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We discuss the prospects of probing the L, — L, gauge boson at the MUonE experiment. The L, — L,
gauge boson Z’ with a mass of <200 MeV, which can explain the discrepancy between the measured value
of the muon g —2 and the value calculated in the Standard Model, can be produced at the MUonE
experiment through the process pe — peZ'. The Z' in the final state decays into a pair of neutrinos, and
therefore we cannot observe the decay of Z’ directly. It is, however, still possible to probe this signature by
searching for events with a large scattering angle of muon and a less energetic final-state electron. The
background events coming from the elastic scattering pe — ue as well as radiative process pe — uey can
be removed by the kinematical cuts on the muon scattering angle and the electron energy, in addition to a
photon veto. The background events from the electroweak process pe — pevv are negligible. With our
selection criteria, the number of signal events pe — peZ' is found to be as large as ~103, assuming an
integrated luminosity of 15 fb~!, in the parameter region motivated by the muon g — 2 discrepancy. It is,
therefore, quite feasible to probe the L, — L, gauge boson at the MUonE experiment—without introducing
additional devices—and we strongly recommend recording the events relevant to this Z’' production

process.
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I. INTRODUCTION

The latest measurement of the anomalous magnetic
moment (g —2) of muon by the Fermilab Muon ¢ —2
Experiment [1], combined with the previous result by the
Brookhaven National Laboratory E821 experiment [2],
shows that the measured value of the muon g — 2 deviates
from the value calculated in the Standard Model (SM) [3]
by 4.2¢. The largest uncertainty in the SM calculation at the
present moment comes from the hadronic vacuum polari-
zation (HVP) contribution. In Ref. [3], the Muon g —2
Theory Initiative determined the HVP contribution from
eTe™ data [4-10]. A recent lattice QCD simulation [11],
however, found a value of the HVP contribution larger than
that presented in Ref. [3], which considerably relaxes the
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g —?2 discrepancy. It is, thus, of great importance to
improve the determination of the HVP contribution in
order to clarify the situation.

The MUonE experiment [12,13] aims at determining the
HVP contribution with a method [14] different from the
aforementioned ones. In this experiment, muons with an
energy of 150 GeV collide with electrons at rest. Through
precise measurements of the differential scattering cross
sections of the ue — pe process, the size of the HVP
contribution in spacelike momentum region is extracted,
from which one can determine the HVP contribution to the
muon g — 2. The precision of this evaluation is expected to
be comparable to or smaller than the present uncertainty in
the calculation of the HVP contribution and, in particular, is
smaller than the size of the g — 2 discrepancy by about an
order of magnitude. A test run of the MUonE experiment
was scheduled in 2021 [15]; if successful, full running may
be performed in 2022-2024 [16].

In the meantime, there have been a variety of proposals
to explain the muon g — 2 discrepancy in models beyond
the SM. A simple, successful class of models are based on
the L, — L, gauge theory [17-20], where a massive gauge
boson associated with this gauge symmetry, called the
L, — L, gauge boson (Z'), contributes to the muon mag-
netic moment at one-loop level. This type of gauge theory
was first considered as a potential way to promote a global
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symmetry in the SM to a gauge symmetry. As it turns out,
this gauge theory allows the introduction of right-handed
neutrinos as well. Moreover, a minimal setup with three
right-handed neutrinos is found to provide a neutrino-mass
structure compatible with the current neutrino experimental
data [21-24], even though it is highly constrained by this
gauge symmetry due to its flavor dependence [25-30].
As discussed in a number of previous studies [31-81], the
observed value of the muon g—2 discrepancy can be
explained by the L, — L, gauge models while evading the
current experimental limits, for a mass of Z' in the
range my ~ 10-200 MeV.

As the MUonE experiment is designed to determine the
HVP contribution with a precision much better than the
4.2 discrepancy, one may expect that it is also sensitive to
the new physics contributions accounting for the discrep-
ancy. This expectation, however, turns out to be generically
incorrect—as shown in Refs. [82-84], the measurement of
the yue — pe elastic scattering at the MUonE experiment is
actually insensitive to new physics effects. In particular, the
contribution of Z’ in the L, — L, models to the pe — pe
process, which is induced at one-loop level, is smaller than
the HVP contribution by orders of magnitude, and the
parameter regions where this measurement has sensitivities
have already been excluded by other experiments.

Nevertheless, we point out in this paper that we can
probe the L, — L, models at the MUonE experiment by
searching for the signature associated with the direct
production of Z', pe — peZ'.

II. KINEMATICS

The MUonE experiment [12,13] plans to use the
150-GeV muon beam at the CERN North Area, with the
target being electrons in beryllium atoms. The experimental
apparatus consists of a series of 40 stations, each of which
has a 15-mm-thick Be target and tracking sensors. Right
after these 40 stations, an electromagnetic calorimeter
(ECAL) is located. A muon filter with muon chambers
is placed at the end. See Letter of Intent [13] for more
details on the detector setup and its projected performance.

The primary target of the MUonE experiment is the
elastic scattering process, ue — ue, where the initial-state
electron is at rest. Given the initial energy of muon
E,; =150 GeV, the energies and the scattering angles
of the final-state electron and muon are determined as
functions of one parameter. For example, the muon
scattering angle 6, is related to the electron scattering
angle 6, by

2tané,
(1+R)(1+y*tan’6,) =2’

tan6, = (1)
where R = (m% + m,E,;)/(m% + m,E, ;) with m, and m,
the masses of muon and electron, respectively, and
y = (m, +E,;)/+/s with \/s the center-of-mass energy:
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FIG. 1. Minimum value of E, (E,,) under the condition
0, > 0,4 as a function of 0, for pe — pe (ue — pey). The
vertical dashed and horizontal dotted lines correspond to the
threshold values of 6, and E, we require for our selection criteria,
respectively.

s = mi +m2+ 2m,E, ;. (2)
In addition, the final-state electron energy E, is given by

1+ p?cos? 6,
“1-p%cos?8,’

(3)

E,=m

with = \/E}., —m}/(E,; + m,). From Eq. (1), we see

that there is a maximum value of 6, ngmax) =

1/(yVR?> = 1) ~4.84 mrad.

