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1 Introduction

The standard model (SM) of particle physics is in very good agreement with experiment [1].

The recent discovery of a SM-like Higgs particle at the Large Hadron Collider (LHC) [2, 3]

provides further confirmation that the SM is an excellent description of the interactions

of the elementary particles up to the weak scale. Nevertheless, there is now compelling

experimental evidence that points to physics beyond the SM. Among the phenomena that

cannot be accounted for within the SM are the non-zero values of the neutrino masses, and

the existence of a baryon asymmetry.

As cosmological data has become more precise, it has become clear that more than 20%

of the energy density in the universe is associated with some form of dark matter (DM) [4].

While very little is known about the precise nature of DM, a large class of well motivated

theories involve particles that have interactions of weak scale strength with visible matter.

These include theories where DM is composed of WIMPs, particles of weak scale mass

that survive as thermal relics [5, 6], and some models of Asymmetric Dark Matter [7–17]

(see [18] for a recent review and references).

Several types of experiments are involved in the search for DM. These include direct

detection experiments searching for DM scattering events, indirect detection experiments

searching for the products of DM annihilation such as photons and neutrinos, and colliders

such as the LHC that seek to produce DM. Over the years these experiments have be-

come increasingly sensitive, and their limits now exclude a significant part of the preferred

parameter space for many WIMP DM candidates.

With the WIMP paradigm beginning to come under strain, several ideas have been

put forward to explain the absence of a signal in these experiments. Perhaps the sim-

plest possibility is that DM is leptophilic, coupling preferentially to leptons rather than

to quarks [19–36]. This can help explain the null results of each of the different classes of

experiments. Since the scattering of DM off nuclei now arises only at loop, the constraints

from direct detection are weaker [27, 37, 38]. Because the LHC is a hadron collider, the pro-

duction of particles that do not have significant couplings to quarks or gluons is suppressed,

and the resulting limits are again relatively weak. The limits on leptophilic DM from indi-

rect detection also tend to be less severe. Since the average number of photons produced in

DM annihilation to electrons and muons is much smaller than in the case of hadronic final

states, the constraints from continuum photons are in general weaker, for example [39–

48]. Limits on DM from gamma ray lines tend to be significantly weaker than the limits

from continuum photons, as may be seen from model independent analyses [49, 50] and
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are therefore easily satisfied. Internal bremsstrahlung signatures are an interesting probe

of these models [51–58], but also do not present severe constraints. Although constraints

from positron flux measurements are stronger for annihilations into electrons and muons,

scenarios where leptophilic DM emerges as a thermal relic remain viable [59–64].

In general, DM candidates that couple directly to SM leptons — the muon in par-

ticular — with weak scale strength are expected to have a significant impact on the

anomalous magnetic moment of the muon, aµ [58, 65]. It may therefore be possible to

obtain a tighter constraint on leptophilic DM from the existing precision measurements

of aµ than from the experiments considered in the previous paragraph. Furthermore,

with the reduction of experimental and theoretical uncertainties in the determination

of aµ, a 3σ discrepancy between the two has remained. The discrepancy is given by

∆aµ ≡ aExp
µ −aSM

µ = 28.7(6.3)(4.9)×10−10 [1, 66–71], where the errors shown represent the

experimental and theoretical uncertainties, respectively. The theoretical error is dominated

by hadronic contributions [72–77] (further references and reviews can be found in [78, 79]).

The total uncertainty including both the experimental and theoretical contributions is

given by δaµ ≡ 8.0 × 10−10. If this observed anomaly is a consequence of new physics, a

very interesting possibility is that it is associated with the interactions of leptons with DM.

It is therefore important to identify theories of DM that can give rise to such a signal.

In this paper we consider the contributions to the anomalous magnetic moment of the

muon in theories of leptophilic DM. We focus on renormalizable theories where the scatter-

ing of DM off leptons arises at tree level, but DM scattering off nuclei only arises at loop.

We also assume that the interactions of DM respect CP so that there are no corrections to

the electric dipole moments of the leptons. In such a framework, the various DM candidates

can be classified by their spins and by the forms of their interactions with leptons. For each

case, we determine the corrections to aµ that arise from these interactions. We then apply

these results to several specific simplified models of DM. For concreteness, we focus on theo-

ries where a single DM candidate couples to all 3 flavors of SM leptons with equal strength.

When the DM candidate reduces the tension between the predicted value of aµ in the

SM and the experimental measurement, we highlight the region of parameter space favored

to completely remove the discrepancy. Conversely, when agreement with experiment is

worsened, we place limits on the parameters of the corresponding simplified model. These

bounds and favored regions are compared against the experimental constraints on the

simplified model from direct detection and collider experiments. We find that although

these constraints are severe, there do exist limited regions of parameter space in these

simple theories that can explain the anomaly in aµ while remaining consistent with current

experimental bounds. In our analysis, we do not take into account limits on the parameter

space that arise from the relic abundance, since these bounds tend to be more model

dependent, and are less robust than the constraints we consider. In particular, these

constraints do not apply to scenarios where the dark matter is non-thermal or asymmetric.

In section 2 we begin by calculating the leading one loop contributions to aµ that arise

from renormalizable theories of leptophilic DM. In section 3 we determine the bounds on

this scenario from direct detection and in section 4 from LEP. These results are applied to

specific simplified models of DM in section 5.

– 2 –



J
H
E
P
0
8
(
2
0
1
4
)
1
4
7

�
ϕ

DM

DM

µ

µ

(a)

�ϕ

DM

DM

µ

µ

(b)

Figure 1. Two possible channels of DM to muon scattering through a mediator ϕ. In (a) ϕ is

electrically neutral and in (b) it is charged.

2 Contributions to aµ

In this section we consider the contributions to aµ from different theories of leptophilic DM.

Our focus is on renormalizable theories where the scattering of DM off leptons arises at tree

level. These theories can be separated into two broad categories depending on whether the

particle that mediates the scattering of DM off leptons is neutral or electrically charged.

These two classes of theories are shown in figure 1.

These interactions can also affect the anomalous magnetic moment of the electron ae.

However, if the new physics couples universally to all the different flavors of leptons, its

contributions (henceforth denoted as â) to ae are much smaller than to aµ and are therefore

expected to easily satisfy the experimental bounds. The one important exception to this

statement is the case of very light neutral mediators. Indeed, in analogy with QED, the

one-loop contribution to the anomalous magnetic moment from a massless neutral mediator

is equal for both electrons and muons.

In other cases, the one-loop new physics contributions to ae can be obtained from aµ
simply by replacing the mass of the muon with the mass of the electron. In the models

we consider, this amounts to multiplying the result by
m2
e

m2
µ

≈ 2 × 10−5. Note that the

current uncertainty in ae is δae = 0.8 × 10−12 [1, 80], where the dominant uncertainty

arises from the measurement of α, the fine structure constant. The relative sensitivity of

the two measurements can then be seen as

âe/δe
âµ/δµ

∼ δµ
δe
× m2

e

m2
µ

∼ 0.02 . (2.1)

We see that even though it is a more precise measurement, at present ae is not as sensitive

a probe of new physics as aµ, except for very light mediators.

2.1 Charged mediator diagrams

We begin by considering the case of DM-lepton scattering through a charged mediator, as

shown in figure 1b. This scenario encompasses several different theories. In this section, it

is convenient to group the different theories by the form of the interaction rather than by

the type of DM. For instance, the term

Lvector = µ̄γν
(
a+ bγ5

)
FVν + h.c. (2.2)
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Figure 2. One loop contributions to aµ involving a massive vector V µ and massive fermion F . In

(a) the DM is fermionic while in (b) it is a vector.

describes a renormalizable interaction between the muon, a massive fermion F and a mas-

sive vector V ν . Depending on the model, either F or V µ constitutes the DM. The leading

contribution to aµ from interactions of this form arise from figure 2a in the case of fermionic

DM, or from figure 2b for vector DM.

