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The gauged Uð1ÞLμ−Lτ
model is well motivated to explain the muon g − 2 anomaly and dark matter in

previous studies. However, the latest NA64μ experiment has almost excluded all the parameter space for
the muon g − 2, which indicates that the light dark matter benchmark scenarios interpreting muon g − 2 in
previous studies are under significant pressure at present. In light of many recent and future experimental
results, we revisit the minimal Z0 portal dark matter in Uð1ÞLμ−Lτ

. Focusing on the phenomenology of dark

matter χ, we first explore the viable parameter space for light dark matter under various tight constraints.
Around the Z0 resonance, we find that there is still a large parameter space for mχ ≳ 10 MeV via thermal
freeze-out. On the other hand, the constraints on Z0 above the electroweak scale are quite loose, but are less
studied for dark matter. We also investigate the heavy dark matter around the TeV scale and corresponding
constraints. A large part of the parameter space for dark matter is within the reach of future experiments.

DOI: 10.1103/PhysRevD.111.095017

I. INTRODUCTION

The standard model of particle physics is quite success-
ful at various collider experiments. However, the cosmo-
logical and astrophysical observations support the
existence of particle dark matter [1], which is absent in
the standard model. The weakly interacting massive par-
ticle (WIMP), produced via the thermal freeze-out mecha-
nism, can naturally obtain the observed dark matter relic
density with electroweak scale couplings [2]. Due to the
lack of a positive dark matter signal, the WIMP scenario
might be tightly constrained by the collider and direct
detection experiments [3]. It should be noted that these tight
collider and direct detection limits depend heavily on the
WIMP interactions with the quarks [4]. Therefore, one
pathway to avoid these limits is assuming the leptophilic
dark matter [5–8].
Another hint of new physics beyond the standardmodel is

the 4.2σ excess of the muon g − 2 [9]. This discrepancy
can be resolved by introducing the new gauge boson Z0
in the Uð1ÞLμ−Lτ

symmetry [10,11], which contributes to
the anomalous muon magnetic moment at the one-loop

level [12]. The new gauge boson Z0 is leptophilic, thus it is
also extensively considered as the mediator of dark matter
[13–24]. The common origin of muon g − 2 and light dark
matter can be realized with g0 ∼ 5 × 10−4 and mZ0 ∼
Oð10Þ MeV [25,26]. However, the latestNA64μ experiment
has almost excluded all the common parameter space for the
muon g − 2 and light dark matter [27]. So, the benchmark
scenarios of light dark matter in previous studies are under
significant pressure at present.
Since the new gauge boson Z0 does not directly couple to

electrons and quarks, the constraints for heavy Z0 above the
electroweak scale from colliders are relatively loose. For
instance, the current LHC search could only probe Z0 from
the final-state radiation of μ or τ, which is only sensitive
when mZ0 < mZ [28,29]. The gauge boson Z0 is also lepton
flavor dependent, thus it can explain the deviation of lepton
universality in beauty-quark decays with heavy dark matter
[30–34]. Recently, the TeV energy scale muon collider has
been proposed [35,36], which is promising to probe the
muonphilic Z0 above the electroweak scale [37–40].
In light of recent and upcoming experiments, we revisit

the Z0 portal dark matter in the Uð1ÞLμ−Lτ
symmetry. We

focus on the phenomenology of dark matter, meanwhile
excess of muon g − 2 might be resolved by other new
physics [12,41]. The simplest scenario of Dirac dark matter
χ with the Uð1ÞLμ−Lτ

charge Qχ ¼ 1 is illustrated in this
paper. Other possible assignment of Qχ and scalar dark
matter can be found in Refs. [42–47].
This paper is organized as follows. In Sec. II, we briefly

review the Z0 portal dark matter in Uð1ÞLμ−Lτ
and various

experimental constraints. The phenomenology of dark
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matter is discussed in Sec. III. Finally, conclusions are
presented in Sec. IV.

