
Dark matter relic from muon anomalies

Geneviève Bélanger,1 Cédric Delaunay,1 and Susanne Westhoff2
1LAPTh, Université Savoie Mont Blanc, CNRS B.P. 110, F-74941 Annecy-le-Vieux, France

2PITTsburgh Particle-physics Astrophysics and Cosmology Center (PITT-PACC),
Department of Physics and Astronomy, University of Pittsburgh,

Pittsburgh, Pennsylvania 15260, USA
(Received 31 July 2015; published 17 September 2015)

We show that the recently reported anomalies in b → sμþμ− transitions, as well as the long-standing
gμ − 2 discrepancy, can be addressed simultaneously by a new massive Abelian gauge boson with loop-
induced coupling to muons. Such a scenario typically leads to a stable dark matter candidate with a thermal
relic density close to the observed value. Dark matter in our model couples dominantly to leptons, hence
signals in direct detection experiments lie well below the current sensitivity. The LHC, in combination with
indirect detection searches, can test this scenario through distinctive signatures with muon pairs and
missing energy.
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I. INTRODUCTION

The lack of an acceptable dark matter (DM) candidate
within the Standard Model (SM) is a pressing phenom-
enological motivation for the existence of new physics (NP)
beyond the SM. Dark matter may very well be close to the
weak scale, emerging from theories addressing the electro-
weak (EW) hierarchy problem of the SM. However, these
theories generally predict a variety of new phenomena
and particles around the TeV scale, whose existence still
remains to be established experimentally. Despite the lack
of a NP discovery, a few measurements are in mild tensions
with SM predictions. In particular, there is a growing array
of anomalies involving muons [1–5].1 Moreover, DM
searches at direct detection experiments strongly limit its
interactions with quarks (see e.g. Ref. [9]), suggesting that
DM around the EW scale might preferentially couple to
leptons. In this paper, we thus take a data-driven approach,
entertaining the possibility that the observed muon-related
anomalies are the first signals of leptophilic DM at the
EW scale.
The list of anomalies involving muons starts with the

long-standing puzzle of the anomalous magnetic moment
of the muon, aμ ≡ ðgμ − 2Þ=2. The Brookhaven National
Laboratory measurement [1] exceeds the SM prediction by
about three standard deviations [10],

Δaμ ≡ aexpμ − aSMμ ¼ ð287� 80Þ × 10−11: ð1Þ

More recently, the LHCb experiment reported on a series
of anomalies in (semi-) leptonic B meson decays, which
together point to a possible new source of b → sμþμ−

transitions at short distances. The perhaps most tantalizing
deviation occurs in the ratio RK ¼ BðBþ → Kþμþμ−Þ=
BðBþ → Kþeþe−Þ, which was observed about 2.6σ below
the theoretically clean SM prediction, RSM

K − 1 ∼ 10−4 [4],

Rexp
K ¼ 0.745þ0.090

−0.074ðstatÞ � 0.036ðsystÞ: ð2Þ

Furthermore, the measured decay rate for B0 → K0�μþμ−
was found to exceed the SM prediction in a particular
region of phase space [2], a result supported by the latest
LHCb data [3]. Also the recent measurement of the
differential distribution in B0

s → ϕμþμ− deviates from
the SM prediction by about 3.5σ [5]. The observed decay
rate for B0

s → μþμ− is slightly below, but compatible with
the SM prediction [11]. While none of these LHCb
anomalies by themselves are significant enough to claim
a discovery, it is intriguing that they point to a common
Lorentz structure when interpreted as a signal of NP
[12–17]. A simultaneous explanation of Δaμ, however,
requires more sophisticated model building. In this paper,
we propose a simple toy model, which addresses both the
gμ − 2 and the various LHCb anomalies.
Most NP interpretations of the b → sμþμ− anomalies

postulate the existence of a new state in the range of
Λ ∼ 1–10 TeV with tree-level couplings to muons and
quarks, for instance a Z0 gauge boson [12,18–20] or a scalar
leptoquark [21–24]. The same interactions typically con-
tribute to gμ − 2 at the one-loop level, but yield too small a
contribution to explain the discrepancy in Eq. (1), due to
the suppression by the high scale, aμ ∝ m2

μ=Λ2 [13]. Away
out is to generate the coupling of Z0 to muon pairs only
radiatively, so that contributions to b → sμþμ− transitions
and gμ − 2 are both induced at the one-loop level by NP
around the EW scale. As we argue in this work, this
requires a richer NP sector with an electrically neutral state,

1We do not consider the proton size anomaly observed in
muonic hydrogen atoms [6]. NP interpretations of this measure-
ment are very challenging [7,8].
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which is stable if the tree-level Z0μþμ− coupling is for-
bidden by a (spontaneously broken) symmetry. Hence,
addressing the aforementioned muon-related anomalies
generally yields a DM candidate, which, by construction,
is mostly leptophilic. The same NP interactions dominate
DM annihilation in the early Universe. We will demonstrate
that a minimal model with the above properties typically
leads to a stable DM candidate with a thermal relic density
of the order of the observed value.
The remainder of the paper is organized as follows.

We introduce our phenomenological model in Sec. II and
identify the parameter space to simultaneously accommo-
date the gμ − 2 and b → sμþμ− anomalies in Sec. III. We
then discuss the implications of collider constraints in
Sec. IV. The resulting DM phenomenology is analyzed in
Sec. V and Sec. VI. We conclude and give an outlook on
future experimental tests of our model in Sec. VII.