To keep track of each diagram’s contribution to aµ the labeling âMed,DM
µ will be used

for each of the charged mediator contributions. The first term in the superscript refers to

the spin of the mediator while the second refers to the spin of the DM. For instance the

diagram in figure 2a is the dominant contribution to âV,Fµ , corresponding to the case of a

fermionic DM candidate whose scattering off leptons is mediated by a massive vector.

The other charged mediator interaction is of the form

Lscalar = µ̄
(
a+ bγ5

)
FS + h.c. (2.3)

where S denotes a massive scalar. This leads to the diagram shown in figure 3a if the DM

is a fermion, or to the diagram shown in 3b if the DM is a scalar.

In the diagrams considered in this subsection the mediating particle is necessarily

electrically charged. Therefore, if the mediator is a fermion it must be Dirac, while if it is

a scalar or a vector, it must be complex. No such restriction applies to the DM particle.

Therefore, if the DM is a fermion it could be either Majorana or Dirac, while if it is a

boson it could either real or complex.

The contributions to aµ from these diagrams have been calculated exactly in [81]

and [82]. However, as the mass of the DM mDM and the mediator mMed are expected

to be much larger than the mass of the muon mµ, the leading order effects can be most

clearly seen by expanding the results in powers of the small parameter ε ≡ mµ/mMed. A

shorthand designating the ratio r ≡ mDM/mMed will also be used.

We first give the contributions involving the massive vector. From figure 2a we obtain

âV,Fµ =
ε

16π2

{
ε(|a|2 + |b|2)

3(1− r2)4

[
10− 43r2 + 78r4 − 49r6 + 4r8 + 18r6 ln(r2)

]
−r(|a|

2 − |b|2)

(1− r2)3

[
4− 15r2 + 12r4 − r6 − 6r4 ln(r2)

]}
+O(ε3) (2.4)
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Figure 3. One loop contributions to aµ involving a massive scalar S and massive fermion F . In

(a) the DM is fermionic while in (b) it is a scalar.

while from figure 2b we find

âF,Vµ = − ε

16π2r2

{
ε(|a|2 + |b|2)

3(1− r2)4

[
5− 14r2 + 39r4 − 38r6 + 8r8 + 18r4 ln(r2)

]
−|a|

2 − |b|2

(1− r2)3

[
1 + 3r4 − 4r6 + 6r4 ln(r2)

]}
+O(ε3). (2.5)

The contributions from the scalar interactions in figures 3a and 3b are respectively

âS,Fµ = − ε

16π2

{
ε(|a|2 + |b|2)

3(1− r2)4

[
1− 6r2 + 3r4 + 2r6 − 6r4 ln(r2)

]
+
r(|a|2 − |b|2)

(1− r2)3

[
1− r4 + 2r2 ln(r2)

]}
+O(ε3), (2.6)

âF,Sµ =
ε

16π2

{
ε(|a|2 + |b|2)

3(1− r2)4

[
1− 6r2 + 3r4 + 2r6 − 6r4 ln(r2)

]
+
|a|2 − |b|2

(1− r2)3

[
1− 4r2 + 3r4 − 2r4 ln(r2)

]}
+O(ε3). (2.7)

In all of the above relations the r dependent functions contained within the square

brackets are never negative and hence never change the sign of the contribution. Therefore,

in each case the sign of the correction to aµ is completely determined by the relative sizes

of a and b. An interesting feature pointed out by [83] in the context of supersymmetric

theories, but which is completely general, is that the contribution to aµ from a coupling to

the muon that respects chiral symmetry, a = ±b, is suppressed by order ε relative to the

results of an interaction that violates this symmetry.

2.2 Neutral mediator diagrams

We now consider DM-lepton scattering mediated by a neutral particle, as shown in figure 1a.

The interactions between the muon and a vector or a scalar mediator are of the same form

as in (2.2) and (2.3) respectively, but with the fermion F replaced by a muon µ. Because

the contributions to aµ in these models are insensitive to the nature of the DM particle, we

simply label the contributions by the spin of the mediator, i.e. âVµ for a vector mediator.
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Figure 4. One loop contributions from models with neutral mediators to aµ by (a) a scalar S and

(b) a vector V µ.

The interactions of the neutral mediator models are nearly identical to the charged

mediator models, and in principle the exact expressions from the calculation above can

be adapted for this case. However, the expansion in terms of the ratio of the muon mass

to the charged particle running in the loop, in this case the muon itself, is obviously not

valid here. We continue using ε to denote the ratio of masses of the muon and the neutral

mediator, and present the leading order result in this parameter,

âVµ =
ε2

4π2

[
−2

3
(|a|2 + |b|2) + (|a|2 − |b|2)

]
+O(ε3), (2.8)

âSµ =
ε2

8π2

[
1

3
(|a|2 + |b|2)−

(
3

2
+ ln ε2

)
(|a|2 − |b|2)

]
+O(ε3). (2.9)

Notice that the contribution from interactions that respect chiral symmetry is no longer

suppressed by an additional power of ε relative to the contribution from couplings that

violate this symmetry. In the case of a scalar mediator, the chiral symmetry violating

effects are only logarithmically enhanced, while in the case of a vector mediator they are

of the same order. When the mediator is lighter than or comparable in mass to the muon,

the small ε approximation does not apply, and we use the full expressions for our numerical

analysis of constraints.

The muon g − 2 is sensitive only to couplings of the DM and mediators to the muon.

However, other constraints depend on the flavor structure of the couplings to all leptons.

Therefore, to compare the muon g − 2 with these limits, we must make some assumptions

about the flavor structure of the models under consideration. The non-observation of

flavor-changing processes in charged leptons puts strong constraints on the couplings of

DM to leptons. We focus on theories where a single DM candidate couples to all 3 flavors

of SM leptons with equal strength. Accordingly, we assume that there is a separate charged

mediator corresponding to each lepton flavor, and that there is no mixing between different

flavors of mediators. Another possibility that also satisfies flavor bounds, but which we

will not consider in this paper, is to have a separate DM species corresponding to each

flavor of lepton, but only a single mediator [37].

– 6 –
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Figure 5. Leading order processes for DM nucleon scattering for (a) charged and (b) neutral

mediators. Note that there is a second diagram at the same order with the lepton ` coupling to the

photon in the charged mediator case.

3 Limits from direct detection

In this section we determine the limits on leptophilic DM from direct detection experiments.

In these theories scattering off nuclei only arises at loop level. Therefore, we expect that

the direct detection bounds will most significantly constrain theories where DM-nucleon

scattering is spin-independent, and arises at one loop. In our analysis we use the recently

released LUX results [84] to generate the bounds.

In figure 5 we see the leading contributions to a DM particle χ scattering with a nucleus

N , arising from a photon exchange. The contributions mediated by the exchange of the

Higgs or the Z are suppressed by small lepton Yukawa couplings [85]. In general, the direct

detection cross section receives contributions from all the SM leptons running in the loop.

As stated above, we focus on theories where the couplings of the DM to each flavor of the

SM leptons are equal.

The velocity of incident DM particles is expected to be small (v/c ∼ 10−3), which

implies that the momentum transfer in direct detection experiments will be of order 10-

50 MeV. Since the momentum transfer in this process is so small, it is convenient to work in

an effective theory with the charged particles in the loop that mediate scattering integrated

out. The effective theory will be consistent provided that the momentum transfer in the

scattering process is smaller than the mass of the particles in the loop. Although this

condition is not strictly satisfied in the case of the electron, it is straightforward to correct

for this. In the case of charged mediators, in the effective theory the DM candidate couples

directly to the photon through an effective vertex.

Similar considerations apply to the neutral mediator case, provided the mass of the

neutral mediator is more than the typical momentum transfer. Of course, since DM-

nucleon scattering arises via mixing of the mediator with the photon, only the neutral

vector contributes. The mixing is radiatively generated by a loop diagram that involves

particles charged under both the photon and the new vector boson. At low energies, the

only particles in the loop that contribute to mixing are the charged leptons of the SM. The

loop diagram is logarithmically divergent, and needs to be regulated. For concreteness, we

assume that the diagram is cut off at a scale ΛV , which we take to be of order the weak

scale. After integrating out the mediator and the charged leptons, the DM again couples

to the photon through an effective vertex at low energies.

