2mμ, it will
only decay invisibly (except for a very suppressed decay into
e+e− pairs) and BR(A′ → inv) ≈ 1. In this regime, we can
effectively set zmin = 0 and zmax = ∞ so that the integration
over P(z) yields one.

Following Ref. [85], we note that, at the relevant energies
of a few GeV to ∼ 100 GeV, the muon is a minimum ionizing
particle with a rather flat stopping power 〈dE/dy〉 so that
we can assume it to be constant [86]. This can be used to
rewrite Eq. 21, via

y − ymin = E0 − Eμ

〈dE/dy〉 , (24)

in terms of the muon energy Eμ as

NA′ = MOT
∫ E0

Eμ,min

dEμ

natom

〈dE/dy〉
∫ 1

xmin

dx
dσ2→3

dz
. (25)

Integrating 〈dE/dy〉 over the length of the target LT ≈
40 X0 = 20 cm, one finds that the muon hardly loses any
energy, and therefore the expression can be further simpli-
fied to [85,87]

NA′ = MOT
ρNA

A
LT

∫ 1

xmin

dx
dσ2→3

dx
, (26)

where we have expressed the number density natom =
ρNA/A in terms of Avogadro’s number NA, the density ρ,
and the mass number A of the target material.
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In the case of MA′ < 2mμ for both U (1)Lμ and
U (1)Lμ−Lτ , the total number of invisible A′ decays is given
by Eq. 26. However, in the regime where MA′ ≥ 2mμ, we
have to be more careful since the muon-philic A′ can also
decay visibly into muons. The invisible branching fraction is
now altered, but also dimuon decays that occur outside the
fiducial detector volume will be invisible. In this case, the
expression for the total number of invisible events is given
by

NA′,inv = MOT
ρNA

A
LT

∫ 1

xmin

dx
dσ2→3

dx

×
(

BRinv + BRvis e
− Ldet

�A′ (x)
)

, (27)

where Ldet = LT + LD is the length of the target plus detec-
tor. In the relevant coupling regime of gx ∼ O(10−4), the
decay of the A′ is prompt at NA64μ for MA′ ≥ 2mμ so that
almost all of them already decay within the target.

The missing energy signature at NA64μ is defined by
Etot = EECAL + EHCAL � 12 GeV and a single muon car-
rying roughly E ′

μ � E0/2 of the initial energy E0. Detailed
studies of the expected backgrounds have shown that impos-
ing a maximum muon energy of E ′

μ � 100 GeV makes this
search essentially background free [48,79]. In the NA64μ

proposal, the momentum resolution is given as σp ∼ 1.3 GeV
and σp ∼ 2.3 GeV for a measurement of the incoming muon
momentum at the beam muon station and magnetic spec-
trometer, respectively [79]. We assume that the resolution of
the measurement of the outgoing muon momentum will be
of similar order. Hence, we assume a minimum bin width
of 5 GeV for the expected signal counts as a function of
the reconstructed muon energy. In order to guarantee that
we have roughly � O(3) events per bin for our benchmark
points, we choose a more conservative binning of 10 GeV
steps for our analysis. Following Ref. [48], we also assume
a signal window of 10–100 GeV in the muon momentum.

In Fig. 4, we show the projected muon spectra produced
by a muon-philic vector boson in the Phase-I run at NA64μ

for the benchmark points defined in Table 1. These results
are obtained with an assumed average signal reconstruction
efficiency of ε = 0.3. Since, to our knowledge, no energy-
dependent efficiency curves have been published, this is an
approximation of realistic efficiencies, which lie in the range
of ε = 0.1−0.5 for masses of 1 MeV–1 GeV [79]. It can be
seen that all four benchmark points produce a clearly visible
signal with O(1−10) events in each bin within the signal
region.

3.2 Parameter estimation after future detection

Finally, with these projected signal spectra for our benchmark
points at hand, we are interested in the question of how well

Fig. 4 Muon spectrum at NA64μ due to an invisibly decaying
U (1)Lμ−Lτ A′ signal at the benchmark points of Table 1. The grey
shaded areas show the experimental energy cut applied in the measure-
ment in order to remove any backgrounds

the mass and coupling of such a muon-philic hidden photon
can be reconstructed after a potential discovery at NA64μ. In
order to answer this question, we perform a maximum like-
lihood parameter estimation. We build our binned likelihood
function based on Poisson distributed events,

L(θ) =
N∏
i=1

μ
ni
i e−μi

ni ! , (28)

where N is the total number of bins, ni are the observed
number of events in bin i , and μi = si + bi is the combined
number of expected signal si and background eventsbi for the
model parameters θ = (gx , MA′). Since the NA64μ signal
region is chosen such that the measurement is background
free, we can take bi = 0.

Finding the set of parameters θ0 that maximise the likeli-
hood in Eq. 28 allows us to construct the log likelihood ratio
for parameter estimation according to [88],

ln λ(θ) = ln
L(θ)

L(θ0)
. (29)

Since under random fluctuations in the data ni the function
−2 ln λ(θ) asymptotically follows a χ2 distribution with the
number of degrees of freedom n equal to the number of esti-
mated parameters θ , we can reject parameters θ at the level
of 1 − p via [89],

1 − Fχ2(n;−2 ln λ(θ)) < p, (30)
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Fig. 5 Parameter reconstruction for each of the BPs of Table 1 at
NA64μ. The solid (dashed) contours correspond to the 68% CL (95%
CL). The blue contours are the parameter reconstructions for a U (1)Lμ

and U (1)Lμ−Lτ model, which coincide for the two models for all of the
BPs. The black stars mark the benchmark points

where Fχ2 denotes the cumulative χ2 distribution with n
degrees of freedom. Since we are estimating two parameters,
the mass MA′ and the coupling gx of the new muon-philic
boson, we can exclude parameters at the 68 and 95% CL via
−2 ln λ(θ) > 2.30 and −2 ln λ(θ) > 6.18, respectively.

Using this method, we perform a 2D global parameter
scan using the expected signal spectra of a U (1)Lμ−Lτ hid-
den photon at the benchmark points of Table 1 as mock
data. The resulting contours in the (gx , MA′) parameter space
from both reconstructing these signals withinU (1)Lμ−Lτ and
U (1)Lμ are shown in Fig. 5.

Let us note that NA64μ has very good sensitivity to mid-
range hidden photon masses, MA′ ≈ 100 MeV, in the (g−2)μ
region. This corresponds to the situation at BP4, where the 68

and 95% CL contours both close around a rather small region
enclosing the true parameter point. For the lower mass BP1–
BP3, NA64μ can reconstruct the coupling gx quite well while
it can only give an upper limit on the mass. This behaviour
can be understood qualitatively from the spectral shapes of
the signal. The spectral shape of the scattered muon is entirely
fixed by the mass of the new mediator, MA′ . The coupling
gx can thus be viewed as a scaling parameter that determines
the overall normalisation of the spectrum. As can be seen
in Fig. 4, BP4 leads to a falling spectrum (with increasing
momentum) in the signal window. This flattens out slightly
between ∼ 60−90 GeV before it falls off again more steeply
towards higher momenta. This characteristic flattening is a
visible feature of the spectrum within the signal window,
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leading to a good reconstruction of the parameters. How-
ever, BP1–BP3 lead to a rising spectrum with their maxima
lying outside the signal window at high momenta. Within
the signal window, their spectral shapes are relatively similar
with the characteristic peaks lying outside the signal window.
This behaviour persists for smaller mass bosons, making their
spectra very hard to distinguish from one another.

In general, it can be seen that the signal can be equally well
reconstructed withinU (1)Lμ−Lτ andU (1)Lμ , and the result-
ing contours exactly coincide for MA′ < 2mμ (i.e. for all our
BPs). For masses MA′ ≥ 2mμ, the contours for U (1)Lμ and
U (1)Lμ−Lτ would deviate due to their invisible branching
fraction of BRinv ≈ 0.33 and BRinv ≈ 0.5 for U (1)Lμ and
U (1)Lμ−Lτ above the dimuon threshold, respectively. The
reason why the contours exactly coincide for MA′ < 2mμ is
due to the fact that in this regime the spectra produced by a
U (1)Lμ or U (1)Lμ−Lτ A′ are exactly identical since the pro-
duction cross section only depends on the muon coupling and
both A′ have an invisible branching fraction of BRinv ≈ 1.
Note that, while NA64μ in general reconstructs the coupling
gx quite well, it is not at all sensitive to the kinetic mix-
ing parameter εx (as long as εx � gx ). This makes it in
general impossible to distinguish a potential U (1)Lμ signal
from U (1)Lμ−Lτ by using NA64μ data alone. Hence, com-
plementary probes of such a potential signal are needed to
discriminate the two models.