II. THE MODEL

For the simplest Dirac dark matter with the Uð1ÞLμ−Lτ

charge Qχ ¼ 1, the relevant interactions of the new gauge
boson Z0 are [26]

L ⊃ g0ðμ̄γμμ − τ̄γμτ þ ν̄μγ
μPLνμ − ν̄τγ

μPLντ þ χ̄γμχÞZ0
μ;

ð1Þ

where g0 is the new gauge coupling. The mass of the new
gauge boson arises from the spontaneous breaking of
Uð1ÞLμ−Lτ

symmetry by the scalar singlet ϕ with
Uð1ÞLμ−Lτ

charge þ1, i.e., mZ0 ¼ g0vϕ, where vϕ is the
vacuum expectation value of ϕ. For simplicity, the direct
kinetic mixing term between the new and hypercharge
gauge field is assumed to be zero. However, radiative
corrections at the one-loop level still induce finite mixing as

L ⊃ −
ε

2
FμνF0μν; ð2Þ

where Fμν and F0
μν are the field strength for photon and Z0,

respectively. The mixing parameter is calculated as [48]

ε ¼ −
eg0

12π2
ln
m2

τ

m2
μ
≃ −

g0

70
: ð3Þ

The dominant partial decay widths of Z0 are

ΓZ0→ff̄ ¼ kfg02mZ0

12π

�
1þ 2m2

f

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
f

m2
Z0

s
; ð4Þ

where kf ¼ 1 for f ¼ μ, τ, χ and kf ¼ 1=2 for f ¼ νμ; ντ.
Through kinetic mixing, the partial width of Z0 → eþe− is
given by

ΓZ0→eþe− ¼ ðεeÞ2mZ0

12π

�
1þ 2m2

e

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
Z0

s
; ð5Þ

which is typically suppressed by the mixing [49].
Contribution to the muon magnetic moment of Z0 is at

the one-loop level, which is calculated as [11]

Δaμ ¼
g02

4π2

Z
1

0

dx
m2

μxð1 − xÞ2
m2

μð1 − xÞ2 þm2
Z0x2

: ð6Þ

To explain the anomaly Δaμ ¼ ð251� 59Þ × 10−11 [9],
g0 ∼ 5 × 10−4 with mZ0 ∼Oð10Þ MeV is required, which is
now stringently constrained by the latest NA64μ experi-
ment [27].

A. Constraints

Decays of gauge boson Z0 will heat the neutrino
population and delay the process of neutrino decoupling,
which increases the effective number of neutrino species
Neff [48]. The precise measurement of the Planck result
Neff ¼ 2.99� 0.17 [50] is consistent with the standard
model prediction NSM

eff ¼ 3.044 [51,52], which disfavors
the light Z0 region with mZ0 ≲ 10 MeV [48]. In Fig. 1, we
show the NSM

eff excluded region with the color blue.
The gauge boson Z0 could affect the evolution of white

dwarfs (WDs) by enhancing the plasmon decay into neu-
trinos. Around mZ0 ∼ 10 MeV, the recent analysis in
Ref. [53] shows that the constraint fromWD cooling is more
stringent than the ν − e scattering by BOREXINO [61]. The
WD cooling excluded region is marked as yellow in Fig. 1.
The gauge boson Z0 also contributes to the neutrino

trident production via the inelastic neutrino-nucleus scat-
tering νμN → νμNμþμ− [55]. The CCFR experiment has
measured the normalized cross section σ=σSM ¼ 0.82�
0.28 [62], which has excluded the heavy Z0 region with
mZ0 ≳ 0.3 GeV for the muon anomalous magnetic moment.
The gray region in Fig. 1 is not allowed by the CCFR
experiment.
For light gauge bosons below the dimuon threshold, the