– 7 –
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The case of very light neutral mediator (m . 30 MeV) is slightly more subtle. We can

no longer integrate out the mediator for typical scattering at direct detection experiments.

In this case, it is more convenient to eliminate the mixing between the mediator and the

photon by a redefinition of the photon field, which leads to a direct coupling of the SM

quarks to the neutral mediator. This translates into a tree-level interaction of the DM with

quarks in the low energy theory, mediated by the new vector boson.

It follows that the direct detection bounds can be translated into limits on the effective

operators that couple DM to the photon, and then into constraints on the parameters of

the theory. These constraints are expected to be most significant for theories that give rise

to effective operators that generate spin-independent DM-nucleon scattering at one loop.

In what follows we consider the DM candidates of different spins and identify the relevant

effective operators that lead to spin-independent DM-nucleon interactions. Those theories

with no such operator are not expected to be significantly constrained by the current limits

from direct detection.

The effective operators generated by integrating out the particles in the loop respect the

symmetries of the underlying theory. Therefore, we need only consider effective operators

that respect these symmetries. In particular, since we are restricting our discussion to

interactions that are invariant under CP , we need only consider effective operators that

respect CP .

3.1 Self-conjugate particles

It can be shown quite generally that in the case of self-conjugate (real scalar, Majorana

fermion, real vector) leptophilic DM, the direct detection signals are suppressed. A self-

conjugate particle couples to a single photon only through an anapole moment [86–91]. In

particular, for CP -conserving interactions, the scattering amplitude of the DM particles

with the quark electromagnetic current (q̄γµq) can be written in the following form,

M∼
(
k2sµ − (k · s)kµ

) 1

k2
q̄γµq . (3.1)

Here p1 and p2 are the incoming and outgoing DM momenta respectively, and k = p2 − p1

is the momentum transfer. The quantity sµ depends on the spins and momenta of the

incoming and outgoing DM particles. As an example, for a Majorana fermion, sµ =

〈χ(p2)|χ̄γµγ5χ|χ(p1)〉. The second term above does not contribute to the scattering process

(due to Ward identities). The k2 in the first term cancels against the photon propagator,

giving rise to a contact interaction with the quark current. For direct detection, this implies

that the scattering amplitude with the nucleus is given by

M∼
∑
q

〈Nf |Qq̄γµq|Ni〉sµ . (3.2)

Since the anapole moment is P -odd (a symmetry respected by the electromagnetic cou-

pling), it follows that this contact interaction will lead to p-wave scattering amplitudes that

are suppressed in the non-relativistic limit. Therefore, we expect that the direct detection

constraints on self-conjugate DM particles coupling to the nucleons via a photon will be

relatively weak.

– 8 –
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These conclusions may also be directly obtained from a study of the possible effective

operators. We limit ourselves to operators of dimension up to six. It is easily seen that

there are no operators that couple real scalar DM to a single photon. Such an operator

would schematically contain two DM field factors χ2, the photon field strength Fµν (or

its dual), and derivatives. The antisymmetry of Fµν , however, makes any operator of this

type vanish identically.

As is well-known, the bilinears χ̄γµχ and χ̄σµνχ both vanish identically for Majo-

rana fermions. The only surviving bilinear is proportional to χ̄γµγ5χ which gives velocity

suppressed matrix elements with the electromagnetic current of the nucleus.

Finally for real vector DM the dimension four operator χµχνF
µν vanishes by the

antisymmetry of the Maxwell tensor. We can apply two derivatives as in the real scalar

case, but find that the resulting operator violates CP . This leads us to consider the operator

OV = ∂µχ
α∂αχνFσρε

µνσρ. (3.3)

Note that any other choice of contraction of indices vanishes either due to the antisymmetry

of εµνσρ or the on-shell constraint ∂αχ
α = 0. The resulting amplitude is

M∼
∑
q

〈Nf |Qq̄γρq|Ni〉
1

k2
εµνσρkσ(p2 + p1)µkα [ε∗ν(p2)εα(p1)− εν(p1)ε∗α(p2)] (3.4)

where the εν(p) are polarization vectors of χν . The kσkα suppression is overcome by the

photon propagator. However, the epsilon-tensor contraction of (p1 + p2) with q̄γµq van-

ishes in the limit that the velocities of the incoming particles tend to zero. Therefore, this

amplitude is suppressed in the non-relativistic limit.

We conclude that leptophilic DM particles which are real scalars, Majorana fermions

or real vectors are not generally expected to be significantly constrained by direct detection

searches. The DM candidates that give rise to sizable spin-independent cross sections in

the non-relativistic limit are complex scalars and Dirac fermions. We study those cases in

more detail.

3.2 Complex scalar DM

If the DM is a complex scalar there is a non-vanishing effective operator, namely

OS = ASi [∂µχ
∗∂νχ− ∂νχ∗∂µχ]Fµν . (3.5)

Note that if we replace Fµν by Fαβε
αβµν the corresponding operator is odd under CP .

From OS we find the complex scalar DM contribution to the direct detection amplitude,

MOS = −ASe
∑
q

〈Nf |Qq̄γνq|Ni〉(p2 + p1)ν ≡ λ̃
∑
q

〈Nf |Qq̄γνq|Ni〉(p2 + p1)ν (3.6)

where the sum over q denotes a sum over quark bilinears, p1 and p2 the DM momenta

before and after scattering, and Q is the charge each quark in units of e.

– 9 –
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3.3 Dirac fermion DM

For a Dirac fermion DM, the lowest dimension operator we can write down which preserves

CP and gauge invariance is

O = iA5 χ̄σµνχF
µν . (3.7)

However, this effective operator violates the chiral symmetry associated with χ, and will

not be generated in theories where the couplings of DM respect this symmetry. When

present this operator leads to the amplitude

M = 2A5e
∑
q

〈Nf |Qq̄γνq|Ni〉
kµ

k2
ū(p2)σµνu(p1) (3.8)

where k = p2 − p1 is the momentum transfer. This amplitude gives rise to dipole-charge

and dipole-dipole interactions between the DM and the nucleus [92, 93]. The dipole-charge

interaction is enhanced by the atomic number Z for heavy nuclei, and hence dominates.

It is important to note that the recoil spectrum arising from this interaction is distinct

from that of the familiar contact interaction, and simply scaling the WIMP-nucleon cross

section limit does not give accurate results in this case.

In the simplified models we consider, the dominant contribution arises at dimension

six. At this order, we have two possible CP -even operators,

O1 =
[
χ̄γµ(c+ dγ5)∂νχ+ h.c.

]
Fµν , (3.9)

O2 =
[
iχ̄γµ(c+ dγ5)∂νχ+ h.c.

]
F σρεµνσρ (3.10)

where the factors of i have been chosen to make the effective theory coefficients c and d

real. These operators were considered in appendix A of [37] for the case of charged scalar

mediator.

The above operators lead to the amplitudes

MO1 = −ec
∑
q

〈Nf |Qq̄γµq|Ni〉ū(p2)γµu(p1), (3.11)

MO2 = 4ied
∑
q

〈Nf |Qq̄γαq|Ni〉
1

k2
ū(p2)

[
mχσ

αβkβ +
i

2
k2γα

]
u(p1). (3.12)

where we have neglected velocity suppressed terms. Notice that O2 leads to interactions

of the charge-charge, dipole-charge and dipole-dipole form. We use the charge-charge

interaction to set limits. The generic amplitude for this can be parametrized as

M = λ̃
∑
q

〈Nf |Qq̄γαq|Ni〉 ū(p2)γαu(p1) . (3.13)

Since the argument of logarithm is large, a leading-log approximation (as employed

in [27]) suffices to place limits on these models.

– 10 –



J
H
E
P
0
8
(
2
0
1
4
)
1
4
7

3.4 Neutral vector mediator

We take a brief detour to consider the case of the neutral vector mediator separately, since

it has a few distinct qualitative features. We choose the case of Dirac fermion DM for

illustration. To begin, we assume that both the mediator and the leptons are heavier

than the typical momentum transfer at direct detection experiments. This is obviously not

correct for the electron and very light mediators, and we will subsequently correct for this.