4 CEνNS at spallation sources

New physics in the neutrino sector induces contributions to
the coherent elastic scattering of neutrinos off nuclei. After
the first measurement of this rare SM phenomenon by the
COHERENT collaboration at a spallation source, the poten-
tial of this type of experiment to probe non-standard neutrino
interactions has been thoroughly studied [55,56,58,59,90–
100]. These experiments benefit from the high neutrino flux
that can be achieved at spallation sources and the scalability
of their detectors. In particular, a number of ton and multi-ton
liquid argon detectors have been proposed that will consid-
erably improve the sensitivity to light mediators.

At spallation sources, protons collide on a nuclear target
to produce pions. These decay at rest to produce a monochro-
matic 29.8 MeV muon neutrino flux (π+ → μ+νμ), while
the subsequent decay of the anti-muon produces a delayed
beam of electron neutrinos and muon anti-neutrinos (μ+ →
e+νeν̄μ). The corresponding fluxes (see e.g., Refs. [53,101])
read

dNνμ

dEν

= η
64E2

ν

m3
μ

(
3

4
− Eν

mμ

)
,

dNνe

dEν

= η
192E2

ν

m3
μ

(
1

2
− Eν

mμ

)
,

dNνμ

dEν

= ηδ

(
Eν − m2

π − m2
μ

2mπ

)
. (31)

The normalisation factor η = r NPOT/4πL2 takes into
account the number of neutrinos of each type produced from
each proton on target (POT), r , and the baseline, L .

The number of expected CEνNS events can then be
expressed as

NCEνNS =
∑
να

Ntarg

∫ Emax
R

Eth

∫ Emax
ν

Emin
ν

dNνα

dEν

ε(ER)

× dσνα N

dER
dEνdER, (32)

where ε(ER) is the energy-dependent efficiency, and the
minimum and maximum neutrino energies are Emin

ν ≈√
MN ER/2 and Emax

ν = mμ/2. The number of target nuclei
is Ntarg = Mtot/MN , and MN the atomic mass (we will con-
centrate on LAr detectors, for which we will assume 100%
isotopic abundance of 40Ar). The CEνNS differential cross
section reads [56],

dσνα N

dER
= G2

F MN

π

(
1 − MN ER

2E2
ν

)

×
{
Q2

νN

4
+ gx εx e Z Qx

να
QνN√

2 GF (2MN ER + M2
A′)

+ g2
x ε2

x e
2 Z2 Qx2

να

2 G2
F (2MN ER + M2

A′)2

}
F2(ER), (33)

where the coherence factor for the effective neutrino-nucleus
coupling via the SM Z -boson is defined as QνN = N − (1−
4 sin2 θW ) Z , and F(ER) is the Helm nuclear form factor
[102,103].

Since there is no tree-level coupling between the A′ and
first generation leptons in eitherU (1)Lμ−Lτ orU (1)Lμ mod-
els, and because the ντ flux is negligible (see e.g. Ref. [58]
for upper limits from oscillation parameters), the new physics
contribution to NCEνNS only probes the coupling between A′
and the muon sector (α = μ in Eq. 33 and Eq. 32). Also, as
the muon neutrino charge, Qx

νμ
, is positive and εx < 0, the

new physics contribution from both U (1)Lμ−Lτ and U (1)Lμ

results in a negative interference term. For the relevant part of
the parameter space, this leads to a reduction in the number
of expected events with respect to the SM prediction,6 which
makes these scenarios more difficult to probe.

6 In fact, COHERENT data on CsI, which showed a small deficit with
respect to the SM expectation, has a slight preference for a Z ′ mediator
coupling exclusively to the second generation [91].
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Table 2 Experimental
configurations for future
CEνNS detectors considered in
our work

Experiment Mass [ton] Eth [keVnr] NPOT [1023/year] r L [m] σsys (%)

CENNS610 0.61 ∼ 20 1.5 0.08 28.4 8.5

ESS10 0.01 0.1 2.8 0.3 20 5

CCM 7 10 0.177 0.0425 20 5

ESS 1 20 2.8 0.3 20 5

In this section, we use data from the benchmark points
defined in Table 1 to obtain a reconstruction in the (gx , MA′)
plane using future CEνNS detectors. Since the number of
events is a function of the product gx εx , the predictions from
U (1)Lμ−Lτ and U (1)Lμ are, in principle, indistinguishable
from each other. The reconstructed value of gx can be inter-
preted as different values of gμτ and gμ (obtained using the
corresponding relation for εx from Eqs. 11 and 12, respec-
tively). However, one can expect that the combination with
other types of experimental searches would help to discrim-
inate these possibilities, as we will comment below.

We have considered four detector configurations, based on
planned CEνNS experiments, with parameters as detailed
in Table 2, inspired by the analysis of Ref. [58]. First, we
include a 610 kg (fiducial mass) extension of the current
CENNS-10 LAr detector [62] at the SNS. In order to sim-
ulate the number of expected events, we have considered
the same quenching factor to relate the nuclear and electron
equivalent energies (QF = 0.246 + 7.8 × 10−4 ER , such
that E[keVee] = QF ER [54]). The efficiency is expected to
be similar to that of its predecessor, which dropped to 50% at
an energy of approximately 4 keVee (equivalent to approxi-
mately 20 keVnr). We have approximated it by ε = 0.5 (1 +
tanh(ER − 4 keVee)) and obtained good agreement with the
spectrum predicted in Ref. [58]. Regarding the systematic
uncertainty, we have fixed it at 8.5%, as in CENNS-10.

Based on the projected characteristics of CCM [61], we
have considered a fiducial mass of 7 tons of LAr. CCM is
planned to run for a total of 2.5 years at Lujan in a near
position (L = 20 m) and a far position (L = 40 m) configu-
ration. We have only used data from the near position run (as
the expected number of CEνNS events is approximately four
times larger), assuming a total operation time of 1 year in this
configuration. Regarding the ESS [60], we proceed as in Ref.
[58] and consider two different setups: a small (10 kg) but
extremely sensitive (Eth = 0.1 keV) detector, and a large one
(1 ton) with the same threshold energy as CCM and CENNS.
For both configurations, the baseline is L = 20 m and we
assume 1 year of operation.

For both CCM and ESS, we consider 100% efficiency
and we do not include any quenching factor. Regarding the
threshold, we will assume a sharp cut at Eth = 20 keVnr

(this value is similar to the energy at which the efficiency of
CENNS-10 LAr drops to 50%).

An important background for this kind of search is due to
beam related neutrons (BRN), which for CENNS-10 repre-
sented approximately 10% of the signal events [62]. Since
we ignore how CCM and ESS would perform in this respect,
we have assumed Nbkg = 10%NSM. We will consider four
energy bins across the energy window of 20–100 keV. Having
such a modest measurement of the energy spectrum allows
for some limited reconstruction of the mass of the mediator
in the event of an observation, but most importantly, it helps
reducing the effect of the normalisation systematic error.

We have used a χ2 test to compare the observed number of
events in the i-th energy bin, Ni

obs, with the theoretical predic-
tion for a given point in the parameter space, Ni

th(gx , MA′),

χ2(gx , MA′ )

= mina

[∑
i

(
Ni

obs − Ni
th(gx , MA′ )[1 + a])2

(σ i
stat)

2
+

(
a

σsys

)2
]

.

(34)

The statistical uncertainty is defined as

σ i
stat =

√
Ni

obs + Ni
bkg,

where Ni
bkg = Ni

SM/10 (and is therefore the same for all
benchmark points). There is a systematic uncertainty in the
total normalisation, represented by a nuisance parameter, a,
which we take as 5%. We consider this is a realistic goal,
based on the 8.5% systematic error achieved in CENNS-10
LAr.

The energy spectra for the four benchmark points of
Table 1 are represented in Fig. 6, where the SM prediction
is shown as a black solid line for comparison. As mentioned
above, all BPs show a deficit of events with respect to the SM
rate. The difference is much more prominent at low energies,
which is an excellent motivation to reduce the experimental
threshold in this kind of experiment.