II. A MINIMAL MODEL

We consider the extension of the SM by a new (dark)
sector, consisting of heavy leptons L, Lc and quarks Q, Qc

with vectorlike gauge couplings, as well as two complex
scalars, ϕ and χ. Interactions with the SM are mediated by
a new gauge boson Z0 associated with an Abelian Uð1ÞX
symmetry, under which only the particles of the dark sector
are charged. The quantum numbers of all new particles are
listed in Table I.2 Since no chiral fermion carries Uð1ÞX
charge, the model is anomaly free [25]. Notice that our
choice of Uð1ÞX charges forbids tree-level Z0 couplings
with SM leptons. This is crucial in order to simultaneously
address the gμ − 2 and b → sμþμ− anomalies with NP
around the weak scale.
Besides canonical kinetic terms, the relevant new inter-

actions in the Lagrangian are

LNP ⊃ ϵBμνXμν − λχHjχj2jHj2 − λϕHjϕj2jHj2
− Vðϕ; χÞ − ½yðl̄LÞχ þ wðq̄QÞϕþ H:c:�; ð3Þ

where

Vðϕ; χÞ≡ ðrϕχ2 þ H:c:Þ þ λϕjϕj4 þ λχ jχj4; ð4Þ

and lT ¼ ðνlL;lLÞT , qT ¼ ðuL; dLÞT and H are the SM
lepton, quark and Higgs doublets, while Bμν and Xμν are the
hypercharge and Uð1ÞX field strength tensors, respectively.

The scalar couplings y and w are a priori generic complex
3 × 3 matrices in flavor space. The Uð1ÞX symmetry is
spontaneously broken by the vacuum expectation value
(VEV) of ϕ, leading to a Z0 mass of mZ0 ¼ 2g0hϕi. It
furthermore lifts the mass degeneracy between the compo-
nents of χ ¼ ðχ0 þ iχ0Þ= ffiffiffi

2
p

by

δ≡ m2
χ0

m2
χ0

− 1 ¼ −2
rhϕi
m2

χ0

: ð5Þ

We further assume that the singlet χ is inert, i.e., does not
develop a VEV. There thus remains an exact Z2 symmetry,
under which only χ and L are odd, which ensures that the
lightest state of the spectrum is stable. For definiteness, we
choose r < 0 and mL > mχ0 , so that the scalar component
of χ, χ0 is a DM candidate.3 As we will argue in the
following sections, the above framework accommodates
the gμ − 2 and b → sμþμ− anomalies simultaneously,
without conflicting with current collider constraints, only
in particular regions of parameter space, where the DM
candidate χ0 is around the weak scale and is relatively
lighter than the other dark-sector states,

mχ0 ≲mχ0 ∼mQ ∼mZ0 ; ð6Þ

while the dark-lepton mass mL may be either close to the
DM state or well above it. We do not address the dynamical
origin of such a spectrum, but simply achieve it by tuning
the bare mass squared of χ and rhϕi. We use 1=δ as a
measure of this tuning, which remains mild in the param-
eter region of interest. Besides addressing the anomalies,
this small hierarchy of the spectrum also ensures that
the lightest dark-sector state is a spinless SM-singlet DM
candidate.
We now turn to the new interactions in Eq. (3). The first

term describes kinetic mixing between the hypercharge
Uð1ÞY and the dark Uð1ÞX field tensors, which is strongly
constrained by electroweak precision measurements [26]
and collider searches [27]. The second term, the scalar
Higgs portal, is bounded by direct detection and collider

TABLE I. New fields and their quantum numbers. All SM
fields are neutral under Uð1ÞX.

Spin SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞX
L, Lc 1=2 1 2 −1=2 1
Q, Qc 1=2 3 2 1=6 −2
ϕ 0 1 1 0 2
χ 0 1 1 0 −1

2A Z0 model that explains the b → sμþμ− anomalies with tree-
level couplings to quarks and leptons and provides an inherent
DM candidate has recently been proposed in Ref. [20]. Unlike in
our model, the dark leptons mix with SM leptons, which results in
a different phenomenology of dark matter and lepton observables.
In particular, the gμ − 2 contribution in the model in Ref. [20] is
typically much smaller than the needed shift in Eq. (1).

3Choosing the neutral dark lepton L0 as the lightest state of the
spectrum would a priori also yield a DM candidate. However, it
would already have been observed in direct DM detection
experiments through Z-boson mediated interactions with nuclei.
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searches [28]. Since both interactions are not relevant to our
discussion, we set ϵ ¼ λχH ¼ 0.4

The last two terms mediate interactions between the dark
sector and the SM. The Z0 couples with strength g0 to the
current jρ ≡ jρ0 þ δjρ, where jρ0 is the tree-level Uð1ÞX
current and

δjρ ≡X
f;f0

Γff0 ðq2Þ
1þ δff0

ðf̄Lγρf0LÞ þ H:c: ð7Þ

is the part of the current induced after Uð1ÞX breaking. Here
q2 is the squared Z0 momentum, f; f0 ¼ l; νl; u; d, and
δff0 ¼ 1 for f ¼ f0 and zero otherwise. SM quarks mix
with dark quarksQ after Uð1ÞX breaking, while SM leptons
and dark leptons L do not mix due to the different charge
assignments under Uð1ÞX (see Table I). The Z0 coupling to
SM quarks thus arises at tree level through the mixing
wðq̄QÞhϕi þ H:c:. It is q2 independent and isospin univer-
sal at leading order. In contrast, the Z0 coupling to leptons
is radiatively induced at the one-loop level through
the exchange of dark-sector fields via the interaction
yðl̄LÞχ þ H:c:, see Fig. 1. In the limit ml;νl ≪ mχ;L, which
we envisage here, the lepton form factors satisfy
Γllðq2Þ≃ Γνlνlðq2Þ, since the isospin components of L ¼
ðL0; L−Þ are mass degenerate at leading order. Calculating
the one-loop diagrams of Fig. 1 in the limit q2 ¼ 0 yields

Γllð0Þ ¼
jyj2
32π2

FZ0 ðτ; δÞ; ð8Þ

where τ≡m2
L=m

2
χ0 and the loop function FZ0 is given

in Eq. (A2).
Notice that FZ0 ðτ; δÞ vanishes in the limit of unbroken

Uð1ÞX, δ → 0, where scalar and pseudoscalar components
are degenerate. This stems from the fact that the form
factor Γllð0Þ formally arises from the local operator
ðϕ�DρϕÞðl̄Lγ

ρlLÞ þ H:c: after Uð1ÞX breaking, induced
by the one-loop diagram in Fig. 1 with two insertions of the
VEV hϕi.
As of the flavor structure of dark-sector interactions, we

follow a phenomenological approach and introduce only
scalar couplings y and w between flavors that are required
to explain the observed anomalies. We thus assume that the
dark sector only couples to the left-handed fermions μL, νμL
and b̄LsL þ s̄LbL. The magnitude of the Z0b̄LsL coupling
is experimentally constrained from Bs meson mixing.