We first consider the case where the mediator is heavier than all the leptons. Just above

the scale of the mediator mass, the relevant terms in the effective Lagrangian are given by,

Leff = λχ̄γµχVµ + λ¯̀γµ`Vµ −
1

2
m2
V V

µVµ + e¯̀γµ`Aµ −
1

4
FµνF

µν − 1

4
F ′µνF

′µν + ε̃F ′µνF
µν .

(3.14)

Since the leptons are charged under both the Aµ and Vµ, they contribute to the kinetic

mixing between the photon and the neutral mediator at one loop. To set conservative

limits, we assume that this constitutes the dominant contribution to ε̃, so that ε̃ in the

leading log approximation is given by,

ε̃ =
λe

24π2

∑
l

log
m2
V

Λ2
V

. (3.15)

For concreteness, we take the cut-off ΛV to be 1 TeV.

The mediator can be integrated out using its equation of motion.

(∂2gµν − ∂µ∂ν +m2
V g

µν)Vµ = 2ε̃∂µF
µν + λχ̄γµχ+ λ¯̀γµ` (3.16)

Thus, below the mediator mass, the relevant terms at leading order are

Leff =
λ2

m2
V

χ̄γµχ ¯̀γµ`+ e ¯̀γµ`Aµ +
2ε̃λ

m2
V

χ̄γνχ∂µF
µν − 1

4
FµνF

µν (3.17)

With this Lagrangian, the DM couples to the photon through the higher dimensional

operator directly, but also via a loop of leptons. The second contribution is logarithmically

divergent, which is to say that the coupling of DM to photons continues to run. Below the

mass of the leptons, we are only left with,

Leff =
2ελ

m2
V

χ̄γνχ∂µF
µν − 1

4
FµνF

µν (3.18)

The coefficient ε includes logarithms from running between Λ to mV , as well as mV to ml.

In fact, from the full theory calculation these terms are easily seen to combine into a single

logarithm of the ratio of scales m`/ΛV .

ε =
λe

24π2

∑
l

log
m2
`

Λ2
V

(3.19)

If the mediator is lighter than the leptons, then the effective Lagrangian below the

lepton masses contains a kinetic-mixing of the mediator with the photon.

Leff = λχ̄γµχVµ −
1

2
m2
V V

µVµ −
1

4
FµνF

µν − 1

4
F ′µνF

′µν + εF ′µνF
µν (3.20)
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where ε is defined in eq. (3.19). Below this scale, the DM coupling to photons does not

run. One the mediator is integrated out, we again generate the same operator as above.

Leff =
2ελ

m2
V

χ̄γνχ∂µF
µν − 1

4
FµνF

µν (3.21)

Thus, we see that the effective operators generated in the neutral mediator case have the

same form as in the charged mediator case, and hence the results from that analysis can

be applied here as well.

We finally address the assumption that the leptons and the mediator masses are heavier

than the momentum transfer in direct detection experiments. At LUX, the momentum

transfer corresponding to the energy thresholds is around |q| ∼ 30 MeV. Therefore, the

logarithms appearing in the expression for ε, eq. (3.19), are cut off by |q| in the case of the

electron, rather than by the electron mass.

If the neutral mediator mass is below the typical scattering energies, |q| ∼ 30 MeV, it

cannot be integrated out. However, we can eliminate the kinetic mixing in eq. (3.20) via a

field redefinition Aµ → Aµ + 2εVµ. After this redefinition, quarks pick up couplings to the

vector mediator, via which DM can scatter off nuclei at direct detection experiments. Since

the mediator is very light, the propagator 1/(q2−m2) is dominated by 1/q2, and hence the

scattering cross section scales as 1/q4. For setting limits in this regime, we assume that

the scattering is dominated by |q| ∼ 30 MeV. This level of approximation will suffice for

our purposes.

3.5 Limits

The differential cross section for charge-charge interactions takes the form

dσ

d~k2
=
Z2λ̃2

4πv2
F 2(~k2) (3.22)

where Z is the charge number of the nucleus and F (~k2) is the charge form factor of the

nucleus. The quantity λ̃ is the coefficient of the charge-charge interaction operators in

eqs. (3.6) and (3.13). This expression applies to both cases above.

In order to make connection with experimental limits, we evaluate the zero momentum

transfer cross section, which is obtained by integrating (3.22) evaluated at ~k = 0.

σ0
N =

µ2
NZ

2

π
λ̃2 (3.23)

where µN is the reduced mass of the DM-nucleus system. Further, since limits are reported

in terms of the DM-nucleon cross section, we rescale the DM-nucleus cross section,

σ0
n = σ0

N

µ2
n

µ2
N

1

A2
=
µ2
nZ

2

πA2
λ̃2 (3.24)

where µn is the reduced mass of the DM nucleon system and A is the number of nucleons

in the nucleus. Thus, given an effective Lagrangian, limits can be placed on λ̃ using (3.24).

In section 5, we calculate the coefficient λ̃ in the context of a set of simplified models, and

use the equation above to place limits on the parameter space.
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Figure 6. Effective four-lepton interaction generated upon integrating out a heavy neutral medi-

ator.

4 Collider constraints

In this section we study collider constraints on leptophilic dark matter models. In our

analysis, we assume that the DM candidate couples with equal strength to all three flavors

of leptons. In this scenario, DM particles can be pair-produced at LEP, in association with

hard initial state radiation and significant missing transverse energy. This is called the

monophoton signal. Existing analyses focus on the case of fermionic DM [94].

Neutral mediators can be resonantly produced at LEP and other e+e− colliders if they

are light enough. If they are heavier than 208 GeV, the LEP energy threshold, the LEP

limits on four-lepton operators apply, the so-called “compositeness bounds” [1]. Charged

mediators can be pair-produced at colliders. Studies of direct slepton pair-production can

be translated into limits on these models. In general, these constraints on parameter space

are comparable to, and often stronger than, the restrictions from aµ.

4.1 Neutral mediators

4.1.1 Compositeness bounds from LEP

Models with neutral mediators heavier than 208 GeV are constrained by severe limits on

four-lepton contact operators, the compositeness bounds [1, 95]. These operators are gener-

ated at tree-level when the neutral mediator that couples the DM to leptons is integrated

out (see figure 6). The bounds are expressed as limits on the new physics scale Λ that

appears as the coefficient suppressing these higher-dimensional operators. The operators

can be parametrized as [96]

L=
4π

(1+δ)Λ2

[
ηLLēLγ

µeL ¯̀
Lγµ`L+ηRRēRγ

µeR ¯̀
Rγµ`R+ηLRēLγ

µeL ¯̀
Rγµ`R+ηRLēRγ

µeR ¯̀
Lγµ`L

]
(4.1)

where coefficients η characterize the relative contributions of different chiralities. The factor

δ is 1 when ` = e and 0 otherwise.

We now write the neutral mediator models in the form of (4.1) for ease of comparison.

When the mediator is a vector V µ we have the interaction

L =
λ

2
¯̀γµ(cosφ+ sinφγ5)`V µ (4.2)

where λ is a real parameter and φ a mixing angle that parametrizes the relative strengths
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Bound Operators Limit

ηLL ηRR ηLR ηRL Λ (TeV)

VV -1 -1 -1 -1 20.0

AA -1 -1 1 1 18.1

LR+RL 0 0 -1 -1 14.5

Table 1. Summary of compositeness bounds on various four-lepton operators from LEP [97]

arising from a neutral spin-1 and spin-0 mediators. Shown are the bounds for various combination

of operators. In all cases the reported Λ− bounds apply.

of vector and axial-vector interactions. This leads to the effective operator

OV = − λ2

4m2
V

[
(1− sin 2φ)ēLγ

µeL ¯̀
Lγµ`L + (1 + sin 2φ)ēRγ

µeR ¯̀
Rγµ`R

+ cos 2φ ēLγ
µeL ¯̀

Rγµ`R + cos 2φ ēRγ
µeR ¯̀

Lγµ`L
]
. (4.3)

We compare the above operator with the bounds given in [97] for the pure vector φ = 0

and pure axial vector φ = π
2 cases. The combined bounds from all leptons (assuming flavor

universality), e+e− → `+`−, leads to the most stringent constraints. The sign of the four-

lepton operator coefficient is relevant due to its interference with the SM background. The

coefficient of all the operators that we consider is negative, hence the Λ− bounds reported

in [97] are relevant, and are shown in table 1.