invisible Z0 → ν̄ν is the dominant decay mode [49]. The
gauge boson Z0 could be tested through the bremsstrahlung
process, μN → μNZ0; Z0 → ν̄ν, by the high-energy muon
scattering off nucleus N, which leads to the signature of
missing momentum in the final state. The region with g0 ≳
6 × 10−4 and mZ0 ∼Oð10Þ MeV is now excluded by the
NA64μ experiment [27], which corresponds to the purple
region in Fig. 1. In the future, the NA64 [63] and LDMX
[57] (the dashed purple line in Fig. 1) experiments are
expected to probe g0 ≳ 10−5 for mZ0 ≲ 1 GeV. Meanwhile,
the future SHiP experiment (the dashed cyan line in Fig. 1)
could probe g0 ≳ 10−6 for mZ0 ∼Oð10Þ MeV [56].
Above the dimuon threshold, Z0 → μþμ− becomes the

promising channel. The searches of the process eþe− →
μþμ−Z0; Z0 → μþμ− at BABAR [54] and Belle-II [64] have
excluded g0 ≳ 10−3 for Z0 mass in the range of 0.212–
10 GeV, which is the orange region in Fig. 1. Through the
muon bremsstrahlung process μAu → μAuZ0, the pro-
posed MuSIC experiment (the dashed red line in Fig. 1)
could probe the parameter space with g0 ≳ 10−7 for
mZ0 ∈ ½0.212; 20� GeV [58]. The future Beam Dump
experiment (the dashed green line in Fig. 1) could further
reach g0 ∼ 4 × 10−8 [59]. At the Hadron Collider, searches
for Z0 have been performed in the process as pp → Zð�Þ →
Z0μþμ− → μþμ−μþμ− [28] and pp → W�ð�Þ → Z0μ�ν →
μþμ−μ�ν [29], which have excluded g0 ≳ 0.003 in the Z0
mass range of 5–81 GeV. The excluded region by the
current ATLAS experiment is the red area in Fig. 1. In the
future, the FCC-ee collider (the dashed brown line in Fig. 1)
could push this limit down to g0 ≳ 10−4 [60]. Meanwhile,
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the muon collider (the dashed pink line in Fig. 1) could
probe a large parameter space for Z0 above the electroweak
scale [37,38].
In Fig. 1, we summarize the latest and future constraints

on gauged Uð1ÞLμ−Lτ
. Light Z0 below 10 MeV is now

excluded by Neff. The current experiments typically
exclude g0 ≳ 10−3 in the range of 10 MeV–100 GeV.
For mZ0 below 0.2 GeV, a large portion of the parameter
space could be covered by the LDMX [57] and SHiP
experiments [56]. For mZ0 in the range of 0.2–20 GeV, the
MuSIC [58] and Beam Dump experiments [59] would test
g0 ≳ 4 × 10−8. For mZ0 ≳Oð10Þ GeV, FCC-ee [60] is the
ideal machine to probe the new gauge boson. Above the
electroweak scale, the future muon collider [37,38] could
reveal most regions with g0 ≳ 10−3.
At the muon collider, the dark matter can be generated

via the new gauge boson Z0. One promising channel is the
monophoton signature μþμ− → γZ0 → γχ̄χ → γET [65],
which also has new physics contribution from the process
μþμ− → γZ0 → γν̄ν in this paper. Therefore, the contribu-
tion from dark matter to the monophoton signature can be
extracted by the precise measurement of the invisible
branching ratio of Z0.

III. DARK MATTER

A. Relic density

In this paper, we consider dark matter produced
through the freeze-out mechanism. The evolution of the
darkmatter relic density is thendetermined by theBoltzmann
equation [26]

dn
dt

þ 3Hn ¼ −
hσvi
2

ðn2 − n2eqÞ; ð7Þ

where H is the Hubble parameter, n ¼ nχ þ nχ̄ is the total
number density of dark matter, and neq is the equilibrium
number density.
If kinematically allowed, the dark matter χ could annihi-

late via the s-channel processes χχ̄ → ff̄ðf ¼ μ; τ; νμ; ντÞ
and the t-channel process χχ̄ → Z0Z0. The corresponding
thermally averaged annihilation cross sections are