Allowing for a NP contribution of Oð10%Þ to the mass
difference ΔMBs

leads to the bound [13,30]5

jΓbsj≲ 2.4 × 10−3
�

mZ0=g0

300 GeV

�
: ð9Þ

We do not address here the origin of these peculiar flavor
structures in the lepton and quark sectors.6 We acknowl-
edge, however, that explicit flavor completions of this
model could lead to correlated effects in other meson-
physics and leptonic observables [19,31–36].

III. EXPLAINING MUON-RELATED ANOMALIES

New contributions to the muon anomalous magnetic
moment are induced at the one-loop level through the
diagram in Fig. 2, yielding

ΔaNPμ ¼ jyj2
32π2

m2
μ

m2
χ0

FgðτÞ½1þ Aðτ; δÞ�; ð10Þ

with mμ the muon mass and Aðτ; δÞ≡ Fgðτ=ð1þδÞÞ
ð1þδÞFgðτÞ . The loop

function Fg is given in Eq. (A1). For a degenerate dark
spectrum, we have Fgð1Þ ¼ 1=12 and Að1; 0Þ ¼ 1, so that
the discrepancy Δaμ in Eq. (1) is accommodated for
mχ0 ≃ 45jyjGeV. As we will see, the LHCb anomalies
typically require a significant scalar versus pseudoscalar
mass splitting δ ≫ 1, with a dark-lepton versus DM mass
splitting roughly in the interval τ ∈ ½1; δ�. Equation (1) is
then accommodated for mχ0 ≃ 32jyjð1þ 2=δÞGeV (τ≃ 1)

or mχ0 ≃ 55jyj= ffiffiffiffiffiffiffiffiffiffiffiffi
δGeV

p
(τ≃ δ ≫ 1). (See Appendix for

details.)

FIG. 1. Dominant one-loop contribution to the operator
ðϕ�DρϕÞðμ̄LγρμLÞ yielding Γμμð0Þ ≠ 0. The Z0 line is understood
to be attached wherever possible. A similar diagram with μ → νμ
and L− → L0 induces the Z0 coupling to neutrinos.

4Even if absent at the tree-level, kinetic mixing is loop induced
through Bμ − Xμ vacuum polarization effects with exchanged
dark fermions L andQ. While for the charges assumed in Table I,
these loop contributions are logarithmically UV sensitive [29],
they can be made finite in complete models by introducing
additional vectorlike fermions with appropriate Uð1ÞX and SM
charges [25].

5This bound could be significantly weakened, if the Z0 also
coupled to flavor-changing right-handed down-quark currents
with a strength of Oð10%Þ of their left-handed counterparts [30].
We do not consider such a scenario here.

6Constructing an UV completion of our model with such flavor
structures is by itself an interesting endeavor, which we leave for
future work.
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Consider now the b → sμþμ− anomalies. At the b-quark
mass scale, the NP amplitude is described by the effective
Hamiltonian

HNP
eff ¼ −

αGF

2
ffiffiffi
2

p
π
VtbV�

ts

X
i

CiOi þ H:c:; ð11Þ

where α and GF are, respectively, the fine-structure and
Fermi constants, Vij are CKM matrix elements, and the
sum runs over the operators (l ¼ e; μ)

Ol
9 ≡ b̄γρð1 − γ5Þsl̄γρl; ð12Þ

Ol
10 ≡ b̄γρð1 − γ5Þsl̄γργ5l: ð13Þ

A global fit to leptonic, semileptonic and radiative B decays
favors effective couplings to muons [21,37]

Cμ
9 ¼ −Cμ

10 ≃ −0.5 ð14Þ

and negligible electron coefficients Ce
9;10 ≃ 0.7 In our

model, Cμ
9;10 are induced at the one-loop level through

the diagram in Fig. 3, which gives

Cμ
9 ¼ −Cμ

10 ¼ −
g02

4m2
Z0
Λ2
SM

jVtbV�
tsj

VtbV�
ts

ΓbsΓμμ; ð15Þ

where ΛSM ¼ ½2 ffiffiffi
2

p
π=ðαGFjVtbV�

tsjÞ�1=2 ≃ 50 TeV is the
scale of the SM contributions. Accommodating the
b → sμþμ− anomalies as in Eq. (14), while respecting
the ΔMBs

bound from Eq. (9), yields a lower bound on the
muon form factor,

Γμμðm2
bÞ≳ 0.029

�
mZ0=g0

300 GeV

�
: ð16Þ

Since the Z0 coupling to muons is small, cf. Eq. (8), this
bound is fulfilled only for a light Z0 boson, as well as a large
mass splitting δ. In a spectrum with moderate tuning,
δ≲ 10, this leads to

mZ0 ≲ 110–270 GeV

�
g0

3

��jyj
3

�
2

; ð17Þ

where the two mass values correspond to τ≃ δ and
τ ∼ 1, respectively. For mZ0 around the weak scale,
LHCb anomalies thus require rather large couplings y
and g0, while a perturbative upper bound of mZ0 ≲ 8.5 TeV
(τ ≃ δ) or mZ0 ≲ 20 TeV (τ≃ 1) applies for g0 ¼ y ¼ 4π.
We discuss collider constraints on such a Z0 in Sec. IV. To
summarize, assuming perturbative couplings g0 ≃ 3 and a
mild tuning of the dark spectrum, δ≃ 10, both the gμ − 2

and LHCb anomalies are accommodated for parameters
values interpolating between the two limiting cases