For a spin-0 mediator ϕ, we treat the scalar and pseudoscalar interactions separately.

The interaction Lagrangians are

LS = λ ¯̀̀ ϕ LPS = iλ¯̀γ5`ϕ, (4.4)

where λ is, in general, complex. The only resulting effective operator which fits the form

of (4.1) is identical in both cases,

OS/PS = −2|λ|2

8m2
ϕ

[ēRγ
µeRēLγµeL] . (4.5)

Thus, for both the scalar and pseudoscalar interactions we can use the combined Bhabha

scattering bound from the recent results [97] (see also [98]).

In obtaining these limits we have assumed that the mass of the neutral mediator

is larger than the center-of-mass energy of the collisions. Therefore, if the mediator is

lighter than the LEP CM energy, 208 GeV, the bounds obtained from compositeness are

not directly applicable.

4.1.2 Resonant production at LEP

When the mass of the mediator is below the LEP threshold, 208 GeV, it can be resonantly

produced. It can subsequently decay into pair of leptons with a characteristic Breit-Wigner

resonance shape in the lepton pair invariant mass distribution. These bounds can be ame-

liorated by forcing the dominant decays of the mediator to invisible or otherwise hidden final

states. This typically requires introducing significant complexity to the new physics model.
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There are no available model independent studies for a leptophilic Z ′ model at LEP.

Limits exist in the context of specific models, which assume a specific pattern of cou-

plings [97]. A Z ′ of mass less than 209 GeV is ruled out unless the coupling is less than

about 10−2. A general analysis is likely to lead to a much stronger limit. However, this

conservative limit itself will be seen to be the strongest constraint for mediator masses as

low as a few GeV.

4.1.3 Light neutral mediators

If the neutral mediator is very light, then even a small coupling with the leptons can give

observable effects in (g − 2)µ. Such light mediators have a variety of constraints, which

we briefly review here. For a more detailed treatment of this topic, we refer to a recent

review [99].

High intensity electron beams are dumped on to fixed targets. The SM particles are

stopped in a shield, but very weakly interacting neutral mediators can escape this shield and

their decays to pair of leptons can be observed. The beam dump experiments at Fermilab

and SLAC [100–102] have been reanalyzed in the context of light neutral mediators [103].

The constraints apply for a range of couplings — small enough to escape the shielding but

large enough to yield an appreciable decay rate.

High luminosity e+e− colliders can produce the neutral mediator radiatively e+e− →
φγ, where φ is the neutral mediator [103–105]. The decay φ→ µ+µ− provides the strongest

constraint for mediator masses between several hundred MeV and a few GeV. We use the

reinterpreted constraints derived from BaBar data performed in [106], which was carried

out for a vector mediator. For the same value of coupling, the spin-0 mediator production

cross section within the acceptance region is lower by roughly a factor of two. We scale

the limits on the coupling of the spin-0 neutral mediator appropriately to reflect this fact.

The electron g−2 measurement is also sensitive to light neutral mediators and provides

the strongest bounds on this scenario for mediator masses between a few MeV and several

hundred MeV. A number of proposed experiments aim to probe the region of weakly

coupling light mediators in the future.

4.2 Charged mediators

4.2.1 Monophoton searches at LEP

For DM masses less than half of the LEP center of mass (CM) energy, pairs of DM particles

can be produced in association with a photon, e+e− → χχγ.

The existing monophoton analyses focus only on fermionic DM, with the mediator

heavier than the LEP threshold. Thus, these analyses put constraints on four-fermion

contact operators involving the electron and DM fields using experimental limits on the

process e+e− → χχγ. The present limits in the literature only apply to a restricted

set of operators. For the simplified models that we will consider, the following Fierz

rearrangements will be relevant,

µ̄(1 + γ5)χχ̄(1− γ5)µ=
1

2

[
µ̄γµγ5µχ̄γµγ

5χ−µ̄γµµχ̄γµχ−µ̄γµµχ̄γµγ5χ+µ̄γµγ5µχ̄γµχ
]
,
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µ̄γµ(1+γ5)χχ̄γµ(1+γ5)µ= µ̄γµγ5µχ̄γµγ
5χ+µ̄γµµχ̄γµχ+µ̄γµµχ̄γµγ

5χ+µ̄γµγ5µχ̄γµχ. (4.6)

Of the four contact operators that appear after these rearrangements only the first

two (vector-vector and axial vector-axial vector) are considered in the LEP analysis. We

therefore use the more stringent of these two (the vector-vector term) for Dirac DM. In

essence, we are assuming that interference between the terms will not affect the bound

significantly. For Majorana DM the vector bilinear vanishes identically and so we use the

axial vector-axial vector bound.

4.2.2 Collider limits on charged mediators

Current collider limits exist only for scalar mediators. LEP rules out charged mediators

lighter than about a 100 GeV. The charged scalar mediators can also be pair-produced at

the LHC, each of which then decay to a lepton and DM. The signature is then a pair of

opposite-sign, like-flavor leptons with missing transverse energy. After Run 1, LHC puts

constraints on the production of charged scalars. The relevant bounds are presented in the

context of supersymmetry, for pair production of sleptons — charged scalars carrying flavor.

These analyses directly apply to charged scalar mediator case [107]. The relevant bounds

for the models we consider are the “right-handed slepton” bounds, where the scalar does

not carry SU(2) quantum numbers. In the case where the scalar mediator carries SU(2)

charge is more strongly constrained due to its enhanced production cross section. The

bounds also depend on the DM mass, and get weaker in the region where the dark matter

mass is close to the mediator mass due to reduced missing transverse energy.

5 Analysis of simplified models

In this section we consider specific simplified models of leptophilic DM. We classify the

different theories based on the spin of the DM, the spin and charge of the mediator, and

the form of the interaction. A similar approach for couplings of DM to quarks was adopted

in [108, 109], and more recently in [110–112].

For each simplified model the parameter space can be separated into regions favored

or disfavored by their effects on ∆aµ. When applicable, limits from direct detection and

collider experiments are also considered. It is convenient to present the results in terms of

the parameter Λ, defined as mMed/λ, where mMed is the mediator mass and λ the mediator

couplings to leptons.

When the contribution to aµ is negative the tension between theory and experiment is

increased. In this scenario, we require the new physics contribution to aµ be no larger than

twice the uncertainty in ∆aµ. In other words, we require that the “wrong sign” contribu-

tions be indistinguishable from the combined experimental and theoretical uncertainties at

two standard deviations, |âµ| ≤ 2δaµ. As δaµ is reduced these bounds become stronger.

When the sign of âµ is positive the DM contribution improves the agreement between

theory and experiment. In these cases we identify the region of parameter space that elim-

inates the discrepancy, so that aµ agrees with the experimentally measured value to within

2δaµ. Specifically, we shade regions between the âµ values of 44.7×10−10 and 12.7×10−10.

In these cases, as δaµ is reduced these bands become more narrow about their central values.
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The collider limits on charged mediators depend sensitively on their transformation

properties under the electroweak SU(2)L× U(1)Y gauge group. In general, the mediator

and DM candidate could arise from any of several SU(2) representations, or even arise as an

admixture of different representations. In this section, when considering simplified models

with charged mediators, we restrict our analysis to those theories where the mediator and

DM carry no charge under SU(2)L. Under this assumption chiral symmetry violating

couplings of the DM to muons are forbidden. The only source of violation of the chiral

symmetry is then the muon mass. Further, it allows us to limit our analysis to simplified

models where the DM couples only to the right-handed muons. In the subsequent formulae

we will set a = λ
2 , b = ±λ

2 , with the choice of sign corresponding to the right-handed chiral

projectors for muons. Then, it can be seen from equations (2.4)–(2.7) that each of the

charged mediator âµ contributions is a function of three dimensionless parameters, namely

ε, r and λ, and appears with a definite sign.