Figure 7 shows the parameter reconstruction in the
(gx , MA′) plane for each of the benchmark points of Table 1
and for the four experimental configurations of Table 2. For
this plot, we have fixed εx = −gx/70, which coincides with
the relation expected for a U (1)Lμ−Lτ model. The true posi-
tion of each benchmark point is shown by means of a star. The
sensitivity of these detectors is optimal for mediator masses
below approximately 50 MeV, corresponding to the maxi-
mum momentum exchange from the incoming neutrino flux
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Fig. 6 Expected CEνNS rate for each of the experimental configu-
rations of Table 2, assuming 1 year of operation. The SM prediction
is shown as a solid black line, and dashed lines represent the differ-
ent benchmark points of Table 1. For CCM, ESS10 and ESS we have

only considered the events above a given energy threshold, whereas for
CENNS610 we have used the efficiency of its predecessor CENSS-10
LAr

2 MN ER . Above this mass, the mediator mass dominates
the propagator of the new physics contributions and the scat-
tering cross section Eq. 33 decreases as g2

x M
−2
A′ (as long as

the interference term dominates). This means that only the
low-mass window of the area compatible with (g − 2)μ can
be probed: of all the benchmark points in Table 1, BP1 and
BP2 would be observed in the future ESS. For BP3 and BP4,
we obtain upper bounds on the coupling as a function of the
mediator mass.

In particular, the upcoming CENSS610 and CCM exper-
iments would be unable to disentangle the SM CEνNS flux
from a new physics signal, resulting in upper bounds on
the parameter space that reach couplings of the order of
gx ∼ 7 × 10−4 (for CCM, this is in agreement with the
results from Ref. [57]). The predictions for ESS are more
optimistic. The case of ESS10 perfectly illustrates the great
benefit of lowering the experimental threshold: a small but
extremely sensitive configuration would be able to observe
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Fig. 7 Parameter reconstruction for each of the BPs of Table 1 using
CEνNS data from the experiments of Table 2 and fixing εx = −gx/70.
The solid (dashed) contours correspond to the 68% CL (95% CL) and

the star represents the position of each benchmark point. The dot-dashed
lines denote the 90% CL upper limit on the coupling gx in the case no
reconstruction is possible

the nuclear recoil spectrum where the new-physics contri-
bution from light mediators is maximal (see the lower left
panel in Fig. 6). Not only does this allow the new physics
prediction to be disentangled from that of the SM (thereby
producing closed contours in gx ), but also some sensitivity to
the mediator mass is obtained (and upper bounds are found
for MA′ ). The bump at low mediator masses in the ESS10
lines corresponds to the crossover of the contribution from
the interference term and the pure BSM one (only observ-

able at low energies). The 1 ton configuration of ESS would
perform slightly better at larger masses, and could confirm
observation for BP1 and BP2 (providing closed contours in
the coupling gx but a poor reconstruction of the mediator
mass).

It should be emphasised that the results of Fig. 7 can be
interpreted in both theU (1)Lμ−Lτ orU (1)Lμ model. Experi-
ments looking for CEνNS at spallation sources, on their own,
would be unable to measure the kinetic mixing parameter εx .
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Fig. 8 The same as in Fig. 7, but adding data from NA64μ and interpreting the results in a U (1)Lμ−Lτ model. The green band shows the region
favoured by the recent (g − 2)μ determination

4.1 Combination with NA64μ

The combination of results from NA64μ and CEνNS exper-
iments at spallation sources can potentially shed some light
on the value of the kinetic mixing parameter. As explained
in Sect. 3, NA64μ is only sensitive to gx , whereas CEνNS
probes gxεx . Thus, the combination of results from both
sources could be used to infer the value of εx . In this sec-
tion we illustrate this complementarity, showing that tension
in the reconstructed regions arises if the wrong assumption
is made for εx .

First, Fig. 8 shows the combined results from future spal-
lation sources and NA64μ, assuming εx = −gx/70. This
coincides with the prediction in aU (1)Lμ−Lτ model and with
the assumption that we made in generating the benchmark
points. The evidence strengthens for BP1 and BP2, since
these benchmark points can be probed by both types of tech-
niques. Even if spallation source experiments do not observe
new physics (as is the case of BP3 and BP4) the resulting
bounds can narrow down the region compatible with NA64μ,
providing a better measurement of the mediator mass.
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Fig. 9 The same as in Fig. 8, but for εx = −gx/10

In contrast, Fig. 9 assumes εx = −gx/10 in the
reconstruction, a value that could come from a particular
realisation of a U (1)Lμ model. As expected, the recon-
structed areas show increasing tension. For example, for
BP1, there is a small overlap of the 95% CL contours, which
shrinks for BP2. In contrast, for BP3 and BP4 almost the
whole area compatible with NA64μ is excluded, indicating
a wrong assumption for εx .

Measuring εx does not necessarily imply discriminating
U (1)Lμ−Lτ and U (1)Lμ . In particular, if εx is shown to be
inconsistent with −gx/70, then the minimal U (1)Lμ−Lτ

model would be ruled out as an explanation for (g − 2)μ.

However, if εx is found to be compatible with −gx/70, this
could correspond to either U (1)Lμ−Lτ or U (1)Lμ . The only
way to tell these constructions apart would be to explore
the couplings to the tau sector. As we will argue in the next
section, this could be done by observing solar neutrinos in
direct detection experiments.

5 Direct detection experiments

The expected differential rate of solar neutrino-electron or
CEνNS scattering events at direct dark matter detection
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experiments can be written as

dR

dER
= nT

∑
να

∫

Emin
ν

dφνe

dEν

P(νe → να)
dσνα T

dER
dEν, (35)

where Emin
ν = (ER +

√
E2
R + 2mT ER)/2 is the minimum

neutrino energy to produce a nuclear recoil or electronic
recoil of energy ER , mT is the mass of the target, and nT
is the total number of targets (electrons or nuclei) per unit
mass. Regarding the solar neutrino fluxes, dφνe/dEν , we
will consider a high metallicity scenario, which increases
the flux of neutrinos in the pp-chain by up to 10%. For
the case of 8B neutrinos, this corresponds to a total flux of
5.46 × 10−6 cm−2 s−1 [104]. The energy-dependent oscilla-
tion probability P(νe → να) is taken from Fig. 7 of Ref. [56].

The differential cross section of the elastic scattering of
neutrinos off nuclei is given in Eq. 33, and the corresponding
expression for scattering off electrons for α = μ, τ reads

dσνα e

dER
= 2 G2

F me

π

{ [
geL

2 + geR
2
(

1 − ER

Eν

)2

− geL geR
me ER

E2
ν

]

+ gx εx e Qx
να√

2 GF (2ER me + M2
A′ )

[
(geL + geR) (1

−me ER

2E2
ν

)
− geR

ER

Eν

(
2 − ER

Eν

)]

+ g2
x ε2

x e
2 Qx2

να

4 G2
F (2ER me + M2

A′ )2

[
1 − ER

Eν

(
1 − ER − me
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(36)

where geL = sin2 θW − 1/2 and geR = sin2 θW are the cou-
plings of the Z -boson to the electron. The SM expression
for α = e is obtained by setting εx = 0 and replacing
geL → 1 + geL in the above expression. For more details,
see Ref. [56]. The first term in Eq. 36 corresponds to the
pure SM, the second to the interference, and the last one to
the pure BSM contribution. The sign of the interference term
critically depends on the charge Qx

να
of the scattered neutrino

να , which is positive for muon and negative for tau neutri-
nos. For electron recoils, the pure BSM term dominates the
scattering cross-section at couplings relevant for explaining
(g − 2)μ, and therefore we expect an increase in the number
of events for both U (1)Lμ−Lτ and U (1)Lμ .

When calculating the expected number of scattering
events in direct detection experiments, we include detector-
specific effects, such as detector efficiencies and resolutions.
Efficiencies ε(ER) are folded into Eq. 35 before the theoret-
ical differential rate is convoluted with a Gaussian resolution

function with energy-dependent width, σ(ER). This results
in an expected observed count of

N = ε

∫ Emax

Eth

( ∫ ∞

0

dR

dE ′ ε(E
′)

× 1

σ(E ′)
√

2π
e
− (ER−E ′)2

2σ2(E ′) dE ′
)

dER, (37)

where ε is the exposure of the experiment, and Eth is its
energy threshold.