ð1Þ τ≃ δ; jyj≃ 6; g0 ≃ 3; δ≃ 10;

mχ0 ≃ 100 GeV; mZ0 ≃ 300 GeV; ð18Þ

ð2Þ τ≃ 1; jyj≃ 2; g0 ≃ 3; δ≃ 10;

mχ0 ≃ 70 GeV; mZ0 ≃ 150 GeV: ð19Þ

IV. COLLIDER CONSTRAINTS

We now analyze the relevant constraints on our model
from EW precision measurements at the LEP experiments,
as well as from the first LHC run. First of all, our model
implies sizable radiative corrections to the Zμμ̄, Zνμν̄μ and
Wþμν̄μ couplings from the one-loop diagram in Fig. 2. The
EW gauge couplings are shifted by (V ¼ W;Z)

FIG. 2. One-loop NP contribution to gμ − 2 and the Z coupling
to muons. The photon γ is to be attached to L−, and the Z boson to
either of the fermion lines.

FIG. 3. Leading NP contribution to the Wilson coefficients
Cμ
9;10. The shaded disk denotes the radiatively induced Z0

coupling to muon pairs at zero momentum exchange, as shown
in Fig. 1.

7A slightly better fit is obtained for a pure vector NP coupling
to muon pairs, i.e., for Cμ

9 ≃ −1 and Cμ
10 ≃ 0 [12,37]. In scenarios

where Cμ
9 is induced at the loop level (as in our model), it is

difficult to achieve such a large effect. However, from a model-
building perspective the solution Cμ

9 ¼ −Cμ
10 ≈ −0.5 with chiral

interactions is more inviting, as it allows a natural implementation
of weak isospin gauge invariance.
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δg
gSM

¼ jyj2
32π2

FVðτ; rqÞ; ð20Þ

where the one-loop function FV is found in Eq. (A4) and
rq ≡ q2=m2

L. The vertex correction ism
2
V=m

2
L suppressed at

the V pole, q2 ¼ m2
V . While the QED part of the couplings

at zero momentum is protected by gauge invariance, the
weak isospin part is not corrected at one-loop level,
since the SM Higgs doublet does not directly couple to
the dark sector.8 Despite this parametric suppression,
the lightness of the dark-sector states, mχ0 ≃ 100 GeV
and mL ≃ 100–400 GeV, together with a relatively large
Yukawa coupling, y≳ 2, typically shifts the SM gauge
couplings by one to a few per mill, which is in mild tension
(∼1σ–3σ) with LEP data [10]. This tension may be relieved
in a more sophisticated version of the minimal model
considered here.
Our model also predicts a series of signatures at hadron

colliders, most notably muon pair production through a
resonant Z0, as well as signals of large missing energy with
muon pairs and/or jets. Current LHC limits on a Z0
resonance with SM-like couplings to fermions are around
mZ0 ≳ 3 TeV [39,40]. However, Z0 production in our model
only occurs through sea-quark (bs̄þ sb̄) annihilations and
is thus strongly suppressed. On the other hand, the Z0
dominantly decays into muon pairs and neutrinos. Given
the conditions Eqs. (9) and (16) on the Z0 couplings to SM
fermions and for Z0 masses that accommodate the LHCb
anomalies as in Eq. (17), the branching ratios to leptons are
both ∼40%–50%, depending on the value of the Yukawa
coupling.9 We thus find the cross section for Z0 production
with decay into μþμ− to be of OðfbÞ, which is an order of
magnitude below current limits at the 8 TeV LHC. The
next-to-leading Z0 branching ratio is μþμ−χ0χ0, ranging
from 2% to 10% for large Yukawa couplings. Along the
same lines, monojet signatures from the direct production
of a DM pair in association with a hard jet from initial state
radiation (ISR) lie at least one order of magnitude below the
current LHC sensitivity [42,43].
The EW production of LþL− pairs leads to a signature

with dimuons and missing energy, which resembles the one
used in searches for smuons, the supersymmetric partners
of the muon. The only difference with our signal lies in the
spin of the produced particles. However, it was shown in
Ref. [44] that results for slepton searches in simplified
models could safely be applied to the production of fermion

pairs decaying into a fermion and a scalar. We use SmodelS
[45], a tool designed to decompose the signal of any NP
model into simplified topologies, and compare the pre-
dictions to the exclusion limits set by the ATLAS and CMS
slepton searches [46,47]. We find that the 8 TeV LHC sets
strong constraints on the mass of L−, even stronger than for
smuons, because LþL− pair production cross sections are
significantly larger. Dark-lepton massesmL ≲ 450 GeV are
excluded, except if the mass splitting with the DM is
sufficiently small, mL −mχ0 ≲ 60 GeV. In this region, the
dimuon signal is overwhelmed with SM background.
Similar searches at LEP2 lead to the lower bound of
mL ≳ 100 GeV [48].