Suppose that we require 6, to be larger than a certain
threshold value 6, 4, < 6\™™) This restricts 6,, and thus E,
as well, to be in a finite range, according to Egs. (1) and (3),
respectively. In particular, the maximum value of 8, within
this range corresponds to the minimum value of E, for
(min)
e

0, > 0, , which we denote by E,; in Fig. 1, we plot

ES’““) as a function of 6, ,.

Another process that could contaminate the elastic
scattering process is the ue — pey process. For later use,
we consider the minimum value of E,, = E, + E, under
the condition 6, > 6, ,, where E, is the energy of the final-
state photon. To obtain this, we define mgy = (p, + py)z,
where p, and p, are the four-momenta of the final-state
electron and photon, respectively. In the center-of-mass
frame, this quantity is evaluated as mfy =5+ mﬁ -
2\/SE, ¢y, With E, ., the outgoing muon energy in this
frame. We see that EM.Cm, and therefore E,, as well, is
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maximized for a minimum value of mgy. This consequence
does not depend on the muon scattering angle. Because of
the energy-conservation law, E,, is minimized when E,, is
maximized; hence, the minimum value of E,, is obtained
when mZ,
gy — m?2 for E, — 0, i.e., in the soft photon limit. Since
this limit corresponds to the elastic scattering discussed
above, we conclude that E,, > Eémm) for 6, > 0, 4, and
thus Fig. 1 can also be regarded as the lower limit on E,, in
the yue — pey process under the condition 6, > 0, .
From Eq. (2), we have /s ~ 406 MeV. This means that
we can create a new particle at the MUonE if its mass is
<300 MeV. In particular, the L, — L, gauge boson with a
mass my < 300 MeV can be produced through the process
ue — peZ'. The Z' decays into a pair of neutrinos, and
therefore cannot be observed directly. We, however, show
below that it is still possible to detect this signature if we

impose appropriate selection conditions.

is minimized. Now, note that mZ, > m;, and
m

III. SEARCH STRATEGY AND RESULTS

Let us now describe the search strategy and show its
prospects for the Z’ analysis. To remove the SM background
processes, we impose the following selection criteria:

(i) 6, > 1.5 mrad.

(i) 1 GeV < E, < 25 GeV.

(ii1)) Photon veto.
Note that 6, can be measured with a resolution of
0(0.01) mrad at the MUonE. E, and E, are measured by
the ECAL, which is expected to offer an energy resolution
of <10%.'

We show the minimum value of 6, in (i) and the
maximum value of E, in (ii) in the vertical dashed and
horizontal dotted lines in Fig. 1, respectively. From this
plot, it can be immediately seen that the elastic scattering
process never occurs under the conditions (i) and (ii); with

(i), the minimum value of E\™™ is ~38 GeV, which is out
of the range of (ii).2

The pe — pey process can occur under the conditions (i)
and (i), but in this case E, must be larger than
38 GeV — E, 2 13 GeV. Such an energetic photon can

'Our strategy relies on the resolution of the ECAL, and the sen-
sitivity of the muon angle, but is independent of the electron angle
which tends to be affected by the multiple scattering.

In actual experiments, a small fraction of the elastic scattering
events may leak into the signal region due to the energy resolution
of the ECAL, which is estimated to be ~2-5% for E, = 40 GeV
depending on the position at which the electron is produced [13].
This position dependence originates from the secondary inter-
actions with the silicon detectors and Be targets, and by
reconstructing the pattern of hits along the electron track it
may be possible to improve the energy resolution [13]. In any
case, the conditions (i) and (ii) should be tuned after the detector
calibration so that the contamination of the elastic scattering
events is suppressed sufficiently.

be detected at the ECAL if the final-state electron and
photon are well separated,3 and thus would be vetoed by the
condition (iii). We can show that the photon is emitted in
the forward direction, 6, < 6 mrad*; the present design of
the MUonE experiment supposes the ECAL transverse
dimension of O(1 x 1) m? [13], with which all the photons
are expected to hit the ECAL. If, on the other hand, the
electron and photon cannot be distinguished in the ECAL,
they are detected as a single electron having energy larger
than 38 GeV—this event is eliminated by the condition (ii).
Therefore, both the yue — ue and pe — pey processes can
be safely removed with our selection criteria, just by
kinematics.

Other potential background sources include multiple
scattering associated with the pe — ue process, muon-
nuclear scattering, and ye — pevv induced by the electro-
weak gauge boson exchange. The significance of the first
two strongly depends on the experimental setup, which is
not fully fixed yet; hence, the evaluation of the number of
events associated with these background sources is beyond
the scope of this paper. We, however, expect that these two
can be well controlled. Multiple scattering may mimic the
signal-like signature if the muon scattering angle satisfies
the condition (i) and the electron loses its energy by a
subsequent scattering to fall into the signal range (ii); or the
final-state electron energy is within the range (ii) and the
muon undergoes a second scattering so that its scattering
angle gets larger to satisfy (i). In both cases, there should be
a sizable energy deposit at the second scattering point,
which can be detected as a kink/branch of the track. For
muon-nuclear scattering events, they are expected to be
identified by using track multiplicity as discussed in
Ref. [13]. On the contrary, the electroweak processes for
ue — pevy cannot be eliminated by the kinematical cuts,
since they yield the same final state as that of yue — peZ’.
We thus compute the number of these events using
Monte Carlo simulations.