In the case of neutral mediators, the contribution to aµ depends only on the coupling

of the mediator to the muon, and is independent of the form of the interactions of the

mediator with DM. The limits on neutral mediators from the LEP compositeness bounds

are also independent of the coupling to DM. In general, we find that the compositeness

bounds are much more restrictive than the monophoton bounds. Therefore, except in

those cases for which the direct detection bounds are relevant, the limits on scenarios with

a neutral mediator are independent of the details of the DM candidate. We now turn to

analysing each simplified model in detail.

5.1 Real scalar dark matter

5.1.1 Charged mediator

We begin with the case of a real scalar DM candidate χ and a charged mediator F , which

is a fermion. The relevant interaction is

L =
λ

2
µ̄
(
1− γ5

)
Fχ+ h.c. (5.1)

Employing (2.7) to obtain the contribution to aµ we find

1

Λ2
≡
(
|λ|
mF

)2

=
96π2(1− r)4âF,Sµ

m2
µ(1− 6r2 + 3r4 + 2r6 − 6r4 ln r2)

(5.2)

with r = mχ/mF .

In figure 7 we plot the region of parameter space for which this model removes the

g − 2 anomaly to within 2σ. This scenario is not significantly constrained by the current

limits from direct detection. The monophoton analyses in the literature have only been

performed for fermionic DM, and are not directly applicable to this model. From the plot

we see that for small values of r, the preferred values of Λ lie between 50 and 95 GeV. For

r values closer to 1 the preferred range runs from about 35 to 65 GeV.

The gauge quantum numbers of the fermion F , and the associated collider signals, are

identical to those of a slepton in supersymmetric theories. The limits on the slepton mass

from direct slepton pair production at LEP stand at about 100 GeV. There exist stronger
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Figure 7. We see the favored band (in blue) for real scalar DM mediated by a charged fermion F

as a function of r = mDM/mF .

bounds from the LHC for light DM masses [107]. Given that the pair production cross

section is generally larger for fermions than for bosons, it is quite likely that the limits on

the mass of F are at least at the same level. This would imply that the region of parameter

space where the g − 2 anomaly is explained is disfavored by LEP, unless the coupling λ

is large, λ & 1. However, a more careful analysis is required in order to validate this

conclusion. We leave this for future work.

5.1.2 Neutral spin-0 mediator

We now turn to the case of a real spin-0 neutral mediator, S. A few comments are in

order. Clearly, a coupling of the form ¯̀̀ S is not consistent with gauge invariance under

SM SU(2) if S is a singlet. In principle, this problem can be avoided if S arises as a linear

combination of the SM Higgs and a singlet, but the theory would no longer be leptophilic

since S would also couple to quarks.

A potential UV completion is to add to the theory a heavy scalar SU(2) doublet Ĥ

which has no VEV, and couples only to leptons. After electroweak symmetry breaking the

neutral components of H can mix with a real singlet scalar Ŝ via a coupling with the SM

Higgs H. A light state S with couplings to leptons can then emerge as a linear combination

of the singlet Ŝ and the neutral components of the doublet Ĥ. The relevant interactions

have the schematic form

(λ̂L̄ĤE + κŜH†Ĥ + h.c.) +M2Ĥ†Ĥ (5.3)

where L is the SU(2) doublet SM lepton and E the SM singlet. The CP transformation

properties of S depend on whether the coupling κ is real or complex. We assume for

concreteness that the coupling matrix λ̂ is universal and flavor diagonal in the lepton mass

basis.

The form of the low energy Lagrangian depends on the CP properties of the scalar S.

For real scalar DM, there is no CP -conserving coupling of the DM with a single pseudoscalar

at the renormalizable level. Thus, we only consider the scalar mediator in this case. The

Lagrangian is of the form

LS = λµ̄µS (5.4)
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Figure 8. Plots of favored regions of parameter space for real scalar DM with interactions mediated

by a neutral scalar S as a function of mMed. The shaded blue region corresponds to the range of

parameters favored to set ∆aµ = 0 to within 2σ. We also show bounds on light neutral scalars

as colored shaded regions (compositeness bounds, resonant production at LEP, BaBar and beam

dumps, and the electron g − 2).

Using (2.9) we find the leading contributions to aµ for the scalar mediator. The

contribution is written as (
|λ|
m2
S

)2

=
32π2âS

m2
µ ln

(
m2
S

m2
µ

) , (5.5)

In figure 8 we plot, over a range of mediator masses, the region of parameter space

favored by the scalar interaction. We also plot the corresponding compositeness bound

from LEP for heavy mediators. We also show bounds from resonant production at LEP

and at BaBar for lower mediator masses. We see from the figure that these constraints

rule out the region of parameter space where the scalar interaction can account for the

observed discrepancy in aµ, except a small region of parameter space where the mediator

is light, between about 10 MeV and 300 MeV. This scenario is not significantly constrained

by current direct detection experiments.

The case of a neutral vector mediator need not be considered. The reason is that in a

renormalizable theory, real scalar DM cannot couple to a spin-1 neutral mediator without

violating CP . There is therefore no simplified model of this type that meets our criteria.

5.2 Complex scalar DM

5.2.1 Charged mediator

We proceed to complex scalar DM χ. As before, we begin with a charged fermion, denoted

by F , as the mediator. The interaction Lagrangian takes the form

L =
λ

2
µ̄
(
1− γ5

)
Fχ+ h.c. (5.6)

As in the case of the real scalar (2.7) leads to(
|λ|
mF

)2

=
96π2(1− r)4âF,Sµ

m2
µ(1− 6r2 + 3r4 + 2r6 − 6r4 ln r2)

(5.7)
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Figure 9. Regions of favored parameter space compared with bounds from direct detection and

compositeness for a complex scalar DM mediated by a charged fermion. The constraints are shown

in terms of r = mDM/mMed. The direct detection bounds are shown as dotted lines, denoting a

250 (black), 400 (green), or 600 GeV (brown) mediator mass.

where r = mχ/mF .

The monophoton analyses in the literature do not apply to this model. However, as

shown in section 3, this theory is constrained by direct detection. The parameter λ̃ can

be obtained by calculating the contributing diagram in the effective theory with the heavy

mediator integrated out, in the leading logarithm approximation. Expressing the result in

the form of (3.22) this defines λ̃ which is found to be

λ̃ =
λ2α

12π2m2
φ

[
ln
m2
τ

m2
φ

+ ln
m2
µ

m2
φ

+ ln
|k|2

m2
φ

]
(5.8)

where α is the fine structure constant. In this calculation we have worked to zeroth order

in the small parameter k2/m2
` , except in the case of the electron loop. For this diagram,

we instead work to zeroth order in m2
e/k

2, and this leads to the dependence on |k| of the

final result. When bounds are set we use the value |k| =30 MeV.

In figure 9 we have overlaid these bounds on the region of parameter space which for

which this model removes the g − 2 anomaly to within 2σ. The three bands shown in the

figure correspond to mediator masses of 250 (black), 400 (green), and 600 GeV (brown).

We see that the direct detection limits exclude almost the entire region, unless the DM

mass lies below about 5 GeV. We further expect that a recast analysis will show that the

limits on direct slepton searches at LEP disfavor the entire band, except for fairly large

values of the coupling λ.

5.2.2 Neutral spin-0 mediator

Next, we consider a spin-0 neutral mediator S. The interaction Lagrangian is of the form

LS = λµ̄µS (5.9)

for scalar mediators.

Since the direct detection constraints on this scenario are not significant, the analysis

for neutral spin-0 mediators performed for the real scalar DM applies to this case as well.