V. DARK MATTER RELIC ABUNDANCE

The DM candidate in our model is the lightest compo-
nent of the scalar χ, which we assume to be χ0. It is largely
leptophilic, as follows from the charge assignments in
Table I. For a spectrum as in Eq. (6), DM annihilation
proceeds dominantly into μþμ− and νμν̄μ through t-channel
exchange of L− and L0, respectively, as shown in Fig. 4.
Coannihilation processes with the other dark states are
negligible for τ ≃ δ ≫ 1, while annihilation into Z0 pairs is
negligible as long as mZ0 ≳mχ0 . The resulting annihilation
cross section is d-wave suppressed in the chiral limit,
σ l̄lv ∼ v4 [49]. Adding up final-state muons and neutrinos,
the thermal average is10

hσ l̄lvi ¼
ad

x2m2
χ0

þOðx−3Þ; ad ≡ jyj4
2πð1þ τÞ4 ; ð21Þ

where v is the relative DM-DM velocity, and x≡mχ0=T,
the DM mass-to-temperature ratio. For the parameter set
in Eq. (18), ad ≃ 0.02 is a typical value. In the freeze-out
approximation [51], the relic density is

Ωl̄l
χ h2 ≃ 8.5 × 10−11

�
3x3fm

2
χ0

ad
ffiffiffiffiffi
g�

p
GeV2

�
× ½1þ Rf�−1; ð22Þ

where g� ≃ 80 is the effective number of relativistic
degrees of freedom at Tf ≃ 1–10 GeV and

Rf ≃ 2.6 × 10−18
� ffiffiffiffiffi

g�
p

mχ0

adGeV

�
x3=2f expðxfÞ ð23Þ

accounts for the reduced DM abundance at freeze-out.
Since DM annihilation hσ l̄lvi ∝ x−2 is d-wave suppressed

8This implies that the operator ðH†DρHÞl̄γρlþ H:c: (relevant
for the Zμþμ− coupling), as well as H†σ ·WμνHBμν and
jH†DμHj2 (which respectively shift the S and T parameters
[38]), are only induced at the two-loop level. Effects on S and T
are thus sufficiently small to evade the LEP bounds.

9We use CalcHEP 3.4 [41] to compute the Z0 production cross
sections and partial decay widths assuming the spectrum in
Eq. (18).

10In our analytic discussion, we work at leading order in
v≃ 0.1–0.3 at freeze-out in a nonrelativistic expansion, while
in our numerical analysis the relic density is computed with
micrOMEGAs [50].
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during freeze-out, DM decoupling is slightly delayed,
which results in a larger (power of) xf ≃ 25 in Eq. (23)
compared to s- or p-wave annihilation. In a scenario as in
Eq. (18), Rf ≃Oð1Þ is a significant correction.
Without this correction and for fixed mass splittings τ

and δ, the relic density scales as Ωl̄l
χ h2 ∝ m2

χ0=jyj4, i.e., like
ðΔaμ × Cμ

9Þ−1, in our model. Using Eqs. (10) and (15),
Eq. (22) reads (Rf ¼ 0)

Ωl̄l
χ h2 ≃ 0.01 × Iðτ; δÞ

�
xf
25

�
3
�
100 GeV
mZ0=g0

�

×

�
287 × 10−11

Δaμ

��
0.5
jC9j

�
; ð24Þ

where Iðδ; τÞ ≡ FgðτÞ½1 þ Aðτ; δÞ�FZ0 ðτ; δÞð1 þ τÞ4.
Assuming parameter values of Eq. (18) (with τ ≫ 1) in
order to accommodate the muon anomalies yields
Iðτ; δÞ≃ 20–40. Recalling that Rf ∼Oð1Þ, this gives a
relic abundance close to the observed value from Planck
data [52]

Ωobs
χ h2 ¼ 0.1199� 0.0022: ð25Þ

However, for parameter values of Eq. (19) (with τ≃ 1),
Iðτ; δÞ≃Oð1Þ and the resulting relic density is typically a
factor of 5–10 smaller than observed. We stress that the
d-wave suppression of scalar DM annihilation into lepton
pairs through a heavy fermion mediator plays an important
role in the above prediction. Had DM annihilation been
p-wave (s-wave) dominated, the same parameter space
would have predicted a relic density smaller by a factor of
about 10 (hundred).

Since the two-body process in Eq. (21) is strongly
suppressed,11 parametrically subdominant annihilation
channels can become relevant. The leading such contribu-
tion is three-body annihilation χ0χ0 → μþμ−γ with an extra
photon in the final state. Virtual internal Bremsstrahlung
(VIB) from the dark lepton Lþ lifts the kinematic sup-
pression, so that annihilation proceeds through an s-wave
[49,53]. The thermally averaged cross section for this
process is [54]

hσμμ̄γvi ¼
α

32π2
jyj4
m2

χ0

FγðτÞ; ð26Þ

with the function Fγ defined in Eq. (A6). Following
Ref. [54], we find that VIB suppresses the predicted relic

density in Eq. (22) by a factor Rγ ≡Ωl̄lþμμ̄γ
χ =Ωl̄l

χ < 1, which
in the chiral limit and at zero relative DM velocity v ¼ 0
approximates12

R−1
γ ≃ 1þ 3α

16π
x2fð1þ τÞ4FγðτÞ: ð27Þ

The function ð1þ τÞ4FγðτÞ strongly decreases with τ,
yielding to a suppression factor of Rγ ≃ 0.5ð0.9Þ for τ≃
1 (τ ≫ 1). Therefore, VIB is a significant contribution only
in particular regions of parameter space, where coannihi-
lation in addition strongly depletes the relic density.
In order to assess the robustness of the prediction for the

relic density in Eq. (24) more quantitatively, we broadly
scan around the parameter sets in Eqs. (18) and (19) that
accommodate the muon anomalies, varying the parameters
in the following ranges:

50 ≤ mχ0 ≤ 450 GeV; 200 ≤ mZ0 ≤ 1000 GeV;

1≲ τ ≤ 20; 0≲ δ ≤ 20; 1 ≤ jyj ≤ 4π;

1 ≤ g0 ≤ 5: ð28Þ

We restrict the tuning among the scalar components to
maximally 10%. Furthermore, we impose the condition that
the gμ − 2 and the LHCb anomalies quoted in Sec. I are
explained within one standard deviation, and that the
collider limits on dimuon and missing energy production
from Sec. IV are satisfied. We then compute the resulting
relic density with micrOMEGAs [50]. As shown in Fig. 5,
for many parameter points where the dominant DM

FIG. 4. Dominant amplitudes for DM-DM annihilation (top
panels) and DM-L or L-L coannihilation (bottom panels) in the
early Universe.