hσviχχ̄→ff̄ ≃
κfg04

2πmχ

ð2m2
χ þm2

fÞðm2
χ −m2

fÞ1=2
ð4m2

χ −m2
Z0 Þ2 þm2

Z0Γ2
Z0

; ð8Þ

hσviχχ̄→Z0Z0 ≃
g04

4πmχ

ðm2
χ −m2

Z0 Þ3=2
ð2m2

χ −m2
Z0 Þ2 ; ð9Þ

whereΓZ0 is the total decaywidth ofZ0. To properly calculate
the annihilation cross section near the Z0 pole [66], we use
micrOMEGAs [67] to obtain the numerical results of the relic
density.
In Fig. 2, we show the required values of g0 and mZ0 to

generate the observed dark matter relic density Ωχh2 ¼
0.12� 0.001 [50] for three benchmark scenarios with
masses of mχ ¼ 0.05, 5, and 500 GeV. With stringent
constraints, the sub-GeV and GeV scale dark matter can
only satisfy relic density near the Z0 resonance. The future
LDMX [57] (the dashed purple line in Fig. 2) and FCC-ee
experiments [60] (the dashed brown line in Fig. 2) would
probe such scenarios. Meanwhile, the SHiP [56] (the

BABAR

FIG. 1. Present and future constraints on the gauged Uð1ÞLμ−Lτ
. The green band is the ðg − 2Þμ favored region. The blue, yellow,

purple, orange, red, and gray regions are excluded by Neff [48], WD cooling [53], NA64μ [27], BABAR [54], ATLAS [29], and CCFR
[55], respectively. The dashed cyan, purple, red, green, brown, and pink lines are the future reach of SHiP [56], LDMX [57], MuSIC
[58], Beam Dump [59], FCC-ee [60], and the muon collider [37].
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dashed cyan line in Fig. 2) and MuSIC experiments [58]
(the dashed red line in Fig. 2) are expected to test certain
resonance regions. For dark matter mass larger than the
electroweak scale, the χχ̄ → Z0Z0 channel could also have a
significant contribution to relic density. It is also clear that
the muon collider [37,38] (the dashed pink line in Fig. 2) is
able to cover the whole Z0 resonance region around the
TeV scale.

B. Direct detection

Although the dark matter (DM) χ does not couple
directly to quarks or electrons, the loop-induced kinetic
mixing term in Eq. (2) contributes to the elastic DM-
nucleon scattering. The spin-independent DM-nucleon
scattering cross section is calculated as

σχN ¼ μ2N
π

Z2g02ε2e2

A2m4
Z0

; ð10Þ

where μN ¼ mχmN=ðmχ þmNÞ is the reduced DM-
nucleon mass. A and Z are the mass and atomic number
of the nucleus.
Currently, the CRESST-III experiment [68] (the orange

line in Fig. 3) has excluded σχN ≳ 10−38 cm2 for sub-GeV
DM. The DarkSide-50 [69] (the yellow line in Fig. 3) could
exclude σχN ≳ 10−43 cm2 for GeVDM. In the mass range of
6–10GeV,XENONnT [70] (the dark green line in Fig. 3) has
set the most stringent limit. Above 10 GeV, LZ (the light
green line in Fig. 3) could exclude σχN ≳ 2 × 10−48 cm2. In
the near future, the DarkSide-20k [71] (the dashed green line
inFig. 3) andDARWINexperiments [72] (the dashed red line

in Fig. 3) could push the limit down to the level of neutrino
fog [73].
In Fig. 3, we show the predicted DM-nucleon scattering

cross section for the benchmark scenariowithmZ0 ¼ 0.1, 10,
1000GeV, where correct relic densityΩχh2 ¼ 0.12 and g0 <
1 are further required. When mχ < mZ0 , we approximately
need g0 ∼Oð0.01Þ for mZ0 ¼ 0.1 GeV, g0 ≳ 0.01 for
mZ0 ¼ 10 GeV, and g0 ∼Oð0.1Þ for mZ0 ¼ 1000 GeV.
Within the resonance region, the relic density required value
of g0 is much smaller, which could be down to about
g0 ∼ 10−5 × ðmZ0=GeVÞ. Meanwhile, we roughly have g0 ∼
0.02 ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mχ=GeV