Figure 2 shows the distribution of E, of signal
events under the condition (i) for two sets of parameters:
mz=100MeV and g, = 1073 (green); and m, = 10 MeV

>The angular resolution of the ECAL is <1 mrad [13].

*To see this, note that in the ue — pey process, the sum of the
final-state electron and photon momenta, p,, =p, + p,., is fully
determined as a function of £, and 6, and so is its angle with respect
to the beam axis, 0,, . The angle betweenp, and p,,, 0., ., is given by

Ee mg - mg
ery — T T s = (4)
Ipeyl 2lpey‘(Eey - Ee)

> m2, and thus

cos

2 is maximized when E, is

ey ery
(max)
14

maximized, i.e., for E, ~ 25 GeV. This maximum value, 8., , ’, sets
(max)

an upper limiton &, fora given setof £, and 0,,: 0, < Ocyy* + 0,,.
By varying E,, and 0, within their allowed range, we then obtain an
upper limit on 6,: 6, < 6 mrad.

Asnoted above, m
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FIG. 2. Distribution of E, of signal events for the two choices
of the parameter points under the condition (i) for an integrated
luminosity of 15 tb~!. Gray-shaded regions are out of the range
of the condition (ii).

and g, = 5 x 107 (blue). The gauge coupling g is defined
by the Lagrangian i, = —g,Z, >, O, Wr*y, where Z), is
the L, — L, gauge boson and Q, =1 (-1) for y being
the second- (third-) generation leptons. These parameter
points can explain the observed muon g — 2 discrepancy,
as shown below. To simulate the signal events, we use

FEYNRULES v2348 [85,86] to generate the Universal
FeynRules Output (UFO) file for our model and
MADGRAPH5_AMC@NLO v3.1.1 [87] for Monte Carlo simula-
tions. Here we assume an integrated luminosity of 15 fb~!,
which is expected to be reached in a few years of data taking
[13]. As we see, the final-state electrons tend to be softer for a
larger Z' mass. In both cases shown in this figure, a large
number of events remain after further imposing the condition
(i1), which is shown in the gray shade: ~600 (1200) events for
my = 10 MeV (100 MeV).” We also find that the electrons
are scattered dominantly into the forward region
(0, <20 mrad) and thus most of them are expected to hit
the ECAL.° On the other hand, the number of events for the
electroweak processes ye — pevv, which is also computed
with MADGRAPH5_AMC@NLO v3.1.1, is found to be negligibly
small: ~10~* events for the same integrated luminos-
ity, 15 fb=1.

The low-energy electrons produced at the upstream targets
may not arrive at the calorimeter. If we discard the electrons with
energy lower than 3 (5) GeV, the number of signals is reduced at
most by a factor of 0.7 (0.5), but our main conclusion does not
change.

®The reduction of the number of signal events due to the
imperfect coverage of the ECAL, which is expected to be at most
an O(1) factor for the planned size of the ECAL, should be
evaluated once the detector setup is fixed.

gz

g—2(20)
g—2(lo)
BABAR
Borexino
CHARM-II
CCFR

1072 1 11| 1\071 1
my [GeV]

I
w

10—5 1

FIG. 3. Contour of the number of signal events for an integrated
luminosity of 15 tb~!, Nyio» under the conditions (i-iii) in the
mz-gz plane. The orange and yellow bands show the muon g — 2-
favored regions at the 1o and 2o levels, respectively. The two red
stars are the benchmark points used in Fig. 2. The green, gray, dark-
blue, and light-blue shaded areas are excluded by BABAR [88],
Borexino [90], CHARM-II [91], and CCFR [92], respectively.

To show the potential impact of our search strategy, in
Fig. 3 we show the contours of the number of signal events
for an integrated luminosity of 15 b1, Nyig» under the
conditions (i—iii) in the my-g, plane. The orange and
yellow bands correspond to the parameter regions where
the observed value of the muon g — 2 discrepancy can be
explained at the 10 and 20 levels, respectively. The two red
stars are the benchmark points used in Fig. 2, which are
found to be within the 1o band. The green-shaded area is
excluded by the BABAR experiment [88]. The Belle
experiment gives a similar limit in this region [89]. The
gray-shaded region is disfavored by the neutrino-electron
scattering data obtained at the Borexino experiment [90];
we take this bound from the result given in Ref. [51]. The
blue dark- (light-) shaded region represents the limit from
the neutrino trident production processes imposed by the
CHARM-II [91] (CCFR [92]) experiment, taken from
Ref. [35]. As seen in this figure, we expect ~10° signal
events in the muon g — 2-favored region. For low-mass
regions, O(1) events are obtained for g, as small as
afew x 107, The sensitivity is comparable to the reach
of NA64y [93] for my <200 MeV. For my =z 100 MeV,
the number of events is suppressed kinematically, and
vanishes at m, ~ 300 MeV.