11Contributions from the finite muon mass, which induce
s-wave annihilation into dileptons, are of Oð10−3Þ and thus
are negligible.

12This expression is only an estimate of the total OðαÞ
correction to DM annihilation into the final state μþμ−. A
complete calculation that takes account of the full DM-velocity
dependence requires us to also include virtual corrections. We
leave a thorough treatment of the extra-photon contribution for
future implementation in micrOMEGAs.
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annihilation process is χ0χ0 → l̄l (dark gray points) the
relic density falls within an order of magnitude of Ωobs

χ , as
expected from the above discussion. However, we also find
that the predicted relic density can be much lower than the
observed value, if the spectrum significantly deviates from
Eq. (6). First of all, Ωχ rapidly decreases when the DM
mass increases abovemχ0 ≳ 200 GeV. Satisfying Δaμ with
heavier DM masses requires a lighter dark-lepton L or,
equivalently, smaller values of τ, leading to a significantly
stronger DM annihilation into muon(-neutrino) pairs, see
Eq. (21). Secondly, when mZ0 ≲mχ0 , the process χ0χ0 →
Z0Z0 efficiently depletes the DM relic abundance (the green
points in Fig. 5). Moreover, when mL ≃mχ0 , correspond-
ing to τ≃ 1, coannihilation processes with dark leptons
(see Fig. 4) can also contribute to significantly reducing the
DM density (magenta points in Fig. 5). This is particularly
pronounced when Z0 can be produced in the final state via
the coannihilation processes χ0L�ðL0Þ → Z0μ�ðνμÞ (the
cyan points in Fig. 5).
The two regions where the relic density is in agreement

with the observed value closely resemble the parameter
limits favored by the muon anomalies from Eqs. (18) and
(19), respectively. These are
(1) The heavy lepton scenario. In this region, mχ0 ≈

120–250 GeV and mL ≳ 450 GeV, corresponding
to τ ≫ 1, because of collider constraints on dilepton
plus missing energy signals. As a result, the Yukawa
coupling is strong, jyj≳ 6, to ensure a large enough
DM annihilation rate into lepton pairs.

(2) The compressed scenario. This second region
corresponds to mχ0 ≈50–80GeV and mL≈100–
120GeV, i.e., to τ≃ 1. It evades collider constraints

because of the relatively small gap between DM and
dark-lepton masses. Since DM annihilation is larger
for τ≃ 1, see Eq. (21), a smaller Yukawa coupling is
needed to ensure enough DM annihilation. However,
as the muon anomalies request jyj ≳ 2, it is more
challenging to obtain the observed relic density
Ωobs

χ h2 ∼ 0.1 in the compressed scenario.
In Fig. 6, we illustrate the range of y needed to obtain
various amounts of DM relic abundance Ωχ , as a function
of the DM mass, for the case of dominant DM annihilation
into lepton pairs, χ0χ0 → l̄l.

VI. DARK MATTER DETECTION

The DM candidate in our model is dominantly lepto-
philic, which makes direct detection very challenging.
Furthermore, since Z and Higgs boson couplings to χ0
pairs are absent at tree level and loop-induced vector
interactions are momentum suppressed, any signal of
spin-independent DM-nucleus scattering lies below the
sensitivity of current direct detection experiments.13

On the other hand, VIB in DM annihilation, discussed in
Sec. V, plays an important role for indirect detection today.
The suppression of tree-level DM annihilation into dilepton
states, σ l̄lv ∼ v4, is even stronger than during freeze-out, as
velocities today are around vhalo ∼ 10−3 in our galactic

FIG. 5 (color online). DM relic density Ωl̄l
χ h2 as a function of

the DM mass, mχ0 , as predicted by the muon-related collider
anomalies. Light gray points: excluded by 8 TeV LHC and LEP2
constraints on di-lepton plus missing energy signals from LþL−

production Dark gray points: DM annihilation dominated by
χ0χ0 → μþμ−; νμν̄μ. Green points: additional contributions
(∼10% and more) from χ0χ0 → Z0Z0. Magenta and cyan points:
coannihilation through LL → ll and χ0L → Z0l, respectively,
accounts for more than ∼10% of the total hσvi. Red band: 3σ
range of Ωobs

χ from Planck [52]. (See text for details.)

FIG. 6 (color online). Dark Yukawa coupling y as a function of
mχ0 required to accommodate the muon anomalies within one
standard deviation. Gray points are excluded by 8 TeV LHC and
LEP2 constraints on dilepton plus missing energy signals from
LþL− production. All other points correspond to dominant DM
annihilation χ0χ0 → μþμ−; νμν̄μ, i.e., to the dark gray points in
Fig. 5. Colors depict different amounts of the associated DM relic
abundance; Ωobs

χ h2 is obtained in the blue regions.