p
when darkmatter χ is heavier than gauge

boson Z0.
Due to too small recoil energy, the DM-nucleon experi-

ments lose the sensitivity for light DMmχ ≪ mN . So, there
is no DM-nucleon limit formχ ≲ 0.1 GeV. Although (sub-)
GeV DM in the nonresonance region could lead to a
smaller scattering cross section than the current experi-
mental limit, the direct searches for Z0 already disfavor such
scenario with correct relic density. The predicted scattering
cross section in the resonance region could be as small as
10−53 cm2, which is far beyond the future experimental
reach. For the canonical electroweak scale DM, it is
obvious that the current LZ [74] has excluded the non-
resonance region. As there is no other experimental limit in
this region at present, the direct detection experiments set
the most stringent constraint. A positive signature is also
expected in the future DARWIN operation [72].
For light dark matter below 1 GeV, the constraints

from DM-electron scattering would be more stringent.
The DM-electron scattering cross section is calculated as

FIG. 2. Required values of g0 and mZ0 to generate the observed dark matter relic density. The red, blue, and purple lines correspond to
dark matter massmχ ¼ 0.05, 5, and 500 GeV, respectively. The gray region is excluded by current searches. Other labels are the same as
in Fig. 1.
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σχe ¼
μ2e
π

g02ε2e2

ðm2
Z0 þ α2m2

eÞ2
; ð11Þ

where μe ¼ mχme=ðmχ þmeÞ is the reduced DM-electron
mass, and α is the fine structure constant.
Below 10 MeV, SENSEI [75,76] (the green line in

Fig. 4) could exclude σχe ≳ 10−36 cm2. In the mass range
of 10–30 MeV, PandaX-II [77] (the orange line in Fig. 4)

gives the most stringent limit. Above 30 MeV, XENON1T
[78] (the dark blue line in Fig. 4) could exclude
σχe ≳ 10−40 cm2. In the future, SuperCDMS-G2þ [79]
(the dashed purple line in Fig. 4) would probe σχe ≳
10−42 cm2 for sub-GeV DM.
In Fig. 4, we depict the predicted DM-electron scattering

cross section with the correct relic density. Explicit values

FIG. 3. Predicted DM-nucleon scattering cross section and various experimental limits. The red, blue, and purple lines are the
benchmark scenario with mZ0 ¼ 0.1, 10, and 1000 GeV, respectively. The orange, yellow, dark green, and light green solid lines are the
limits of CRESST-III [68], DarkSide-50 [69], XENONnT [70], and LZ [74]. The green and red dashed lines are the future reach of
DarkSide-20k [71] and DARWIN [72].

FIG. 4. Predicted DM-electron scattering cross section and various experimental limits. The red and blue lines are the benchmark
scenario with mZ0 ¼ 0.1 and 10 GeV. The green, orange, and dark blue lines are the limits of SENSEI [75,76], PandaX-II [77], and
XENON1T [78], respectively. The purple dashed line is the future limit from SuperCDMS-G2þ [79].
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of g0 are the same as in Fig. 3. Suppressed by the loop-
induced kinetic mixing, we find that the theoretical
predicted value is far smaller than the current experimental
limits. In principle, the future SuperCDMS-G2+ experi-
ment [79] could probe the nonresonance region around
mχ ∼O (MeV). However, this region has been excluded by
direct searches for Z0. Therefore, no positive signal is
expected in the near future DM-electron experiments.

C. Indirect detection

As shown in Figs. 2 and 3, the combined results of relic
density and direct detection experiments favor the Z0
resonance region. Considering the relatively loose con-
straints on DM annihilation into neutrinos [80], we also
neglect the contribution from neutrino final states for
simplicity, which could have a sizable impact for mχ >
100 GeV [81] in the following discussion. Therefore, we
only consider the s-channel processes χχ̄ → lþl− for the
indirect detection constraints.
Annihilation of DM into charged fermions can inject

energy to increase the ionization fraction during the era of
recombination, which modifies the spectrum of cosmic
microwave background (CMB) anisotropy [82]. Planck
collaboration has set a stringent limit on the annihilation
parameter [50],

pann ¼
X

l¼e;μ;τ

1

2
fleff · FRl

hσvi
mχ

< 3.5×10−28 cm3 s−1GeV−1;