An important difference with respect to the physics at
NA64μ and CEνNS experiments at spallation centres is
that there is now an incoming flux of tau neutrinos. In fact,
given the neutrino oscillation probabilities of Ref. [56], the
flux of ντ is larger than that of νμ at the energies relevant
for the 8B and hep solar fluxes. This is extremely rele-
vant for discriminating new physics models. In particular,
the U (1)Lμ−Lτ contribution for both NR and ER is positive
with respect to the SM. In contrast, the U (1)Lμ model with
εμ = −gμ/70 leads to a negative contribution to NR (from
the dominant interference term) and a positive one for ER
(from the pure BSM term). Therefore, an observation of NR
in direct detection experiments would unequivocally point to
either a U (1)Lμ−Lτ or U (1)Lμ model.

This is by no means an easy task: although the flux of solar
neutrinos is much larger than that of atmospheric ones, their
energies only reach approximately 15 MeV (for 8B). These
lead to ∼ keV nuclear recoils, right at the threshold of current
liquid xenon detectors. On the other hand, although solid-
state detectors benefit from a much lower threshold, their
planned target size makes them unlikely to observe enough
events from solar neutrinos in the near future. Thus, in our
analysis, we will concentrate on planned LXe detectors and
will base our experimental configurations on the upcoming
multi-ton LZ [105] and XENONnT [106] detectors and on the
projected DARWIN observatory [107]. The proposed expo-
sures are 15.34, 20 and 200 ton ·year for LZ, XENONnT and
DARWIN, respectively.

For LZ, we have taken the efficiency functions given in
[108], the resolution fit given by LUX in [109], and ER
backgrounds from [110]. For XENONnT, the NR and ER
efficiency functions have been taken from [111] and [112],
respectively, the resolution function has been read from
[112], and the ER backgrounds have been taken from [106].
Finally, for DARWIN, we have assumed the same efficiency
and resolution functions as for XENONnT, used the lower
ER background predictions given by [113], and assumed a
flat background rate for all background components except
for the double-β decay of 136Xe. For all experiments, we
have taken the nominal energy thresholds to be at the ener-
gies where their (event-specific) efficiencies reach 50%. This
corresponds to LZ thresholds of 3.8 keVnr and 1.5 keVee,
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and XENONnT and DARWIN thresholds of 5.7 keVnr and
1.5 keVee.

We have performed three different types of analyses: an
NR-only analysis (based on the discrimination of nuclear and
electron recoils to reduce background), an ER-only analysis,
and a combined NR + ER analysis. For the NR-only analysis,
we assume a 50% acceptance cut above the energy thresh-
old after rejecting ER events and treat this as a background-
free analysis. For the ER-only analysis, we assume 99.5%
ER/NR discrimination and include experimentally-relevant
ER backgrounds. For the NR + ER analysis, we combine both
types of events, interpreting all events as ER events, with the
ER background included but without cuts. In each analysis,
the appropriate NR/ER efficiency functions are folded into
the differential rate, with the energy resolution taken at the
appropriate energy scale.

The left panel of Fig. 10 shows the predicted differential
rate for nuclear recoils in a generic xenon detector. The NR
signal from solar neutrinos from the 8B flux falls abruptly
at approximately 1–2 keV. This makes their observation
very challenging, forcing experiments to achieve a very low
energy threshold. For the nominal value of the threshold of
the planned LZ and XENONnT detectors (of the order of
3 keV), only a handful of these neutrinos can actually be
observed (mostly due to the effect of the resolution near the
threshold). In order to exploit this signal one must there-
fore achieve lower experimental thresholds. The figure also
illustrates how the U (1)Lμ−Lτ model predicts an excess of
events with respect to the SM, whereas U (1)Lμ would lead
to a reduction of the rate. Given the importance of nuclear
recoils in discriminating between U (1)Lμ and U (1)Lμ−Lτ ,
we take the liberty to vary the threshold, exploring their effect
with regards to discovery potential.

The right panel of Fig. 10 corresponds to the expected elec-
tron recoil rate for BP1, compared to the SM prediction. For
comparison, we also show the expected background, using
the projection for DARWIN as guideline. The electron back-
ground is dominated by 136Xe double-β decay at high ener-
gies. For the energy range considered in the analysis, one
must take into account the fact that electrons are originally
bound to the atom. This results in a series of steps in the spec-
trum, which in a first approximation, correspond to the dif-
ferent ionisation energies and effectively reduces the number
of electrons available at low energies. A more careful treat-
ment in terms of a relativistic random phase approximation
(RRPA) leads to a further suppression in the 0.25−30 keVee

window according to Fig. 2 of Ref. [114], which we have
implemented using an energy-dependent scaling.7 Note that,
below 0.25 keVee, we have reverted back to the step-function

7 In principle, one should also take into account how the RRPA result
changes in the presence of new light mediators, but this is beyond the
scope of our work.

approximation, which acts as an upper bound to the expected
rate in the absence of numerical solutions to the RRPA at low
energies [114].

We have only shown the predictions for BP1, as that is the
most optimistic case. The differential rates for BP2 are a bit
smaller and for BP3 and BP4 they lie very close to the SM,
being much more difficult to separate.

In order to determine the potential of direct detection
experiments to disentangleU (1)Lμ−Lτ andU (1)Lμ , we have
computed the number of expected events using the experi-
mental configurations of future liquid xenon detectors for the
U (1)Lμ−Lτ model in the four benchmark points of Table 1.
We find that for the upcoming LZ and XENONnT, the num-
ber of counts in both the NR and ER channels will be too
small to be able to probe any of the benchmark points at the
5 σ level.

We have then considered the exposure and energy thresh-
old as free parameters and studied the minimal conditions
under which a 5σ observation of U (1)Lμ−Lτ could be
claimed at each benchmark point. To compute the signifi-
cance, we construct the (one-tail) p-value,

p ≡
∑

n≥nobs

bne−b

n! , (38)

where b is the number of background events, and nobs is the
observed number of events (in our case the theoretical expec-
tation for each BP). A one-tail statistic is used as we expect
the number of observed events to be only in excess of the
background-only result. For a discovery-level significance
of 5σ , we require a p-value of 2.87 × 10−7.

In our analysis, we solve for the required threshold-
exposure pairs needed to produce a discovery-level mea-
surement of U (1)Lμ−Lτ for each of our benchmark points.
We take the background-only hypothesis to contain all of
the counts from SM CEνNS and experimental background
events. We repeat the analysis individually for each type of
search: NR, ER and NR+ER. When lowering the experimen-
tal threshold, we assume each experiment’s respective effi-
ciencies would improve in a way akin to an extension of their
original efficiency functions in log-space, such that their new,
lower thresholds would be where the now extended efficiency
function reaches 50%. In all cases, we take the maximum of
the energy window to reside at 30 keVee (∼ 13 keVnr), above
which the double-β decay of 136Xe is expected to dominate
over the solar neutrino signal [105].

When lowering the thresholds, we have been careful not to
allow the experimental resolutions to increase to arbitrarily
large values at low energies, making a reconstruction of low-
energy thresholds unrealistic. We have therefore capped each
resolution function at its value at the original 50% threshold,
shifting this capped resolution linearly when lowering the
thresholds. To ensure a valid conversion of the resolution
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Fig. 10 (Left) Nuclear-recoil spectrum for CEνNS for a generic Xe
detector. The SM prediction is shown in black, while the BSM predic-
tion for BP1 is shown in blue forU (1)Lμ−Lτ (dashed) andU (1)Lμ (dot-
ted). (Right) Electron recoil spectrum for a generic Xe detector. A rough

energy-independent scaling has been applied within the 0.25 − 30 keV
energy window to account for the RRPA. We also show in this plot the
relevant background by the red dashed line, based on the predictions
for DARWIN given in Ref. [113]

functions into NR energy scales, we have taken 0.7 keVnr

(∼ 0.1 keVee) as a minimum threshold, corresponding to
the lowest energy at which the Lindhard model has been
experimentally verified for LXe detectors [115].