13The leading contribution to spin-independent (SI) scattering
arises at the two-loop level from the effective interaction χ0χ0q̄q.
For the spectrum in Eq. (18), we estimate its size to be
σpSI ∼Oð10−50Þ cm2, which lies below the coherent neutrino
background [55] for DM masses around the weak scale. Spin-
dependent interactions are strongly velocity suppressed in the
nonrelativistic limit.
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neighborhood. Photons from VIB are thus the dominant
signal in gamma-ray searches of indirect detection experi-
ments. The annihilation cross sections due to VIB in our
two scenarios from Eqs. (18) and (19), integrated over the
photon energy spectrum, are

ð1Þ hσμμ̄γvi≃ 3 × 10−27 cm3=s and

ð2Þ hσμμ̄γvi≃ 7 × 10−25 cm3=s; ð29Þ

respectively. The smaller cross section in the heavy lepton
scenario (1) is mainly due to the suppression hσμμ̄γvi ∼
1=τ4 in the limit of large mass splitting, τ ≫ 1.
For small mass splitting τ≃ 1, the energy spectrum of

VIB photons is peaked close to the end point Eγ ¼ mχ0
[53], which leaves a characteristic signature in indirect
detection experiments. The Fermi satellite has performed a
dedicated search for spectral features in VIB using data
from space regions near the Galactic center collected during
pass 7 [56]. Assuming a spectral shape characteristic for
1≲ τ ≲ 2, this search sets an experimental upper bound
on VIB,

hσμμ̄γvi≲ 10−27 cm3=s; ð30Þ

for mχ0 ≲ 100 GeV.
More inclusive analyses of Fermi data from dwarf

galaxies constrain the overall gamma-ray flux emitted in
DM annihilations [57,58]. These searches are sensitive to
the sum of secondary photons (from final-state radiation
off muons and muon decays) and VIB. Though the cross
section bounds are generally weaker than from the dedi-
cated VIB search, they constrain hσμμ̄γvi for scenarios with
large τ, which the VIB spectral search is not sensitive to.
In Fig. 7, we compare the predictions of DM annihilation

through VIB in our model with the bounds from Fermi. We
focus only on points in the scan range of Eq. (28), which
satisfy the muon-related anomalies and yield a DM relic
density of 0.01 < Ωχh2 < 1. The upper bound on hσμμ̄γvi
from Fermi’s VIB search was derived in Ref. [56] (the
dashed red line). It excludes part of the compressed
scenario (2) with 1 ≤ τ ≤ 2 (the blue points), where VIB
is particularly large [see Eq. (29)]. The bound cannot
directly be applied to scenarios with τ > 2 (the dark gray
points), for which the photon energy peak is much less
pronounced and the VIB search thus significantly loses
sensitivity. Inclusive gamma-ray searches in nearby dwarf
galaxies lead to a less strigent upper bound on hσμμ̄γvi (the
black line), which we adopt from [59] under the assumption
that VIB dominates photon emission in DM annihilation.
Parameter space regions with τ > 2 and a relic density
comparable to the observed value lie at least an order of
magnitude below the bound from dwarf galaxies. Notice
that the Fermi bounds on the cross section are based on data
from pass 7. With the recently released pass 8 data set [58],

we expect these bounds to improve by about an order of
magnitude. The inclusive gamma-ray search might thus
start probing the heavy lepton scenario, as well as the part
of the compressed scenario, which does not display a
significant spectral feature.

VII. CONCLUSIONS AND OUTLOOK

We have shown that a minimal phenomenological
model featuring a new Abelian force with radiative cou-
plings to left-handed muons can simultaneously explain
the observed muon anomalies in gμ − 2 and b → sμþμ−

transitions through one-loop effects of new particles
charged under the associated Uð1ÞX symmetry. The spon-
taneous breaking of Uð1ÞX down to a Z2 symmetry induces
a sizable mass splitting among the scalar states of the dark
sector, which controls the radiative Z0 coupling to muon
pairs and ensures that the lightest new state is a cosmo-
logically stable neutral scalar. Hence, addressing both the
gμ − 2 and b → sμþμ− anomalies in this way typically
yields a leptophilic DM candidate, which is hardly visible
in direct DM detection searches.
All muon-related anomalies can simultaneously be

accommodated with Z0 and DM masses around the EW
scale and large dark couplings y; g0 ≳ 2. While DM
annihilation is governed by the same interactions that
explain the muon anomalies, the large Yukawa coupling
y typically allows for a thermal DM relic density surpris-
ingly close to the observed value, unless significant
coannihilation is present. This result partially relies on
the fact that the dominant DM annihilation into lepton pairs

FIG. 7 (color online). Thermally averaged cross section for DM
annihilation into μþμ−γ in our galactic neighborhood today as a
function of the DM mass, as predicted by muon-related collider
anomalies. All points satisfy 0.01≲ Ωχh2 ≲ 1. Light gray points
are excluded by 8 TeV LHC and LEP2 constraints on dilepton
plus missing energy signals from LþL− production. Points with
τ ≤ 2 (τ > 2) are shown in blue (dark gray). The black line
denotes the Fermi LAT upper bound on photon emission in
nearby dwarf galaxies, while the dashed red line represents the
Fermi LAT limit on spectral features in VIB signals [56], which
applies only for 1≲ τ ≲ 2, i.e., to the blue points.
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is d-wave velocity suppressed, thus favoring larger cou-
plings compared to scenarios with s- or p-wave annihila-
tion. The velocity suppression furthermore depletes
final-state and secondary photon emission from DM
annihilation into muon pairs in our galactic neighborhood
today. Signals in indirect detection experiments are there-
fore dominantly due to hard photons from VIB.
Another key ingredient of the model is a new vectorlike

lepton doublet, which in particular mediates tree-level DM
annihilation to leptons. Being Z2 odd, these dark leptons
do not mix with SM leptons, nor do they couple to the
SM Higgs field at tree level. This prevents the otherwise
severe constraints from Higgs and EW precision observ-
ables, most notably oblique corrections. The only signifi-
cant effect on low-energy observables lies in the Z-boson
coupling to muon pairs or invisible states, which is in mild
tension with precision LEP data at the Z pole.
At high-energy hadron colliders, dark leptons around

the EW scale are produced in pairs through Drell-Yan-like
processes. We recast available LHC searches for muon
pairs with missing energy in the context of supersymmetry
and find a general lower bound on the dark-lepton mass,
mL ≳ 450 GeV. A good fit to all muon anomalies with a
relic density around the observed value is still possible in
two characteristic parameter regions. These are (1) the
heavy lepton scenario with dark leptons above 450 GeVand
a DM candidate in the range 125≲mχ0 ≲ 250 GeV, and
(2) the compressed scenario with a light dark sector around
70 GeV and a small splitting between the dark-lepton and
DMmasses,mL −mχ0 ≲ 60 GeV, to which current dimuon
searches are insensitive.
Accommodating the LHCb anomalies in the heavy