ð12Þ

where fleff is the efficiency factor of the deposited energy
for lepton l [83], and FRl is the fraction of individual
channel χχ̄ → lþl− to the total DM annihilation cross
section hσvi. Different from previous results for individual
channels of eþe−; μþμ−, and τþτ− [84], we obtain the CMB
constraint on the total annihilation cross section hσvi to
compare with other limits, which is the green line in Fig. 5.
In this model, the fraction of χχ̄ → eþe− is suppressed by
the kinetic mixing [26]. Therefore, the CMB constraint is
relaxed when mχ < mμ [25].
The annihilation of DM could lead to high-energy

photons, which can be tested by Fermi-LAT [85] and
HESS [86] experiments. The Fermi-LAT results (the orange
line in Fig. 5) could exclude 2 GeV≲mχ ≲ 100 GeV for
DMonly annihilating into the τþτ− final satewith the typical
thermal cross section ∼2 × 10−26 cm3 s−1 [85]. Around the
TeV scale, the HESS experiment (the yellow line in Fig. 5)
sets the most stringent limit, which could exclude hσvi ≳
2 × 10−26 cm3 s−1 in the pure τþτ− final state [86]. In the
future, the CTA experiment (the dashed red line in Fig. 5)
would cover a large parameter space for DM above
100 GeV [87].
In this model, the theoretical predicted differential

photon flux is calculated as

dΦγ

dEγ
¼ hσvi

8πm2
χ

X
l¼μ;τ

FRl
dNl

γ

dEγ
· Jann; ð13Þ

where Eγ is the energy of the photon, dNl
γ =dEγ is the

differential photon spectrum from lepton final states lþl−,

FIG. 5. Predicted annihilation cross section and various constraints. The red, blue, and purple lines are the benchmark scenario with
mZ0 ¼ 0.1,10, and 1000 GeV, respectively. The green, orange, and yellow lines are the current limits from CMB [84], Fermi-LAT [85],
and HESS [86]. The red dashed line is the future reach of the CTA experiment [87]. The red star could interpret the AMS-02 observed
positron excess [88].

WANG, HAN, HUANG, JIN, and LI PHYS. REV. D 111, 095017 (2025)

095017-6



and Jann is the astrophysical J factor [85]. Formχ ≳ 10 GeV,
the fraction is FRμ ≃ FRτ ≃ 1=3. Because the fraction of the
eþe− final state is tiny for Uð1ÞLμ−Lτ

DM in the indirect
experiment sensitive region mχ > 2 GeV, the contribution
from the eþe− final sate is neglected. From the results of
Fermi-LAT [85], it is obvious that the constraint from the
individual τþτ− final state is much more stringent than that
from the individual μþμ− final state. Therefore, the photon
flux in this model is dominant by the τþτ− final sate with
equal fraction FRμ ≃ FRτ ≃ 1=3. Considering potential large
astrophysical uncertainties, we then roughly estimate the
indirect constraints by rescaling the experimental results as
hσvi ≃ hσviτþτ−=FRτ ≈ 3hσviτþτ− , where hσviτþτ− is the
indirect constraint for the individual τþτ− channel. More
tedious but precise results can be obtained by performing the
likelihood analysis [89].
Figure 5 shows the predicted annihilation cross section

with correct relic density and corresponding constraints.
Explicit values of g0 are the same as in Fig. 3. In the
nonresonance region, the typical annihilation cross section
is ð2 ∼ 3Þ × 10−26 cm3 s−1. Current indirect detection then
excludes the mass range of 0.1–100 GeV. At the TeV scale,
the HESS limit [86] is slightly larger than the thermal target
of the nonresonance scenario. In the future, the CTA
experiment [87] is hopeful to probe such a region. In the
resonance region, the annihilation cross section heavily
depends on the mass relation between Z0 and χ, due to
different DM velocities at the time of freeze-out vf ∼
Oð0.1Þ and at present v0 ∼Oð0.001Þ. When mχ ≃mZ0=2 is
at the Z0 pole, the annihilation cross section can be greatly
enhanced at present [90], which is disfavored by current