Figure 11 shows the resulting values of the exposure and
threshold energy for which a 5σ discovery of U (1)Lμ−Lτ

could be claimed. The area above the dashed blue line would
be accessible via NR, the area above the green dashed line
corresponds to ER and the region above the red line can be
observed via NR+ER. This figure illustrates that the opti-
mal strategy to observe NR is to decrease the threshold,
whereas to detect ER one simply needs a bigger target. In
the case of BP1 (the only benchmark point for which there
is a real chance of observation), a 100 ton year exposure
with a threshold of 1 keV would suffice. This exposure is
comparable to that of the projected DARWIN observatory.
Regarding the threshold, it should be pointed out that LUX
has demonstrated nuclear recoil calibration for energies down
to 1 keV while allowing for NR/ER discrimination [115], so
we consider this to be a realistic configuration. This figure
suggests that one could also aim for a larger threshold in
order to explore new physics using ER (for BP1 one would
require 400 ton year). However, as we explained above, both
U (1)Lμ−Lτ andU (1)Lμ predict a similar increase in the num-
ber of events and this search would not allow us to disentangle
both models. The discovery lines for LZ and XENONnT do
not seem achievable in their experimental configurations; we
have included them in Appendix A for completeness.

Finally, using this hypothetical low-threshold (Eth =
1 keV) configuration for the future DARWIN detector,
we have explored how future direct detection results can
help reconstruct the parameters of the U (1)Lμ−Lτ model.
Figure 12 shows the reconstruction of parameters in the
(gx , MA′) plane when direct detection data is added to the
results from searches at NA64μ and spallation sources, when
these are interpreted in terms of a U (1)Lμ−Lτ model. In line
with our analysis of Fig. 11, the 5 σ discovery of BP1 or
BP2, when combined with data from NA64μ and spallation
sources, would considerably narrow down the area compati-
ble with (g − 2)μ, reducing the uncertainty on both the cou-
pling and the dark photon mass. Notice that, if we were to
interpret the direct detection results in terms of a U (1)Lμ

scenario, the whole parameter space for BP1 and BP2 would
be ruled out.8

For BP3 and BP4, direct detection will not have enough
sensitivity to claim detection. Nevertheless, the bounds
derived from direct searches, would further constrain the
parameter space. Similar to CEνNS bounds, direct detection
will be more effective in constraining mediator masses below
approximately 50 MeV in the (g−2)μ region. These bounds

8 Only an extremely fine-tuned region of the parameter space survives
where, due to the interference term, the U (1)Lμ contribution turns pos-
itive. This only happens for large values of the coupling (gμ ∼ 10−3)
and is therefore well within the area of the parameter space ruled out
by existing experimental bounds.
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Fig. 11 DARWIN discovery region for searches based on NR (blue
dashed line) ER (green dashed line) and NR+ER (red dashed line) as a
function of the exposure (ε) and energy threshold (Eth) for each bench-
mark point of Table 1. In the area above each of these lines, the experi-

mental setup would allow a 5σ evidence with respect to the SM predic-
tion in each type of search. The nominal DARWIN configurations for
nuclear recoils and electron recoils are shown by means of a blue and a
green asterisk, respectively
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Fig. 12 Parameter reconstruction for each of the BPs of Table 1 assum-
ing a U (1)Lμ−Lτ model. We use direct detection data from a hypotheti-
cal low-threshold search (Eth = 1 keV) in the future DARWIN detector.
For BP1, the black solid (dashed) contours correspond to the 68% CL

(95% CL) contours. For the rest of the BPs, the black dot-dashed lines
represent the 90% CL upper limit on the coupling gx . The rest of the
lines follow the same convention of Fig. 8. The black star marks the
benchmark point

will be similar for both U (1)Lμ−Lτ and U (1)Lμ scenarios
and no extra information would be gained in that respect.

6 Conclusions

In this article, we have explored the complementarity of dif-
ferent experimental probes of muon-philic solutions to the
4.2 σ deviation between the observed value of the muon

anomalous magnetic moment at the E989 experiment and
the SM theoretical prediction. In particular, we have focused
on the light vector mediator that arises from the anomaly-
free U (1)Lμ−Lτ model. We have laid out a strategy of how
to combine muon beam experiments, CEνNS experiments
at spallation sources and DM direct detection experiments
to confirm whether the observed (g − 2)μ excess is indeed
due to a U (1)Lμ−Lτ boson. We have done so by contrasting
our findings for U (1)Lμ−Lτ to those of a phenomenological
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U (1)Lμ model, which can experimentally mimic many but
not all of the properties of an U (1)Lμ−Lτ .

We can summarise our findings as follows:

• NA64μ will be the first experiment to be sensitive to the
(g − 2)μ region in U (1)Lμ and U (1)Lμ−Lτ . For medi-
ator masses of the order of MA′ ∼ 100 MeV, it would
allow for an excellent reconstruction of both the cou-
pling gx and the mass MA′ . For lighter hidden photons
(MA′ � 50 MeV) it can still give a good reconstruction
of the coupling while only providing an upper bound on
the mediator mass. In general, it is, however, insensitive
to the kinetic mixing εx . Furthermore, with data from
NA64μ alone the models U (1)Lμ−Lτ and U (1)Lμ can-
not be discriminated (nor can they be distinguished from
a muon-coupled mediator that can decay into light DM
states).

• Future experiments looking for CEνNS at spallation
sources, such as the planned CENNS610 and CCM,
will set constraints on the low-mediator mass (MA′ �
50 MeV) region of the (g − 2)μ solution. The pre-
dicted CEνNS rate for the U (1)Lμ−Lτ and U (1)Lμ mod-
els is smaller than in the SM, making this observation
more challenging. Large detectors near powerful sources
such as the projected experiment at the ESS or smaller
devices with an extremely low-threshold (we consider a
Eth = 0.1 keV version of ESS with just 10 kg) could be
able to reconstruct the coupling and set upper bounds on
the mediator mass.
However, since these experiments only test the coupling
of the hidden photon with the muon sector through the
combination gxεx , they will be unable to discriminate the
U (1)Lμ−Lτ and U (1)Lμ models on their own.

• From the combination of data from NA64μ (which
measures gx ) and CEνNS experiments (which measure
gxεx ), one can infer the value of the kinetic mixing and
also improve the reconstruction of the mediator mass.
However, this would be insufficient to distinguish the
U (1)Lμ−Lτ andU (1)Lμ model as, in principle, the kinetic
mixing could be the same (εx = −gx/70).

• Direct detection experiments will provide a unique
opportunity to test the couplings to the tau sector via scat-
tering off solar ντ ’s. In particular, because of the contribu-
tion of tau neutrinos, the expected nuclear recoil rate from
CEνNS in U (1)Lμ−Lτ is larger than the SM prediction,
whereas for the U (1)Lμ with εμ = −gμ/70 a decrease
is expected. This allows for discrimination of both solu-
tions to (g − 2)μ in the values of the kinetic mixing to
which NA64μ and spallation experiments are most insen-
sitive. We have estimated the experimental requirements
to probe the low-mass window of the (g−2)μ region. We
conclude that a liquid xenon experiment with a total expo-
sure of 100 ton year and a threshold of Eth = 1 keV would

suffice to probe mediator masses below 25 MeV. These
are similar characteristics to those of the planned DAR-
WIN detector. The mass and coupling reconstruction in
that area would be complementary to that of NA64μ and
CEνNS experiments.
In the event of no observation, DARWIN (low threshold)
would be able to rule out the low-mass window of the
(g − 2)μ parameter space.

Our results show very promising prospects for separat-
ing a potential (g − 2)μ signal of a U (1)Lμ−Lτ from a
U (1)Lμ boson through the combination of future data from
NA64μ, CEνNS experiments at spallation sources and, cru-
cially, direct dark matter detectors. This strategy would allow
us to confirm U (1)Lμ−Lτ as the solution to the (g − 2)μ
excess.
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A Appendix A: Discovery Lines for LZ and XENONnT

In this appendix, we show the 5σ discovery lines for LZ and
XENONnT in Figs. 13 and 14, respectively. Please refer to
Sect. 5 for details.
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Fig. 13 The same as in Fig. 11 but for LZ
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Fig. 14 The same as in Fig. 11 but for XENONnT
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50. G. Cvetič, C.S. Kim, D. Lee, D. Sahoo, Probing new
physics scenarios of muon g − 2 via J/ψ decay at BESIII.
JHEP 10, 207 (2020). https://doi.org/10.1007/JHEP10(2020)207.
arXiv:2004.03124

51. G. Krnjaic, G. Marques-Tavares, D. Redigolo, K. Tobioka, Prob-
ing muonphilic force carriers and dark matter at kaon factories.
Phys. Rev. Lett. 124, 041802 (2020). https://doi.org/10.1103/
PhysRevLett.124.041802. arXiv:1902.07715