lepton scenario typically requires a very large Yukawa
coupling not far from the nonperturbative regime, which
suggests an UV completion of our model not far above the
TeV scale. Weaker couplings are nevertheless possible in
the compressed scenario thanks to the larger DM annihi-
lation cross section at freeze-out in the limit of a small mass
gap with the dark lepton. However, this small mass splitting
induces a sharply peaked photon energy spectrum from
VIB in DM annhihilation today. Dedicated searches for
such a signature by the Fermi experiment partially exclude
the compressed scenario as a simultaneous explanation of
muon anomalies and thermal DM. Interestingly, indirect
detection experiments are thus complementary to collider
searches, which are not sensitive to the compressed
scenario. Probing the heavy lepton scenario through indi-
rect detection, however, is difficult, since the photon energy
peak from VIB is much less pronounced for large mass
gaps and inclusive gamma-ray searches are less sensitive.
We point out that Bs meson mixing significantly limits

the Z0b̄s coupling to at most a few per mill. Given the loop
suppression of the Z0 coupling to muon pairs in our model,
the b → sμþμ− anomalies imply new contributions to Bs
meson mixing right around the corner, while they are only a

possibility in most Z0 models explaining the LHCb anoma-
lies with tree-level couplings to leptons. This is an
interesting implication of simultaneously addressing the
gμ − 2 discrepancy. Moreover, the absence of a Z0 coupling
to valence quarks and its constrained interaction with
bottom and strange quarks strongly limits direct Z0 pro-
duction at hadron colliders. In particular, resonant Z0
production followed by decays in muon pairs is well below
the sensitivity of the 8 TeV LHC. Similar conclusions apply
to monojet searches.
Prospects are good that our model can be tested in the

near future. Since dedicated DM searches through direct
detection are not sensitive to our scenario, the 14 TeV LHC
will be the most important experiment to probe it. We
expect that the reach for dark muons should be improved by
close to a factor of 2 during run II, similar to what was
found for smuons [60,61]. Thus, the parameter space of the
heavy lepton scenario will be fully covered, since the gμ − 2

anomaly sets an upper boundmL ≲ 800 GeV for couplings
y < 4π. The spectrum in the compressed scenario (which
is already under pressure from indirect DM detection
searches) is more difficult to access through direct searches.
One possibility would be to exploit the monojet signature
from the direct production of dark muons in association
with an ISR jet in the highly compressed region, where the
dark muon decay leads to an invisible signature. Precision
measurements of Z-boson couplings at a future eþe−
collider would give complementary indirect information
about the dark sector.
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APPENDIX: AUXILIARY FUNCTIONS

The gμ − 2 loop function from the diagrams in Fig. 2 is

FgðτÞ≡ 1

6ðτ − 1Þ4 ½τ
3 − 6τðτ − log τÞ þ 3τ þ 2�: ðA1Þ

For degenerate dark (pseudo-)scalar and dark-lepton
masses, one has Fgðτ ¼ 1Þ ¼ 1=12, while in the decou-
pling limit of the dark lepton the function decreases
as Fgðτ ≫ 1Þ≃ 1=ð6τÞ.
For the dominant Z0 coupling to SM lepton pairs at zero

momentum, corresponding to the diagrams in Fig. 1, the
loop function is
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FZ0 ðτ; δÞ≡
Z

1

0

du
Z

1−u

0

dv log

�
1þ vδ

τ þ ðuþ vÞð1 − τÞ
�

þ log

�
1 −

vδ
τ þ ðuþ vÞð1þ δ − τÞ

�
: ðA2Þ

For degenerate scalar and pseudoscalar masses,
FZ0 ðτ; 0Þ ¼ 0, while in the limit of large mass splitting
Eq. (A2) approximately gives

FZ0 ðτ; δ ≫ 1Þ≃ 1

2
log δ −

τ2ð1þ log τÞ − 3τ þ 2

2ðτ − 1Þ2 : ðA3Þ

Moreover, Eq. (A2) approaches a constant when both mass
splittings are comparably large, FZ0 ðτ ∼ δ ≫ 1Þ≃ 1=4.
The one-loop corrections to the V ¼ W;Z couplings to

SM leptons from Fig. 2 are proportional to the loop
function

FVðτ; rqÞ ¼ 2

Z
1

0

du
Z

1−u

0

dv

�
1 − u − v
uþ v

log fðτ; uþ vÞ þ 1 − fðτ; uþ vÞ þ 2uvrq
fðτ; uþ vÞ − uvrq

− logðfðτ; uþ vÞ − uvrqÞ
�
; ðA4Þ

where fðτ; xÞ≡ xþ ð1 − xÞ=τ and rq ≡ q2=m2
L, with q2

the squared momentum of the external gauge boson.
The loop function falls off at low q2 as

FVðτ; rq ≪ 1Þ≃ rqτ

36ðτ − 1Þ4 ½ðτ − 1Þð7τ2 − 29τ þ 16Þ

þ6ð3τ − 2Þ log τ�: ðA5Þ

Finally, the function controlling the approximate three-
body correction from VIB to the relic density is

FγðτÞ ¼ ðτ þ 1Þ
�
π2

6
− log2

�
τ þ 1

2τ

�
− 2Li2

�
τ þ 1

2τ

��

þ 4τ þ 3

τ þ 1
þ 4τ2 − 3τ − 1

2τ
log

�
τ − 1

τ þ 1

�
; ðA6Þ

where Li2ðxÞ ¼ −
R
1
0 dy logð1 − xyÞ=y is the polylogar-

ithm function of second order.
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