IV. DISCUSSION

We have discussed the prospects of probing the L, — L,
gauge boson at the MUonE experiment, by searching for
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events with (i) 6, > 15 mrad and (i) 1 GeV <
E, <25 GeV. For the SM background, elastic scattering
events, pue — ue, do not yield such a signature as a large
muon scattering angle is always accompanied by an
energetic electron. The pe — pey process can give rise
to this signature only when a hard photon exists, and
thus can be removed by requiring (iii) a photon veto.
The number of events of the electroweak process
ue — pevp turns out to be negligibly small. We find that
the number of signal events ue — ueZ’ is as large as ~103
in the parameter region motivated by the muon g—2
discrepancy. It is, therefore, quite feasible to probe the
L, — L, gauge boson at the MUonE experiment, without
introducing additional devices, and we strongly recom-
mend recording the events relevant to this Z' production
process.

It is possible to improve our selection criteria (i—iii), by
optimizing the threshold values and using additional
variables, such as 8,, acoplanarity, etc. Such an optimiza-
tion can be considered once the detector setup is fully fixed
and its performance is well understood. Moreover, an
additional detector to measure the muon energy/momentum
could be useful to improve the search strategy; with this, we
can easily detect the missing energy carried by Z'. We also

note that with such a detector, it is in principle possible to
fully reconstruct the four-momentum of the produced Z’
and, in particular, to measure its mass. The size of g, can
also be estimated from the number of events. This infor-
mation allows us to test the explanation of the muon g — 2
discrepancy with the L, — L, gauge models.

There are other potential SM background processes not
quantitatively discussed in this work, due to the lack of
knowledge on the actual experimental setup and detector
performance. Although we expect they are controllable as
argued above, the validation of this argument and precise
evaluation of the number of events associated with the
processes are certainly required. We will return to these and
other issues in the future.

ACKNOWLEDGMENTS
This work is supported in part by the Grant-in-Aid for
Innovative Areas (Grants No. 19H05810 [K.H.],

No. 19H05802 [K.H.], and No. 18H05542 [N.N.]),
Scientific Research B (Grant No. 20H01897 [K. H. and
N.N.]), Young Scientists (Grant No. 21K13916 [N. N.]),
Research Activity Start-up (Grant No. 21K20365 [K. A.]),
and JSPS KAKENHI (Grant No. 20J22214 [S.-Y. T.)).

[1] Muon g-2 Collaboration, Measurement of the Positive
Muon Anomalous Magnetic Moment to 0.46 ppm, Phys.
Rev. Lett. 126, 141801 (2021).

[2] Muon g-2 Collaboration, Final report of the muon E821
anomalous magnetic moment measurement at BNL,
Phys. Rev. D 73, 072003 (2006).

[3] T. Aoyama et al., The anomalous magnetic moment of the
muon in the Standard Model, Phys. Rep. 887, 1 (2020).

[4] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang,
Reevaluation of the hadronic vacuum polarisation contri-
butions to the Standard Model predictions of the muon g — 2
and a(m%) using newest hadronic cross-section data, Eur.
Phys. J. C 77, 827 (2017).

[5] A. Keshavarzi, D. Nomura, and T. Teubner, Muon g — 2 and
a(M%): A new data-based analysis, Phys. Rev. D 97,
114025 (2018).

[6] G. Colangelo, M. Hoferichter, and P. Stoffer, Two-pion
contribution to hadronic vacuum polarization, J. High
Energy Phys. 02 (2019) 006.

[7] M. Hoferichter, B.-L. Hoid, and B. Kubis, Three-pion
contribution to hadronic vacuum polarization, J. High
Energy Phys. 08 (2019) 137.

[8] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, A new
evaluation of the hadronic vacuum polarisation contribu-
tions to the muon anomalous magnetic moment and to
a(m%), Bur. Phys. J. C 80, 241 (2020); 80, 410(E) (2020).

[9] A. Keshavarzi, D. Nomura, and T. Teubner, The g — 2 of
charged leptons, a(M2) and the hyperfine splitting of
muonium, Phys. Rev. D 101, 014029 (2020).

[10] A. Kurz, T. Liu, P. Marquard, and M. Steinhauser, Hadronic
contribution to the muon anomalous magnetic moment to
next-to-next-to-leading order, Phys. Lett. B 734, 144 (2014).

[11] S. Borsanyi et al., Leading hadronic contribution to the
muon magnetic moment from lattice QCD, Nature (London)
593, 51 (2021).

[12] G. Abbiendi, C.M. Carloni Calame, U. Marconi, C.
Matteuzzi, G. Montagna, O. Nicrosini, M. Passera, F.
Piccinini, R. Tenchini, L. Trentadue, and G. Venanzoni,
Measuring the leading hadronic contribution to the muon
g-2 via pe scattering, Eur. Phys. J. C 77, 139 (2017).

[13] G. Abbiendi et al., Letter of intent: The MUonE project
(2019), https://cds.cern.ch/record/2677471.

[14] C.M. Carloni Calame, M. Passera, L. Trentadue, and G.
Venanzoni, A new approach to evaluate the leading hadronic
corrections to the muon ¢g—2, Phys. Lett. B 746, 325
(2015).

[15] MUonE Collaboration, Status of the MUonE experiment,
Proc. Sci. ICHEP2020 (2021) 223 [arXiv:2012.07016].