52. COHERENT Collaboration, The COHERENT experiment at the
spallation neutron source (2015). arXiv:1509.08702

53. COHERENT Collaboration, Observation of coherent elastic
neutrino-nucleus scattering. Science 357, 1123 (2017). https://
doi.org/10.1126/science.aao0990. arXiv:1708.01294

54. COHERENT collaboration, First detection of coherent elas-
tic neutrino-nucleus scattering on argon Phys. Rev. Lett.
126(1), 012002 (2021). https://doi.org/10.1103/PhysRevLett.
126.012002. arXiv:2003.10630

55. M. Abdullah, J.B. Dent, B. Dutta, G.L. Kane, S. Liao, L.E.
Strigari, Coherent elastic neutrino nucleus scattering as a probe
of a Z’ through kinetic and mass mixing effects. Phys. Rev.
D 98, 015005 (2018). https://doi.org/10.1103/PhysRevD.98.
015005. arXiv:1803.01224

56. D.W.P.D. Amaral, D.G. Cerdeño, P. Foldenauer, E. Reid, Solar
neutrino probes of the muon anomalous magnetic moment in
the gauged U(1)Lμ−Lτ

. JHEP 20, 155 (2020). https://doi.org/10.
1007/JHEP12(2020)155. arXiv:2006.11225

57. H. Banerjee, B. Dutta, S. Roy, Probing Lμ − Lτ models with
CEνNS: a new look at the combined COHERENT CsI and Ar
data. Phys. Rev. D 104(1), 015015 (2021). https://doi.org/10.
1103/PhysRevD.104.015015. arXiv:2103.10196

58. O.G. Miranda, D.K. Papoulias, O. Sanders, M. Tórtola, J.W.F.
Valle, Future CEvNS experiments as probes of lepton unitarity and
light-sterile neutrinos. Phys. Rev. D 102, 113014 (2020). https://
doi.org/10.1103/PhysRevD.102.113014. arXiv:2008.02759

59. I.M. Shoemaker, E. Welch, Sailing the CEνNS seas of non-
standard neutrino interactions with the coherent CAPTAIN mills
experiment (2021). arXiv:2103.08401

60. D. Baxter et al., Coherent elastic neutrino-nucleus scattering at
the European spallation source. JHEP 02, 123 (2020). https://doi.
org/10.1007/JHEP02(2020)123. arXiv:1911.00762

61. Coherent captain mills. https://p25ext.lanl.gov/%7Elee/
CaptainMills/

62. COHERENT Collaboration, Sensitivity of the COHERENT
experiment to accelerator-produced dark matter. Phys. Rev. D102,
052007 (2020). https://doi.org/10.1103/PhysRevD.102.052007.
arXiv:1911.06422

63. M. Bauer, P. Foldenauer, J. Jaeckel, Hunting all the hid-
den photons. JHEP 07, 094 (2018). https://doi.org/10.1007/
JHEP07(2018)094. arXiv:1803.05466

64. W. Altmannshofer, S. Gori, M. Pospelov, I. Yavin, Neutrino tri-
dent production: a powerful probe of new physics with neutrino
beams. Phys. Rev. Lett. 113, 091801 (2014). https://doi.org/10.
1103/PhysRevLett.113.091801. arXiv:1406.2332

65. CHARM-II Collaboration, First observation of neutrino trident
production. Phys. Lett. B 245, 271 (1990). https://doi.org/10.
1016/0370-2693(90)90146-W

66. BaBar Collaboration, Search for a muonic dark force at
BABAR. Phys. Rev. D 94, 011102 (2016). https://doi.org/10.
1103/PhysRevD.94.011102. arXiv:1606.03501

67. CMS Collaboration, Search for an Lμ − Lτ gauge boson using
Z→ 4μ events in proton–proton collisions at

√
s = 13 TeV. Phys.

Lett. B 792, 345 (2019). https://doi.org/10.1016/j.physletb.2019.
01.072. arXiv:1808.03684

68. J.A. Dror, R. Lasenby, M. Pospelov, Dark forces coupled to non-
conserved currents. Phys. Rev. D 96, 075036 (2017). https://doi.
org/10.1103/PhysRevD.96.075036. arXiv:1707.01503

69. A. Lenz, Constraints on a fourth generation of fermions from
Higgs Boson searches. Adv. High Energy Phys. 2013, 910275
(2013). https://doi.org/10.1155/2013/910275

70. D. Das, A. Kundu, I. Saha, Higgs data does not rule out a
sequential fourth generation with an extended scalar sector. Phys.
Rev. D 97, 011701 (2018). https://doi.org/10.1103/PhysRevD.97.
011701. arXiv:1707.03000

71. T. Araki, J. Heeck, J. Kubo, Vanishing minors in the neutrino mass
matrix from abelian gauge symmetries. JHEP 07, 083 (2012).
https://doi.org/10.1007/JHEP07(2012)083. arXiv:1203.4951

72. C. Kownacki, E. Ma, N. Pollard, M. Zakeri, Generalized gauge
U(1) family symmetry for quarks and leptons. Phys. Lett. B
766, 149 (2017). https://doi.org/10.1016/j.physletb.2017.01.013.
arXiv:1611.05017

73. K. Asai, K. Hamaguchi, N. Nagata, Predictions for the neu-
trino parameters in the minimal gauged U(1)Lμ−Lτ model.
Eur. Phys. J. C 77, 763 (2017). https://doi.org/10.1140/epjc/
s10052-017-5348-x. arXiv:1705.00419

74. M. Bauer, P. Foldenauer, M. Mosny, On the flavour struc-
ture of anomaly-free hidden photon models. Phys. Rev. D 103,
075024 (2021). https://doi.org/10.1103/PhysRevD.103.075024.
arXiv:2011.12973

75. R.H. Parker, C. Yu, W. Zhong, B. Estey, H. Müller, Measurement
of the fine-structure constant as a test of the Standard Model. Sci-
ence 360, 191 (2018). https://doi.org/10.1126/science.aap7706.
arXiv:1812.04130

76. K.R. Lynch, A note on one loop electroweak contributions to g-2:
a companion to BUHEP-01-16 (2001). arXiv:hep-ph/0108081

77. M. Pospelov, Secluded U(1) below the weak scale. Phys.
Rev. D 80, 095002 (2009). https://doi.org/10.1103/PhysRevD.80.
095002. arXiv:0811.1030

78. NA64 Collaboration, Addendum to the Proposal P348: search
for dark sector particles weakly coupled to muon with NA64μ.