The results are shown in figure 8.
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5.2.3 Neutral spin-1 mediator

In the case of a neutral spin-1 mediator V ν , the interaction Lagrangian takes the form

L =
iλ

2
(χ∗∂νχ− χ∂νχ∗)V ν +

λ

2
µ̄γµ

(
cosφ+ sinφγ5

)
µVµ (5.10)

Then (2.8) leads to (
λ

mV

)2

=
16π2âVµ

m2
µ

(
cos 2φ− 2

3

) . (5.11)

Over the domain of φ, this expression takes on both positive and negative values. We

choose two specific cases, φ = 0, vector coupling and φ = π/2, the axial vector coupling,

as benchmarks. There are also additional constraints from direct detection. Axial vector

mediators give no contribution, so these bounds only apply to the vector (φ = 0) case.

The DM-nucleon scattering amplitude can be expressed in the form of eq. (3.22). In the

leading logarithm approximation we obtain

λ̃ =
λ2α

6πm2
V

[
ln
m2
τ

Λ2
V

+ ln
m2
µ

Λ2
V

+ ln
|k|2

Λ2
V

]
. (5.12)

Here ΛV is the scale at which the logarithmic divergence is cut off. For concreteness, we

take ΛV = 1 TeV.

In figure 10 we show the favored band of parameter space for the vector case, and

compare it to bounds from direct detection, and from resonant collider production. We

see that the entire region of parameter space that explains the anomaly in aµ is excluded

by direct detection experiments if the DM particle is accessible to them (mDM & 5 GeV).

Otherwise, a small window of mediator masses between about 10 and 300 MeV is still

allowed. For the axial-vector, the direct detection bounds do not apply, therefore the

muon g − 2 measurement is the most sensitive in the same mediator mass range.

5.3 Majorana DM

5.3.1 Charged spin-0 mediator

Turning to fermionic DM we begin by considering a Majorana fermion χ whose interactions

with leptons are mediated by charged scalars φl. The interaction Lagrangian takes the form

L =
λ

2
µ̄
(
1− γ5

)
χφl + h.c. (5.13)

The contribution to aµ can be obtained from (2.6) and leads to the relation(
|λ|
m2
φ

)2

= − 96π2âS,Fµ (1− r)4

m2
µ(1− 6r2 + 3r4 + 2r6 − 6r4 ln r2)

(5.14)

where r = mχ/mφ. The sign of the contribution increases the tension between theory and

experiment. This implies that aµ can be used to place limits on this model. The bounds on

this model from direct detection are not expected to be significant. There are constraints,
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Figure 10. Limits on complex scalar DM mediated by a neutral spin-1 particle with vector

interactions as a function of mMed for a axial-vector mediator (left) and for a vector mediator

(right). For the vector mediator, we also show direct detection bounds for two different DM masses

(mDM=10 GeV (blue dotted) and 90 GeV (black dotted)).

however, from the LEP monophoton searches. We compare these limits to those arising

from aµ in figure 11a. The three dashed lines correspond to 250 GeV (black), 400 GeV

(green), and 600 GeV (brown) mediators.

From the figure we see that as the mass of the mediator increases the monophoton

limits become weaker, and eventually become less sensitive than the bounds from aµ. The

g − 2 bound restricts Λ to be greater than 75 GeV when r = 0.5 and greater than 85 GeV

when r = 0.1. Note, however, that the spin and gauge quantum numbers of S, and its

decay modes, are identical to those of a slepton in supersymmetric theories. Therefore, the

right-handed slepton bounds from LEP and the LHC apply, and are shown in figure 11b.

For λ = 1, the lower bound on the slepton mass from LEP and the LHC provides a stronger

constraint on this model than aµ.

5.3.2 Charged spin-1 mediator

Next, we consider mediation by charged vectors V ν
l . The interaction Lagrangian is given by

L =
λ

2
µ̄γν

(
1 + γ5

)
χV ν

l + h.c. (5.15)

The contribution to aµ can be obtained from (2.4), and leads to the relation(
|λ|
m2
V

)2

=
96π2âV,Fµ (1− r)4

m2
µ(10− 43r2 + 78r4 − 49r6 + 4r8 + 18r6 ln r2)

(5.16)

where r = mχ/mV . This expression can be used to determine the region of parameter space

favored to remove the g− 2 anomaly. While the direct detection bounds on this model are

not expected to be significant, there are constraints from LEP monophoton searches that

we compare to this favored region in figure 12. In the figure the LEP monophoton bounds

are plotted for 250 GeV (black), 400 GeV (green), and 600 GeV (brown) mediators. We see

from the plot that the values of Λ between 165 and 285 GeV fall within the favored band.

Within this range LEP bounds disfavor DM masses lighter than about 15 GeV, but there

remains a significant region of parameter space that can explain the discrepancy in aµ.

– 22 –



J
H
E
P
0
8
(
2
0
1
4
)
1
4
7

(a)

50 100 150 200 250 300
0

50

100

150

200

250

300

m Med

m
D
M

(b)

Figure 11. (a) The g − 2 bound on Majorana DM with a charged scalar mediator as a function

of r = mDM/mMed. Dashed lines indicate the monophoton bounds from LEP, and are plotted

for 250 (black), 400 (green), and 600 GeV (brown) mediators. (b) LHC (purple) and LEP (gray)

constraints on charged scalars as a function of the mediator and DM masses.

Figure 12. Constraints on Majorana DM with a charged spin-1 mediator as a function of r =

mDM/mMed. We show region favored to set ∆aµ = 0 to within 2σ. Dashed lines indicate the

monophoton bounds from LEP, and are plotted for 250 (black), 400 (green), and 600 GeV (brown)

mediators.

5.3.3 Neutral spin-0 mediator

When mediation occurs through a neutral spin-0 particle S, the Lagrangian takes the form

LS = λµ̄µS (5.17)

We only consider the scalar mediator since there is no CP -conserving coupling of a pseu-

doscalar to a Majorana fermion at the renormalizable level. While the current limits from

direct detection on leptophilic Majorana fermion DM are weak, the other limits on a neutral

scalar mediator continue to apply. The results in figure 8 again show the most stringent

bounds.

– 23 –



J
H
E
P
0
8
(
2
0
1
4
)
1
4
7

Figure 13. Shown are the favored values which set ∆aµ = 0 to within 2σ (blue band) for the

neutral vector mediator for Majorana DM.

(a) (b)

Figure 14. Plots as a function of r = mDM/mMed the g − 2 analysis of Dirac DM with a charged

(a) scalar and (b) vector mediator. In (a) we plot the bound requiring the contribution to aµ be

within 2σ of 0. In (b) we show the region of parameter space favored to set ∆aµ = 0 to within

2σ. These regions are compared with the bounds from direct detection (dotted) and LEP (dashed).

These bounds are shown for 250 (black), 400 (green), and 600 GeV (brown) mediators.

5.3.4 Neutral spin-1 mediator

If the interaction is mediated by a neutral massive spin-1 particle V ν , we have for the

interaction Lagrangian

L = λV χ̄γνγ
5χV ν +

λ

2
µ̄γµ

(
cosφ+ sinφγ5

)
µVµ. (5.18)

The results are identical to those for a neutral spin-1 mediator coupling to complex scalar

DM, except that the direct detection constraints from that case no longer apply. We plot

the results in figure 13. For axial-vector couplings, the results derived for complex scalar

DM apply directly, and are shown in figure 10(a).
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5.4 Dirac DM

5.4.1 Charged spin-0 mediator

In the case of a charged scalar mediator the interaction Lagrangian takes the form

L =
λ

2

[
χ̄(1 + γ5)`φ` + ¯̀(1− γ5)χφ†`

]
(5.19)

with ` a lepton and φ` a heavy charged scalar.