[16] G. Venanzoni, Status of MUonE and RadioMonteCarLow
(+Strong2020) activities, https://agenda.hepl.phys.nagoya-
u.ac.jp/indico/getFile.py/access?contribld=16&sessionld=
4&resld=0&xcmaterialld=slides&confld=1691. Muon g-2

L051702-5


https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1007/JHEP02(2019)006
https://doi.org/10.1007/JHEP02(2019)006
https://doi.org/10.1007/JHEP08(2019)137
https://doi.org/10.1007/JHEP08(2019)137
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1140/epjc/s10052-020-7857-2
https://doi.org/10.1103/PhysRevD.101.014029
https://doi.org/10.1016/j.physletb.2014.05.043
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1140/epjc/s10052-017-4633-z
https://cds.cern.ch/record/2677471
https://cds.cern.ch/record/2677471
https://cds.cern.ch/record/2677471
https://doi.org/10.1016/j.physletb.2015.05.020
https://doi.org/10.1016/j.physletb.2015.05.020
https://arXiv.org/abs/2012.07016
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/getFile.py/access?contribId=16&sessionId=4&resId=0&xcmaterialId=slides&confId=1691

ASAI, HAMAGUCHI, NAGATA, TSENG, and WADA

PHYS. REV. D 106, L051702 (2022)

theory initiative workshop in memoriam Simon Eidelman,
2021.

[17] R. Foot, New physics from electric charge quantization?,
Mod. Phys. Lett. A 06, 527 (1991).

[18] X.G. He, G.C. Joshi, H. Lew, and R.R. Volkas, New
Z-prime phenomenology, Phys. Rev. D 43, R22 (1991).

[19] X.-G. He, G. C. Joshi, H. Lew, and R. R. Volkas, Simplest
Z-prime model, Phys. Rev. D 44, 2118 (1991).

[20] R. Foot, X. G. He, H. Lew, and R. R. Volkas, Model for a
light Z-prime boson, Phys. Rev. D 50, 4571 (1994).

[21] K. Asai, K. Hamaguchi, and N. Nagata, Predictions for the
neutrino parameters in the minimal gauged U(1) LL.
model, Eur. Phys. J. C 77, 763 (2017).

[22] K. Asai, K. Hamaguchi, N. Nagata, S.-Y. Tseng, and K.
Tsumura, Minimal gauged U(1) 1,1, models driven into a
corner, Phys. Rev. D 99, 055029 (2019).

[23] K. Asai, Predictions for the neutrino parameters in the
minimal model extended by linear combination of
U(1),,—p,» U(1),,—,, and U(1)p_, gauge symmetries,
Eur. Phys. J. C 80, 76 (2020).

[24] K. Asai, K. Hamaguchi, N. Nagata, and S.-Y. Tseng,
Leptogenesis in the minimal gauged U(1) L,-L, model
and the sign of the cosmological baryon asymmetry,
J. Cosmol. Astropart. Phys. 11 (2020) 013.

[25] G.C. Branco, W. Grimus, and L. Lavoura, The seesaw
mechanism in the presence of a conserved lepton number,
Nucl. Phys. B312, 492 (1989).

[26] S. Choubey and W. Rodejohann, A Flavor symmetry for
quasi-degenerate neutrinos: L(mu)—L(tau), Eur. Phys. J. C
40, 259 (2005).

[27] T. Araki, J. Heeck, and J. Kubo, Vanishing minors in the
neutrino mass matrix from Abelian gauge symmetries,
J. High Energy Phys. 07 (2012) 083.

[28] J. Heeck Ph. D. thesis, Heidelberg University, 2014.

[29] A. Crivellin, G. D’ Ambrosio, and J. Heeck, Addressing the
LHC flavor anomalies with horizontal gauge symmetries,
Phys. Rev. D 91, 075006 (2015).

[30] R. Plestid, Consequences of an Abelian Z' for neutrino
oscillations and dark matter, Phys. Rev. D 93, 035011
(2016).

[31] S. Baek, N.G. Deshpande, X.G. He, and P. Ko, Muon
anomalous g-2 and gauged L(muon)—L(tau) models, Phys.
Rev. D 64, 055006 (2001).

[32] E. Ma, D. P. Roy, and S. Roy, Gauged L(mu)—L(tau) with
large muon anomalous magnetic moment and the bimaximal
mixing of neutrinos, Phys. Lett. B 525, 101 (2002).

[33] J. Heeck and W. Rodejohann, Gauged L, — L, symmetry at
the electroweak scale, Phys. Rev. D 84, 075007 (2011).

[34] K. Harigaya, T. Igari, M. M. Nojiri, M. Takeuchi, and K.
Tobe, Muon g-2 and LHC phenomenology in the L, — L,
gauge symmetric model, J. High Energy Phys. 03 (2014)
105.

[35] W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin,
Neutrino Trident Production: A Powerful Probe of New
Physics with Neutrino Beams, Phys. Rev. Lett. 113, 091801
(2014).

[36] T. Araki, F. Kaneko, Y. Konishi, T. Ota, J. Sato, and T.
Shimomura, Cosmic neutrino spectrum and the muon
anomalous magnetic moment in the gauged L, — L, model,
Phys. Rev. D 91, 037301 (2015).

[37] A. Kamada and H.-B. Yu, Coherent propagation of PeV
neutrinos and the dip in the neutrino spectrum at IceCube,
Phys. Rev. D 92, 113004 (2015).

[38] T. Araki, F. Kaneko, T. Ota, J. Sato, and T. Shimomura,
MeV scale leptonic force for cosmic neutrino spectrum and
muon anomalous magnetic moment, Phys. Rev. D 93,
013014 (2016).

[39] S. Baek, Dark matter and muon (g — 2) in local U(l)Lﬂ—L,_
extended Ma Model, Phys. Lett. B 756, 1 (2016).

[40] K. Fuyuto, W.-S. Hou, and M. Kohda, Z’ -induced FCNC
decays of top, beauty, and strange quarks, Phys. Rev. D 93,
054021 (2016).

[41] S. Patra, S. Rao, N. Sahoo, and N. Sahu, Gauged U(1), L
model in light of muon g — 2 anomaly, neutrino mass ‘and
dark matter phenomenology, Nucl. Phys. B917, 317 (2017).