experimental limits. On the other hand, when the pole

condition mχ ≃mZ0=ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ v2f=

ffiffiffi
2

pq
Þ ∼ 0.49mZ0 is satis-

fied at freeze-out, the present cross section is suppressed
[91]. Therefore, mχ slightly below the Z0 pole can easily
avoid the tight constraints from indirect detection.
Besides photons, indirect detection experiments also

measure other cosmic rays, such as positrons. AMS-02
collaboration has reported an excess of positron flux with a
peak of around 300 GeV [88], which might be explained by
dark matter in Uð1ÞLμ−Lτ

[92]. In Fig. 6, we show the
benchmark point with mZ0=2 ≃mχ ¼ 1160 GeV that could
generate the observed positron excess. The induced posi-
tron flux from DM annihilation is obtained with
micrOMEGAs [67], where both the μþμ− and τþτ− final
states are considered. It should be noted that the positron
excess required annihilation cross section is about
hσvi ≃ 4 × 10−23 cm3 s−1. Although such large annihila-
tion can be realized at the Z0 pole, all the indirect detection
limits disfavor such a large annihilation cross section, as
shown in Fig. 5. By fine-tuning the mass relation ofmχ and
mZ0 , the indirect detection limits on DM for positron excess
might be relaxed due to velocity-dependent annihilation
[93]. Anyway, the positron excess requires TeV scale Z0
with g0 ∼Oð0.01Þ, which is within the reach of the future
muon collider [37,38].

D. Combined result

The experimental searches for new gauge boson Z0 have
set stringent constraints for light Z0 below about 100 GeV.
Meanwhile, the direct and indirect detection experiments

FIG. 6. The flux of the cosmic positron measured by AMS-02 (red samples) [88] and the theoretical total flux from dark matter
annihilation (green line). The diffuse term contribution is the black line, and the source term from dark matter is the purple line. Here,
mZ0=2 ≃mχ ¼ 1160 GeV.
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on dark matter mainly constrain heavy DM above 10 GeV.
In this section, we combine all the relevant constraints at
present and in the future. As the conventional benchmark
scenario with mχ=mZ0 ¼ 1=3 is already disfavored by
various experiments [25], we consider three new bench-
mark scenarios in this paper: one ismχ=mχ ¼ 0.36 for ðg −
2Þμ anomaly, one is mχ=mZ0 ¼ 0.4, and the other one is
mχ=mZ0 ¼ 0.49. The results are shown in Fig. 7.
It is obvious that the current DM-electron scattering

experiments can only probe g0 ≳ 0.1 and mZ0 ≲ 1 GeV.
Although the future SuperCDMS-G2þ [79] could test
g0 ≳ 0.001, such region is already excluded by current
direct searches of Z0. Therefore, no positive signature is
expected in the future DM-electron experiments for the Z0
portal DM Uð1ÞLμ−Lτ

. On the other hand, the limits from
DM-nucleon scattering and indirect detection become the
most stringent constraints for mZ0 ≳ 100 GeV, as there is
no direct search of Z0 in such a region. In the future, the
muon collider [37,38] would cover most of the parameter
space for correct relic density.

One interesting scenario is explaining the ðg − 2Þμ and
dark matter relic density simultaneously. Under current
stringent constraints, we find that this still can be realized
with mχ=mZ0 ≃ 0.36. The viable region satisfies g0 ∼ 4 ×
10−4 withmZ0 ∼Oð0.01Þ GeV, which is within the reach of
future NA64 [63] and LDMX [57] experiments.
For the benchmark scenario with mχ=mZ0 ¼ 0.4, the

viable region is separated into two parts. The light sub-GeV
region is totally within the reach of LDMX [57], and could
be further confirmed by SHiP for mZ0 ∼Oð0.01Þ GeV.
However, the MuSIC [58] and Beam Dump experiments
[59] can hardly probe such a large g0 required by relic
density. The GeV to TeV mass range set by relic density is
now excluded by direct search of Z0 and direct detection.
AroundmZ0 ≈ 2 TeV, the predicted DM-nucleon scattering
cross section can be tested at DARWIN [72], and the
indirect detection CTA experiment [87] is also capable of
probing such a region. The typical relic density required
gauge coupling g0 ∼Oð0.1Þ can be easily confirmed at
the muon collider [37,38]. Therefore, this region with