The contribution to g − 2 can be obtained from (2.6), and leads to the relation(
|λ|
m2
φ

)2

= − 96π2âS,Fµ (1− r)4

m2
µ(1− 6r2 + 3r4 + 2r6 − 6r4 ln r2)

(5.20)

where r = mχ/mφ. Although the sign of the contribution implies that this theory cannot

explain the discrepancy in aµ, it can be used to set bounds on the allowed parameter

space. These limits are compared with those derived from LEP monophoton searches

(dashed curves) and direct detection (dotted curve) in figure 14a. The color of the curves

denotes the mass of the mediator, the labelling being 250 GeV (black), 400 GeV (green), or

600 GeV (brown). Additionally, the right-handed slepton bounds from LEP and the LHC

also apply, and are shown in figure 11b.

The constants c and d in (3.11) and (3.12) were determined in [37] by matching from

the full theory. They lead to

λ̃S,F =
λ2α

16πm2
φ

(
1 +

2

3

∑
`

ln
m2
`

m2
φ

.

)
(5.21)

A calculation in the effective theory with only the mediator integrated out (performed for

this model in [27]) suffices to determine the leading log behavior of λ̃, and is a very good

approximation to the full result.

We see from the figure that the direct detection bounds are much stronger than those

arising from aµ, except in the region of very small DM masses, where the limits from

monophoton searches are the strongest.

5.4.2 Charged spin-1 mediator

If the mediator is a charged vector the interaction given by

L =
λ

2

[
χ̄γµ(1 + γ5)`V µ

` + ¯̀γµ(1 + γ5)χV µ †
`

]
(5.22)

The contribution to the anomalous magnetic moment of the muon can be obtained

from (2.4), and leads to the relation(
|λ|
m2
V

)2

=
96π2âV,Fµ (1− r)4

m2
µ(10− 43r2 + 78r4 − 49r6 + 4r8 + 18r6 ln r2)

(5.23)

where r = mχ/mV . This can be used to determine the region of parameter space favored

to explain the anomaly in aµ.
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Figure 15. We show disfavored regions of parameter space for Dirac fermion DM with a neutral

pseudoscalar mediator as a function of mMed. The shaded exclusion region is drawn by requiring

the contributions to aµ to be less than 2σ.

For direct detection, the scattering amplitude in the leading logarithm approximation

is found to be

M =
λ2α

12πm2
V

[
ln
m2
τ

m2
V

+ ln
m2
µ

m2
V

+ ln
|k|2

m2
V

]∑
q

〈Nf |Qq̄γνq|Ni〉ū(p2)γν(1 + γ5)u(p1) (5.24)

where as before the γνγ5 terms is velocity suppressed so we neglect it. We therefore obtain

λ̃V,F =
λ2α

12πm2
V

[
ln
m2
τ

m2
V

+ ln
m2
µ

m2
V

+ ln
|k|2

m2
V

]
. (5.25)

The bounds from direct detection (dotted) and LEP monophoton searches (dashed)

are compared to this favored region in figure 14b. The limits are plotted for 250 (black),

400 (green), and 600 GeV (brown) mediators. We see that values of Λ between 165 GeV and

285 GeV can explain the anomaly in aµ. However, the LEP and direct detection bounds

for this range of mediator masses leaves only r values smaller than 0.05 unrestricted, so

that the DM mass is favored to be less than about 10 GeV.

5.4.3 Neutral spin-0 mediator

When the scattering of DM off leptons is mediated by a neutral spin-0 particle S the

interaction Lagrangian takes the form

LS = λµ̄µS LPS = iλµ̄γ5µS (5.26)

Since the neutral spin-0 mediator does not mix with the photon, the results obtained for

the case of real scalar DM summarized in figure 8 continue to apply. The Dirac fermion

DM can also couple to leptons via a pseudoscalar. The corresponding bounds for this

interaction are shown in figure 15.
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Figure 16. We show the region of parameter space favored by setting ∆aµ = 0 to within 2σ (blue

shaded) for Dirac DM mediated by a neutral vector. The dotted lines show the direct detection

bounds for a DM mass of 10 GeV (blue) and 90 GeV (black).

5.4.4 Neutral spin-1 mediator

When the interaction is mediated by a neutral spin-1 particle the relevant part of the

Lagrangian takes the form

L =
λχ
2
χ̄γν

(
cos θ + sin θγ5

)
χVν +

λ

2
µ̄γν

(
cosφ+ sinφγ5

)
µVν . (5.27)

where the mixing angle θ parametrizes the relative strengths of the vector and axial-vector

components of the DM interaction. The aµ bounds only depend on φ and not on θ. The

direct detection and monophoton limits, on the other hand, depend on both θ and φ. As

before, we pick the pure vector (θ = φ = 0) and the pure axial vector (θ = φ = π/2) cases

for illustration. The axial-vector mediator does not mix with the photon, and so the direct

detection bounds do not apply. Consequently, the limits are the same as for the complex

scalar DM model shown in figure 10(a).

For the vector-vector interaction, the leading logarithmically enhanced contribution to

the direct detection scattering amplitude takes the form

λ̃V =
λ2α

3πm2
V

[
ln
m2
τ

Λ2
V

+ ln
m2
µ

Λ2
V

+ ln
|k|2

Λ2
V

]
. (5.28)

where ΛV is the scale of new physics below which the mixing between the mediator and

photon is generated. For concreteness we take ΛV = 1 TeV. The region favored by the muon

g−2 measurement, and constraints from direct detection and colliders is shown in figure 16.

For heavy mediator masses (mMed > 208 GeV), LEP compositeness bounds rule out the

entire region consistent with the muon g − 2 measurement. For light mediators, direct

detection constraints are the most severe. These bounds can be avoided for DM masses

below direct detection experiment sensitivity (mDM < 5 GeV), which leaves a window

around for mediator masses between about 10 MeV and 300 MeV.
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Figure 17. We plot the bound set by requiring the contribution to aµ by real vector DM mediated

by a charged fermion be smaller than 2σ, as a function of r = mDM/mMed.

5.5 Real vector DM

5.5.1 Charged fermion mediator

We conclude our analysis by considering real vector DM candidate χν . If the interactions

of DM with leptons are mediated by a charged fermion we obtain the Lagrangian

L =
λ

2
µ̄γν(1 + γ5)Fχν + h.c. (5.29)

The contribution to aµ for this case can be determined from (2.5). This leads to(
|λ|
mF

)2

= − 96π2r2(1− r)4âF,Vµ
m2
µ(5− 14r2 + 39r4 − 38r6 + 8r8 + 8r4 ln r2)

(5.30)

with r = mχ/mF . We see from the sign of the contribution that this theory cannot explain

the observed discrepancy in aµ.

This scenario is not expected to be significantly constrained by the current limits from

direct detection. The monophoton analyses in the literature are also not applicable to this

model. We plot the bound obtained by from aµ in figure 17 as a function of r. We find that

for small values of r the value of Λ is constrained to be fairly large. The weakest bound,

around 220 GeV, lies close to r = 1.

5.5.2 Neutral spin-0 mediator

When mediation occurs through a neutral spin-0 scalar S we have the Lagrangian

LS = λµ̄µS (5.31)

There have been no monophoton studies performed on this model. There are also no

significant constraints on this model from direct detection. Therefore, the analysis of a

spin-0 mediator coupling to real scalar DM summarized in figure 8 also applies to this case.

There are no CP -conserving renormalizable couplings of a pseudoscalar mediator with real

vector DM.
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6 Conclusions

Within the WIMP paradigm, leptophilic DM offers a simple way to remain consistent

with current collider, direct detection and indirect detection bounds. In such a scenario,

the anomalous magnetic moment of the muon receives corrections from its interactions

with dark matter. This can potentially explain the observed discrepancy between the

experimentally measured value and the SM prediction. From our analysis, it follows that

for many of the simplest leptophilic DM models, a large part of the parameter space which

explains the anomaly is excluded by other experiments. Nevertheless, there do exist limited

regions of parameter space in these simple theories that can explain the observed anomaly

while remaining consistent with current experimental bounds.

For some theories of leptophilic DM, the contribution to aµ has the wrong sign to

explain the anomaly. This can be used to place limits on the parameter space of these

theories. We find that, at present, these limits are competitive with those from collider

and direct detection experiments.

Note added. While we were completing this paper, we received the manuscripts [113,

114] which overlap with some of the ideas presented here.
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