[42] A. Biswas, S. Choubey, and S. Khan, Neutrino mass, dark
matter and anomalous magnetic moment of muon in a
U(l),_”_Lr model, J. High Energy Phys. 09 (2016) 147.

[43] M. Ibe, W. Nakano, and M. Suzuki, Constraints on L,-L,
gauge interactions from rare kaon decay, Phys. Rev. D 95,
055022 (2017).

[44] A. Biswas, S. Choubey, and S. Khan, FIMP and muon
(9g—2) in a U(l)LM—L, model, J. High Energy Phys. 02
(2017) 123.

[45] Y. Kaneta and T. Shimomura, On the possibility of a search
for the L, — L, gauge boson at Belle-Il and neutrino
beam experiments, Prog. Theor. Exp. Phys. 2017, 053B04
(2017).

[46] T. Araki, S. Hoshino, T. Ota, J. Sato, and T. Shimomura,
Detecting the L, — L, gauge boson at Belle II, Phys. Rev. D
95, 055006 (2017).

[47] C.-H. Chen and T. Nomura, L, — L, gauge-boson produc-
tion from lepton flavor violating = decays at Belle II, Phys.
Rev. D 96, 095023 (2017).

[48] S.N. Gninenko and N. V. Krasnikov, Probing the muon
g,—72 anomaly, L, — L, gauge boson and dark matter in
dark photon experiments, Phys. Lett. B 783, 24 (2018).

[49] T. Nomura and T. Shimomura, Searching for scalar boson
decaying into light Z’ boson at collider experiments in
U(1),,-r, model, Eur. Phys. J. C 79, 594 (2019).

[50] M. Bauer, P. Foldenauer, and J. Jaeckel, Hunting all the
hidden photons, J. High Energy Phys. 07 (2018) 094.

[51] A. Kamada, K. Kaneta, K. Yanagi, and H.-B. Yu, Self-
interacting dark matter and muon ¢g—2 in a gauged
U(l)Lﬂ—L, model, J. High Energy Phys. 06 (2018) 117.

[52] H. Banerjee, P. Byakti, and S. Roy, Supersymmetric gauged
U(1),,—,, model for neutrinos and the muon (g—2)
anomaly, Phys. Rev. D 98, 075022 (2018).

[53] A. Crivellin, M. Hoferichter, and P. Schmidt-Wellenburg,
Combined explanations of (g —2),, and implications for a
large muon EDM, Phys. Rev. D 98, 113002 (2018).

[54] P. Foldenauer, Light dark matter in a gauged U(1) L-L.
model, Phys. Rev. D 99, 035007 (2019).

[55] H. Banerjee and S. Roy, Signatures of supersymmetry and
L, — L, gauge bosons at Belle-1I, Phys. Rev. D 99, 035035
(2019).

[56] M. Escudero, D. Hooper, G. Krnjaic, and M. Pierre,
Cosmology with a very light L, — L, gauge boson, J. High
Energy Phys. 03 (2019) 071.

L051702-6


https://doi.org/10.1142/S0217732391000543
https://doi.org/10.1103/PhysRevD.43.R22
https://doi.org/10.1103/PhysRevD.44.2118
https://doi.org/10.1103/PhysRevD.50.4571
https://doi.org/10.1140/epjc/s10052-017-5348-x
https://doi.org/10.1103/PhysRevD.99.055029
https://doi.org/10.1140/epjc/s10052-020-7622-6
https://doi.org/10.1088/1475-7516/2020/11/013
https://doi.org/10.1016/0550-3213(89)90304-0
https://doi.org/10.1140/epjc/s2005-02133-1
https://doi.org/10.1140/epjc/s2005-02133-1
https://doi.org/10.1007/JHEP07(2012)083
https://doi.org/10.1103/PhysRevD.91.075006
https://doi.org/10.1103/PhysRevD.93.035011
https://doi.org/10.1103/PhysRevD.93.035011
https://doi.org/10.1103/PhysRevD.64.055006
https://doi.org/10.1103/PhysRevD.64.055006
https://doi.org/10.1016/S0370-2693(01)01428-9
https://doi.org/10.1103/PhysRevD.84.075007
https://doi.org/10.1007/JHEP03(2014)105
https://doi.org/10.1007/JHEP03(2014)105
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1103/PhysRevD.91.037301
https://doi.org/10.1103/PhysRevD.92.113004
https://doi.org/10.1103/PhysRevD.93.013014
https://doi.org/10.1103/PhysRevD.93.013014
https://doi.org/10.1016/j.physletb.2016.02.062
https://doi.org/10.1103/PhysRevD.93.054021
https://doi.org/10.1103/PhysRevD.93.054021
https://doi.org/10.1016/j.nuclphysb.2017.02.010
https://doi.org/10.1007/JHEP09(2016)147
https://doi.org/10.1103/PhysRevD.95.055022
https://doi.org/10.1103/PhysRevD.95.055022
https://doi.org/10.1007/JHEP02(2017)123
https://doi.org/10.1007/JHEP02(2017)123
https://doi.org/10.1093/ptep/ptx050
https://doi.org/10.1093/ptep/ptx050
https://doi.org/10.1103/PhysRevD.95.055006
https://doi.org/10.1103/PhysRevD.95.055006
https://doi.org/10.1103/PhysRevD.96.095023
https://doi.org/10.1103/PhysRevD.96.095023
https://doi.org/10.1016/j.physletb.2018.06.043
https://doi.org/10.1140/epjc/s10052-019-7094-8
https://doi.org/10.1007/JHEP07(2018)094
https://doi.org/10.1007/JHEP06(2018)117
https://doi.org/10.1103/PhysRevD.98.075022
https://doi.org/10.1103/PhysRevD.98.113002
https://doi.org/10.1103/PhysRevD.99.035007
https://doi.org/10.1103/PhysRevD.99.035035
https://doi.org/10.1103/PhysRevD.99.035035
https://doi.org/10.1007/JHEP03(2019)071
https://doi.org/10.1007/JHEP03(2019)071

PROBING THE L, — L, GAUGE BOSON AT ...