123

http://arxiv.org/abs/2012.03928
http://arxiv.org/abs/2101.10334
https://doi.org/10.1007/JHEP09(2014)155
https://doi.org/10.1007/JHEP09(2014)155
http://arxiv.org/abs/1402.7065
https://doi.org/10.1016/j.physletb.2016.05.007
https://doi.org/10.1016/j.physletb.2016.05.007
http://arxiv.org/abs/1602.03810
https://doi.org/10.1103/PhysRevLett.122.201802
https://doi.org/10.1103/PhysRevLett.122.201802
http://arxiv.org/abs/1811.09719
https://doi.org/10.1103/PhysRevD.101.055014
https://doi.org/10.1103/PhysRevD.101.055014
http://arxiv.org/abs/1908.04818
https://doi.org/10.1007/JHEP09(2018)153
https://doi.org/10.1007/JHEP09(2018)153
http://arxiv.org/abs/1804.03144
https://doi.org/10.1103/PhysRevD.91.095015
http://arxiv.org/abs/1412.1400
https://doi.org/10.1016/j.physletb.2018.06.043
https://doi.org/10.1016/j.physletb.2018.06.043
http://arxiv.org/abs/1801.10448
https://doi.org/10.1007/JHEP10(2020)207
http://arxiv.org/abs/2004.03124
https://doi.org/10.1103/PhysRevLett.124.041802
https://doi.org/10.1103/PhysRevLett.124.041802
http://arxiv.org/abs/1902.07715
http://arxiv.org/abs/1509.08702
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1126/science.aao0990
http://arxiv.org/abs/1708.01294
https://doi.org/10.1103/PhysRevLett.126.012002
https://doi.org/10.1103/PhysRevLett.126.012002
http://arxiv.org/abs/2003.10630
https://doi.org/10.1103/PhysRevD.98.015005
https://doi.org/10.1103/PhysRevD.98.015005
http://arxiv.org/abs/1803.01224
https://doi.org/10.1007/JHEP12(2020)155
https://doi.org/10.1007/JHEP12(2020)155
http://arxiv.org/abs/2006.11225
https://doi.org/10.1103/PhysRevD.104.015015
https://doi.org/10.1103/PhysRevD.104.015015
http://arxiv.org/abs/2103.10196
https://doi.org/10.1103/PhysRevD.102.113014
https://doi.org/10.1103/PhysRevD.102.113014
http://arxiv.org/abs/2008.02759
http://arxiv.org/abs/2103.08401
https://doi.org/10.1007/JHEP02(2020)123
https://doi.org/10.1007/JHEP02(2020)123
http://arxiv.org/abs/1911.00762
https://p25ext.lanl.gov/%7Elee/CaptainMills/
https://p25ext.lanl.gov/%7Elee/CaptainMills/
https://doi.org/10.1103/PhysRevD.102.052007
http://arxiv.org/abs/1911.06422
https://doi.org/10.1007/JHEP07(2018)094
https://doi.org/10.1007/JHEP07(2018)094
http://arxiv.org/abs/1803.05466
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1103/PhysRevLett.113.091801
http://arxiv.org/abs/1406.2332
https://doi.org/10.1016/0370-2693(90)90146-W
https://doi.org/10.1016/0370-2693(90)90146-W
https://doi.org/10.1103/PhysRevD.94.011102
https://doi.org/10.1103/PhysRevD.94.011102
http://arxiv.org/abs/1606.03501
https://doi.org/10.1016/j.physletb.2019.01.072
https://doi.org/10.1016/j.physletb.2019.01.072
http://arxiv.org/abs/1808.03684
https://doi.org/10.1103/PhysRevD.96.075036
https://doi.org/10.1103/PhysRevD.96.075036
http://arxiv.org/abs/1707.01503
https://doi.org/10.1155/2013/910275
https://doi.org/10.1103/PhysRevD.97.011701
https://doi.org/10.1103/PhysRevD.97.011701
http://arxiv.org/abs/1707.03000
https://doi.org/10.1007/JHEP07(2012)083
http://arxiv.org/abs/1203.4951
https://doi.org/10.1016/j.physletb.2017.01.013
http://arxiv.org/abs/1611.05017
https://doi.org/10.1140/epjc/s10052-017-5348-x
https://doi.org/10.1140/epjc/s10052-017-5348-x
http://arxiv.org/abs/1705.00419
https://doi.org/10.1103/PhysRevD.103.075024
http://arxiv.org/abs/2011.12973
https://doi.org/10.1126/science.aap7706
http://arxiv.org/abs/1812.04130
http://arxiv.org/abs/hep-ph/0108081
https://doi.org/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevD.80.095002
http://arxiv.org/abs/0811.1030


861 Page 26 of 27 Eur. Phys. J. C (2021) 81 :861

Technical Report. CERN-SPSC-2018-024. SPSC-P-348-ADD-3,
CERN, Geneva (2018)

79. NA64 Collaboration, Proposal for an experiment to search for
dark sector particles weakly coupled to muon at the SPS. Techni-
cal Report. CERN-SPSC-2019-002. SPSC-P-359, CERN, Geneva
(2019)

80. S.N. Gninenko, N.V. Krasnikov, V.A. Matveev, Search for dark
sector physics with NA64. Phys. Part. Nucl. 51, 829 (2020).
https://doi.org/10.1134/S1063779620050044. arXiv:2003.07257

81. J.D. Bjorken, R. Essig, P. Schuster, N. Toro, New fixed-target
experiments to search for dark gauge forces. Phys. Rev. D 80,
075018 (2009). https://doi.org/10.1103/PhysRevD.80.075018.
arXiv:0906.0580

82. K.J. Kim, Y.-S. Tsai, Improved Weizsacker–Williams methods
and its application to lepton and W boson pair production. Phys.
Rev. D 8, 3109 (1973). https://doi.org/10.1103/PhysRevD.8.3109

83. Y.-S. Tsai, Axion bremsstrahlung by an electron beam. Phys. Rev.
D 34, 1326 (1986). https://doi.org/10.1103/PhysRevD.34.1326

84. Y.-S. Tsai, Pair production and bremsstrahlung of charged lep-
tons. Rev. Mod. Phys. 46, 815 (1974). https://doi.org/10.1103/
RevModPhys.46.815

85. C.-Y. Chen, M. Pospelov, Y.-M. Zhong, Muon beam experiments
to probe the dark sector. Phys. Rev. D 95, 115005 (2017). https://
doi.org/10.1103/PhysRevD.95.115005. arXiv:1701.07437

86. Particle Data Group Collaboration, Review of particle physics.
PTEP 2020, 083C01 (2020). https://doi.org/10.1093/ptep/
ptaa104

87. D.V. Kirpichnikov, V.E. Lyubovitskij, A.S. Zhevlakov, Implica-
tion of hidden sub-GeV bosons for the (g−2)μ, 8Be-4He anomaly,
proton charge radius, EDM of fermions, and dark axion por-
tal. Phys. Rev. D 102, 095024 (2020). https://doi.org/10.1103/
PhysRevD.102.095024. arXiv:2002.07496

88. G.J. Feldman, R.D. Cousins, A unified approach to the
classical statistical analysis of small signals. Phys. Rev. D
57, 3873 (1998). https://doi.org/10.1103/PhysRevD.57.3873.
arXiv:physics/9711021

89. F. Kahlhoefer, S. Kulkarni, S. Wild, Exploring light medi-
ators with low-threshold direct detection experiments. JCAP
11, 016 (2017). https://doi.org/10.1088/1475-7516/2017/11/016.
arXiv:1707.08571

90. P.B. Denton, Y. Farzan, I.M. Shoemaker, Testing large non-
standard neutrino interactions with arbitrary mediator mass after
COHERENT data. JHEP 07, 037 (2018). https://doi.org/10.1007/
JHEP07(2018)037. arXiv:1804.03660

91. B. Dutta, S. Liao, S. Sinha, L.E. Strigari, Searching for beyond
the standard model physics with COHERENT energy and tim-
ing data. Phys. Rev. Lett. 123, 061801 (2019). https://doi.org/10.
1103/PhysRevLett.123.061801. arXiv:1903.10666

92. P. Coloma, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz,
COHERENT enlightenment of the neutrino dark side. Phys.
Rev. D 96, 115007 (2017). https://doi.org/10.1103/PhysRevD.96.
115007. arXiv:1708.02899

93. P. Coloma, I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni,
Improved global fit to non-standard neutrino Interactions using
COHERENT energy and timing data. JHEP 02, 023 (2020).
https://doi.org/10.1007/JHEP02(2020)023. arXiv:1911.09109

94. L.J. Flores, N. Nath, E. Peinado, Non-standard neutrino
interactions in U(1)’ model after COHERENT data. JHEP
06, 045 (2020). https://doi.org/10.1007/JHEP06(2020)045.
arXiv:2002.12342

95. O.G. Miranda, D.K. Papoulias, G. Sanchez Garcia, O. Sanders,
M. Tórtola, J.W.F. Valle, Implications of the first detection
of coherent elastic neutrino-nucleus scattering (CEvNS) with
Liquid Argon. JHEP 05, 130 (2020). https://doi.org/10.1007/
JHEP05(2020)130. arXiv:2003.12050

96. Y. Farzan, M. Lindner, W. Rodejohann, X.-J. Xu, Probing neu-
trino coupling to a light scalar with coherent neutrino scattering.
JHEP 05, 066 (2018). https://doi.org/10.1007/JHEP05(2018)066.
arXiv:1802.05171

97. V. Brdar, W. Rodejohann, X.-J. Xu, Producing a new fermion in
coherent elastic neutrino-nucleus scattering: from neutrino mass
to dark matter. JHEP 12, 024 (2018). https://doi.org/10.1007/
JHEP12(2018)024. arXiv:1810.03626

98. D. Aristizabal Sierra, B. Dutta, S. Liao, L.E. Strigari, Coherent
elastic neutrino-nucleus scattering in multi-ton scale dark matter
experiments: classification of vector and scalar interactions new
physics signals. JHEP 12, 124 (2019). https://doi.org/10.1007/
JHEP12(2019)124. arXiv:1910.12437

99. D. Aristizabal Sierra, V. De Romeri, N. Rojas, CP violating
effects in coherent elastic neutrino-nucleus scattering processes.
JHEP 09, 069 (2019). https://doi.org/10.1007/JHEP09(2019)069.
arXiv:1906.01156