(a)

(c)

(b)

FIG. 7. The combined parameter space of benchmark scenariomχ=mZ0 ¼ 0.36 in panel (a),mχ=mZ0 ¼ 0.4 in panel (b), andmχ=mZ0 ¼
0.49 in panel (c). The green region could interpret the ðg − 2Þμ anomaly under current limits. The orange, green, and yellow solid lines
are the combined limits from χ − e scattering, χ − N scattering, and indirect detection at present, respectively. The black lines are the
required values of g0 andmZ0 for correct relic density, below which the DM relic density is overabundant. The dashed dark blue lines are
the minimum required value of g0 for the resonance case mZ0 ≃ 2mχ with Qχ ¼ 1. Other labels are the same as in Fig. 1.
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mZ0 ≈ 2 TeV is the most promising one in the forthcoming
experiments.
Different from the previous benchmark scenario with

mχ=mZ0 ¼ 0.4, the benchmark scenario with mχ=mZ0 ¼
0.49 is close to the Z0 resonance. As the annihilation cross
section at the time of freeze-out is enhanced by the Breit-
Wigner propagator, the relic density required gauge cou-
pling for mχ=mZ0 ¼ 0.49 is typically 2 orders of magnitude
smaller than that for mχ=mZ0 ¼ 0.4. In this way, we find
that mZ0 ≳ 0.01 GeV is all viable at present. Although the
suppressed gauge coupling makes this scenario satisfy all
constraints, it also makes this scenario hard to detect. For
instance, all the dark matter detection experiments cannot
probe this scenario. The SHiP experiment [56] could probe
mZ0 ≃ 0.08 GeV, while the MuSIC experiment [58]
could test Z0 in the mass range of 0.2–2 GeV. The TeV
muon collider [37,38] would explore the region with
mZ0 ≳ 600 GeV. To cover the parameter space around
100 GeV, a muon collider operating at the electroweak scale
is strongly encouraged.

IV. CONCLUSION

Although the new gauge boson Z0 in Uð1ÞLμ−Lτ
is

extensively studied as the interpretation of muon g − 2,
the latest experimental result does not favor the corre-
sponding parameter space. In this paper, we revisited the
minimal Z0 portal dark matter in the gauged Uð1ÞLμ−Lτ

model, which introduces a singlet Dirac fermion χ with the
Uð1ÞLμ−Lτ

charge Qχ ¼ 1 as the dark matter candidate.
The combined analysis showed that light dark matter

suffers stringent constraints from searches for Z0. For
example, mZ0 less than 10 MeV was excluded by the

effective number of neutrino species Neff . The new gauge
coupling g0 should be smaller than 0.001 to satisfy current
limits. On the other hand, the direct and indirect detection
experiments set the most strict constraints for the heavy
dark matter. To satisfy current experimental limits, dark
matter near the Z0 resonance region is favored.
In theUð1ÞLμ−Lτ

model, the coupling of Z0 to the electron
was suppressed by the kinetic mixing term. Under current
limits on Z0, no positive signature is expected in the future
DM-electron experiments. The most promising scenario
was mZ0 ≈ 2 TeV with mχ=mZ0 ≃ 0.4, which would lead to
observable signatures in the direct, indirect, and collider
experiments. Increasing the mass ratio mχ=mZ0 made it
easier for the model to escape current limits, but it also
became harder to detect in dark matter experiments.
Meanwhile, various experiments have been proposed to
test the new gauge boson Z0, which covers the most viable
parameter space of the dark matter in the future.
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