PHYS. REV. D 106, L051702 (2022)

[57] W. Altmannshofer, S. Gori, J. Martin-Albo, A. Sousa, and
M. Wallbank, Neutrino tridents at DUNE, Phys. Rev. D 100,
115029 (2019).

[58] G. Krnjaic, G. Marques-Tavares, D. Redigolo, and K.
Tobioka, Probing Muonphilic Force Carriers and Dark
Matter at Kaon Factories, Phys. Rev. Lett. 124, 041802
(2020).

[59] P. Ballett, M. Hostert, S. Pascoli, Y.F. Perez-Gonzalez, Z.
Tabrizi, and R. Zukanovich Funchal, Z’s in neutrino
scattering at DUNE, Phys. Rev. D 100, 055012 (2019).

[60] A. Biswas and A. Shaw, Reconciling dark matter, Ry
anomalies and (g—2), in an L, — L, scenario, J. High
Energy Phys. 05 (2019) 165.

[61] D. W.P.d. Amaral, D. G. Cerdeno, P. Foldenauer, and E.
Reid, Solar neutrino probes of the muon anomalous mag-
netic moment in the gauged U(I)LF—L,’ J. High Energy
Phys. 12 (2020) 155.

[62] D. Borah, S. Mahapatra, D. Nanda, and N. Sahu, Inelastic
fermion dark matter origin of XENONI1T excess with muon
(g —2) and light neutrino mass, Phys. Lett. B 811, 135933
(2020).

[63] T. Shimomura and Y. Uesaka, Kinematical distributions of
coherent neutrino trident production in gauged L, — L,
model, Phys. Rev. D 103, 035022 (2021).

[64] K. Asai, S. Okawa, and K. Tsumura, Search for U(1) L-L,
charged dark matter with neutrino telescope, J. High Enérgy
Phys. 03 (2021) 047.

[65] H. Banerjee, B. Dutta, and S. Roy, Supersymmetric gauged
u(1) 1,-1, model for electron and muon (g — 2) anomaly,

J. High Energy Phys. 03 (2021) 211.

[66] Y. Zhang, Z. Yu, Q. Yang, M. Song, G. Li, and R. Ding,
Probing the L, — L, gauge boson at electron colliders, Phys.
Rev. D 103, 015008 (2021).

[67] G.-y. Huang, F.S. Queiroz, and W. Rodejohann, Gauged
L,— L, at a muon collider, Phys. Rev. D 103, 095005
(2021).

[68] T. Araki, K. Asai, K. Honda, R. Kasuya, J. Sato, T.
Shimomura, and M.J.S. Yang, Resolving the Hubble
tension in a U(1) L-L. model with Majoron, Prog. Theor.
Exp. Phys. 2021, 103 (2021).

[69] H. Banerjee, B. Dutta, and S. Roy, Probing L, — L, models
with CEUNS: A new look at the combined COHERENT Csl
and Ar data, Phys. Rev. D 104, 015015 (2021).

[70] D. W.P. Amaral, D.G. Cerdefio, A. Cheek, and P.
Foldenauer, Distinguishing U(l)L _g, from U(1), as a
solution for (g —2), with neutrinos, Eur. Phys. J. C 81, 861
(2021).

[71] L. Zu, X. Pan, L. Feng, Q. Yuan, and Y.-Z. Fan, Con-
straining U(1) L-L, charged dark matter model for muon
g — 2 anomaly with AMS-02 electron and positron data,
J. Cosmol. Astropart. Phys. 08 (2022) 028.

[72] D. Borah, M. Dutta, S. Mahapatra, and N. Sahu, Muon
(g —2) and XENONIT excess with boosted dark matter in
L, — L, model, Phys. Lett. B 820, 136577 (2021).

[73] S. Zhou, Neutrino masses, leptonic flavor mixing and muon
(9—2) in the seesaw model with the U(1), _, gauge
symmetry, Chin. Phys. C 46, 011001 (2022). '

[74] J. A. Carpio, K. Murase, I. M. Shoemaker, and Z. Tabrizi,
High-energy cosmic neutrinos as a probe of the vector

mediator scenario in light of the muon g — 2 anomaly and
Hubble tension, arXiv:2104.15136.

[75] X. Qi, A. Yang, W. Liu, and H. Sun, Scalar dark matter and
Muon ¢g—2 in a U(l)L”_Lf model, Chin. Phys. C 46,
083102 (2022).

[76] D. Borah, A. Dasgupta, and D. Mahanta, TeV scale resonant
leptogenesis with L, — L, gauge symmetry in the light of
muon (g — 2), Phys. Rev. D 104, 075006 (2021).

[77] A. Greljo, Y. Soreq, P. Stangl, A. E. Thomsen, and J. Zupan,
Muonic force behind flavor anomalies, J. High Energy Phys.
04 (2022) 151.

[78] I. Holst, D. Hooper, and G. Krnjaic, The Simplest and Most
Predictive Model of Muon g — 2 and Thermal Dark Matter,
Phys. Rev. Lett. 128, 141802 (2022).

[79] M. Drees and W. Zhao, U(1), _; for light dark matter,
gy — 2, the 511 keV excess and “the Hubble tension, Phys.
Lett. B 827, 136948 (2022).