100. J. Billard, J. Johnston, B.J. Kavanagh, Prospects for exploring
new physics in coherent elastic neutrino-nucleus scattering. JCAP
11, 016 (2018). https://doi.org/10.1088/1475-7516/2018/11/016.
arXiv:1805.01798

101. COHERENT Collaboration, COHERENT Collaboration data
release from the first observation of coherent elastic neutrino-
nucleus scattering (2018). https://doi.org/10.5281/zenodo.
1228631. arXiv:1804.09459

102. R.H. Helm, Inelastic and elastic scattering of 187-Mev electrons
from selected even-even nuclei. Phys. Rev. 104, 1466 (1956).
https://doi.org/10.1103/PhysRev.104.1466

103. J. Lewin, P. Smith, Review of mathematics, numerical factors,
and corrections for dark matter experiments based on elastic
nuclear recoil. Astropart. Phys. 6, 87 (1996). https://doi.org/10.
1016/S0927-6505(96)00047-3

104. N. Vinyoles, A.M. Serenelli, F.L. Villante, S. Basu, J. Bergström,
M.C. Gonzalez-Garcia et al., A new generation of standard solar
models. Astrophys. J. 835, 202 (2017). https://doi.org/10.3847/
1538-4357/835/2/202. arXiv:1611.09867

105. B.J. Mount et al., LUX-ZEPLIN (LZ) technical design report.
(2017). arXiv:1703.09144

106. XENON Collaboration, Projected WIMP sensitivity of the
XENONnT dark matter experiment. JCAP 11, 031 (2020). https://
doi.org/10.1088/1475-7516/2020/11/031. arXiv:2007.08796

107. DARWIN Collaboration, DARWIN: towards the ultimate dark
matter detector. JCAP 11, 017 (2016). https://doi.org/10.1088/
1475-7516/2016/11/017. arXiv:1606.07001

108. LUX-ZEPLIN Collaboration, Projected WIMP sensitivity of
the LUX-ZEPLIN dark matter experiment. Phys. Rev. D 101,
052002 (2020). https://doi.org/10.1103/PhysRevD.101.052002.
arXiv:1802.06039

109. LUX Collaboration, Signal yields, energy resolution, and
recombination fluctuations in liquid xenon. Phys. Rev. D 95,
012008 (2017). https://doi.org/10.1103/PhysRevD.95.012008.
arXiv:1610.02076

110. LZ Collaboration, Projected sensitivities of the LUX-ZEPLIN
(LZ) experiment to new physics via low-energy electron recoils.
(2021). arXiv:2102.11740

111. XENON Collaboration, Dark matter search results from
a one ton-year exposure of XENON1T. Phys. Rev. Lett.
121, 111302 (2018). https://doi.org/10.1103/PhysRevLett.121.
111302. arXiv:1805.12562

112. XENON Collaboration, Excess electronic recoil events in
XENON1T. Phys. Rev. D 102, 072004 (2020). https://doi.org/
10.1103/PhysRevD.102.072004. arXiv:2006.09721

113. L. Baudis, A. Ferella, A. Kish, A. Manalaysay, T. Marro-
dan Undagoitia, M. Schumann, Neutrino physics with multi-ton
scale liquid xenon detectors. JCAP 01, 044 (2014). https://doi.
org/10.1088/1475-7516/2014/01/044. arXiv:1309.7024

123

https://doi.org/10.1134/S1063779620050044
http://arxiv.org/abs/2003.07257
https://doi.org/10.1103/PhysRevD.80.075018
http://arxiv.org/abs/0906.0580
https://doi.org/10.1103/PhysRevD.8.3109
https://doi.org/10.1103/PhysRevD.34.1326
https://doi.org/10.1103/RevModPhys.46.815
https://doi.org/10.1103/RevModPhys.46.815
https://doi.org/10.1103/PhysRevD.95.115005
https://doi.org/10.1103/PhysRevD.95.115005
http://arxiv.org/abs/1701.07437
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.102.095024
https://doi.org/10.1103/PhysRevD.102.095024
http://arxiv.org/abs/2002.07496
https://doi.org/10.1103/PhysRevD.57.3873
http://arxiv.org/abs/physics/9711021
https://doi.org/10.1088/1475-7516/2017/11/016
http://arxiv.org/abs/1707.08571
https://doi.org/10.1007/JHEP07(2018)037
https://doi.org/10.1007/JHEP07(2018)037
http://arxiv.org/abs/1804.03660
https://doi.org/10.1103/PhysRevLett.123.061801
https://doi.org/10.1103/PhysRevLett.123.061801
http://arxiv.org/abs/1903.10666
https://doi.org/10.1103/PhysRevD.96.115007
https://doi.org/10.1103/PhysRevD.96.115007
http://arxiv.org/abs/1708.02899
https://doi.org/10.1007/JHEP02(2020)023
http://arxiv.org/abs/1911.09109
https://doi.org/10.1007/JHEP06(2020)045
http://arxiv.org/abs/2002.12342
https://doi.org/10.1007/JHEP05(2020)130
https://doi.org/10.1007/JHEP05(2020)130
http://arxiv.org/abs/2003.12050
https://doi.org/10.1007/JHEP05(2018)066
http://arxiv.org/abs/1802.05171
https://doi.org/10.1007/JHEP12(2018)024
https://doi.org/10.1007/JHEP12(2018)024
http://arxiv.org/abs/1810.03626
https://doi.org/10.1007/JHEP12(2019)124
https://doi.org/10.1007/JHEP12(2019)124
http://arxiv.org/abs/1910.12437
https://doi.org/10.1007/JHEP09(2019)069
http://arxiv.org/abs/1906.01156
https://doi.org/10.1088/1475-7516/2018/11/016
http://arxiv.org/abs/1805.01798
https://doi.org/10.5281/zenodo.1228631
https://doi.org/10.5281/zenodo.1228631
http://arxiv.org/abs/1804.09459
https://doi.org/10.1103/PhysRev.104.1466
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.3847/1538-4357/835/2/202
https://doi.org/10.3847/1538-4357/835/2/202
http://arxiv.org/abs/1611.09867
http://arxiv.org/abs/1703.09144
https://doi.org/10.1088/1475-7516/2020/11/031
https://doi.org/10.1088/1475-7516/2020/11/031
http://arxiv.org/abs/2007.08796
https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1088/1475-7516/2016/11/017
http://arxiv.org/abs/1606.07001
https://doi.org/10.1103/PhysRevD.101.052002
http://arxiv.org/abs/1802.06039
https://doi.org/10.1103/PhysRevD.95.012008
http://arxiv.org/abs/1610.02076
http://arxiv.org/abs/2102.11740
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
http://arxiv.org/abs/1805.12562
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
http://arxiv.org/abs/2006.09721
https://doi.org/10.1088/1475-7516/2014/01/044
https://doi.org/10.1088/1475-7516/2014/01/044
http://arxiv.org/abs/1309.7024


Eur. Phys. J. C (2021) 81 :861 Page 27 of 27 861

114. J.-W. Chen, H.-C. Chi, C.P. Liu, C.-P. Wu, Low-energy elec-
tronic recoil in xenon detectors by solar neutrinos. Phys. Lett. B
774, 656 (2017). https://doi.org/10.1016/j.physletb.2017.10.029.
arXiv:1610.04177

115. LUX Collaboration, Low-energy (0.7–74 keV) nuclear recoil cal-
ibration of the LUX dark matter experiment using D-D neutron
scattering kinematics (2016). arXiv:1608.05381

123

https://doi.org/10.1016/j.physletb.2017.10.029
http://arxiv.org/abs/1610.04177
http://arxiv.org/abs/1608.05381

	Confirming U(1)Lµ-Lτ as a solution for (g-2)µ with neutrinos
	Abstract 
	1 Introduction
	2 Muon-philic vector mediators and (g-2)µ
	2.1 Muon anomalous magnetic moment
	2.2 Benchmark points and analysis strategy

	3 Muon beam experiments
	3.1 Signals of (g-2)µ at NA64µ
	3.2 Parameter estimation after future detection

	4 CEνNS at spallation sources
	4.1 Combination with NA64µ

	5 Direct detection experiments
	6 Conclusions
	Acknowledgements
	A Appendix A: Discovery Lines for LZ and XENONnT
	References