[80] T. Hapitas, D. Tuckler, and Y. Zhang, General kinetic
mixing in gauged U(1 )L _r, model for muon g—2 and
dark matter, Phys. Rev. D 105 016014 (2022).

[81] D. Borah, M. Dutta, S. Mahapatra, and N. Sahu, Lepton
anomalous magnetic moment with singlet-doublet fermion
dark matter in scotogenic U(1), _; model, Phys. Rev. D
105, 015029 (2022).

[82] U. Schubert and C. Williams, Interplay between SM
precision, BSM physics, and the measurements of o had
in ay,q in 4 — e scattering, Phys. Rev. D 100, 035030 (2019).

[83] P.S.B. Dev, W. Rodejohann, X.-J. Xu, and Y. Zhang,
MUonE sensitivity to new physics explanations of the
muon anomalous magnetic moment, J. High Energy Phys.
05 (2020) 053.

[84] A. Masiero, P. Paradisi, and M. Passera, New physics at the
MUonE experiment at CERN, Phys. Rev. D 102, 075013
(2020).

[85] N. D. Christensen and C. Duhr, FeynRules—Feynman rules
made easy, Comput. Phys. Commun. 180, 1614 (2009).

[86] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, FeynRules 2.0—A complete toolbox for tree-level
phenomenology, Comput. Phys. Commun. 185, 2250 (2014).

[87] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.

[88] BABAR Collaboration, Search for a muonic dark force at
BABAR, Phys. Rev. D 94, 011102 (2016).

[89] T. Czank et al., Search for Z' — p*p~ inthe L, — L, gauge-
symmetric model at Belle, Phys. Rev. D 106, 012003 (2022).

[90] G. Bellini et al., Precision Measurement of the 7Be Solar
Neutrino Interaction Rate in Borexino, Phys. Rev. Lett. 107,
141302 (2011).

[91] CHARM-II Collaboration, First observation of neutrino
trident production, Phys. Lett. B 245, 271 (1990).

[92] CCFR Collaboration, Neutrino Tridents and W Z Interfer-
ence, Phys. Rev. Lett. 66, 3117 (1991).

[93] H. Sieber, D. Banerjee, P. Crivelli, E. Depero, S.N.
Gninenko, D. V. Kirpichnikov, M. M. Kirsanov, V.
Poliakov, and L. Molina Bueno, Prospects in the search
for a new light Z’ boson with the NA64y experiment at the
CERN SPS, Phys. Rev. D 105, 052006 (2022).

L051702-7


https://doi.org/10.1103/PhysRevD.100.115029
https://doi.org/10.1103/PhysRevD.100.115029
https://doi.org/10.1103/PhysRevLett.124.041802
https://doi.org/10.1103/PhysRevLett.124.041802
https://doi.org/10.1103/PhysRevD.100.055012
https://doi.org/10.1007/JHEP05(2019)165
https://doi.org/10.1007/JHEP05(2019)165
https://doi.org/10.1007/JHEP12(2020)155
https://doi.org/10.1007/JHEP12(2020)155
https://doi.org/10.1016/j.physletb.2020.135933
https://doi.org/10.1016/j.physletb.2020.135933
https://doi.org/10.1103/PhysRevD.103.035022
https://doi.org/10.1007/JHEP03(2021)047
https://doi.org/10.1007/JHEP03(2021)047
https://doi.org/10.1007/JHEP03(2021)211
https://doi.org/10.1103/PhysRevD.103.015008
https://doi.org/10.1103/PhysRevD.103.015008
https://doi.org/10.1103/PhysRevD.103.095005
https://doi.org/10.1103/PhysRevD.103.095005
https://doi.org/10.1093/ptep/ptab108
https://doi.org/10.1093/ptep/ptab108
https://doi.org/10.1103/PhysRevD.104.015015
https://doi.org/10.1140/epjc/s10052-021-09670-z
https://doi.org/10.1140/epjc/s10052-021-09670-z
https://doi.org/10.1088/1475-7516/2022/08/028
https://doi.org/10.1016/j.physletb.2021.136577
https://doi.org/10.1088/1674-1137/ac2a25
https://arXiv.org/abs/2104.15136
https://doi.org/10.1088/1674-1137/ac67d0
https://doi.org/10.1088/1674-1137/ac67d0
https://doi.org/10.1103/PhysRevD.104.075006
https://doi.org/10.1007/JHEP04(2022)151
https://doi.org/10.1007/JHEP04(2022)151
https://doi.org/10.1103/PhysRevLett.128.141802
https://doi.org/10.1016/j.physletb.2022.136948
https://doi.org/10.1016/j.physletb.2022.136948
https://doi.org/10.1103/PhysRevD.105.016014
https://doi.org/10.1103/PhysRevD.105.015029
https://doi.org/10.1103/PhysRevD.105.015029
https://doi.org/10.1103/PhysRevD.100.035030
https://doi.org/10.1007/JHEP05(2020)053
https://doi.org/10.1007/JHEP05(2020)053
https://doi.org/10.1103/PhysRevD.102.075013
https://doi.org/10.1103/PhysRevD.102.075013
https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1103/PhysRevD.94.011102
https://doi.org/10.1103/PhysRevD.106.012003
https://doi.org/10.1103/PhysRevLett.107.141302
https://doi.org/10.1103/PhysRevLett.107.141302
https://doi.org/10.1016/0370-2693(90)90146-W
https://doi.org/10.1103/PhysRevLett.66.3117
https://doi.org/10.1103/PhysRevD.105.052006

