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

Published for SISSA by Springer

Received: December 5, 2017

Revised: February 7, 2018

Accepted: February 10, 2018

Published: February 20, 2018

Model-independent analysis of the DAMPE excess

Peter Athron,a Csaba Balazs,a,b Andrew Fowliea and Yang Zhanga,1

aARC Centre of Excellence for Particle Physics at the Tera-scale,

School of Physics and Astronomy, Monash University,

Melbourne, Victoria 3800, Australia
bMonash Centre for Astrophysics, School of Physics and Astronomy, Monash University,

Melbourne, Victoria 3800, Australia

E-mail: peter.athron@coepp.org.au, csaba.balazs@monash.edu,

andrew.fowlie@monash.edu, yang.zhang@monash.edu

Abstract: The Dark Matter Particle Explorer (DAMPE) recently released measurements

of the electron spectrum with a hint of a narrow peak at about 1.4 TeV. We investigate dark

matter (DM) models that could produce such a signal by annihilation in a nearby subhalo

whilst simultaneously satisfying constraints from DM searches. In our model-independent

approach, we consider all renormalizable interactions via a spin 0 or 1 mediator between

spin 0 or 1/2 DM particles and the Standard Model leptons. We find that of the 20

combinations, 10 are ruled out by velocity or helicity suppression of the annihilation cross

section to fermions. The remaining 10 models, though, evade constraints from the relic

density, collider and direct detection searches, and include models of spin 0 and 1/2 DM

coupling to a spin 0 or 1 mediator. We delineate the regions of mediator mass and couplings

that could explain the DAMPE excess. In all cases the mediator is required to be heaver

than about 2 TeV by LEP limits.

Keywords: Beyond Standard Model, Cosmology of Theories beyond the SM

ArXiv ePrint: 1711.11376

1Corresponding author.

Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP02(2018)121

mailto:peter.athron@coepp.org.au
mailto:csaba.balazs@monash.edu
mailto:andrew.fowlie@monash.edu
mailto:yang.zhang@monash.edu
https://arxiv.org/abs/1711.11376
https://doi.org/10.1007/JHEP02(2018)121


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

Contents

1 Introduction 1

2 Models 3

3 Constraints 5

3.1 Dark matter abundance 5

3.2 DAMPE excess 5

3.3 Dark matter direct detection 6

3.4 Dark matter indirect detection 7

3.5 Anomalous magnetic moments of leptons 8

3.6 Collider searches 9

3.7 Trident production 10

4 Results 10

5 Conclusions 15

1 Introduction

The Dark Matter Particle Explorer (DAMPE) [1] recently measured the cosmic ray spec-

trum of high energy electrons and positrons [2]. These electrons and positrons are an

important potential probe of new physics such as dark matter (DM) decay or annihilation

within the Milky Way galaxy. The DAMPE measurement of the energy spectrum extends

previous direct measurements up to about 5 TeV. One of the most exciting aspects of the

DAMPE measurements is the confirmation of a spectral break somewhat below 1 TeV. The

other exciting feature is due to the excellent energy resolution of DAMPE: there appears

to be a sharp resonant feature in the data at about 1.4 TeV. This is despite the admittedly

sizeable statistical and systematic uncertainties.

While this feature could be a statistical fluctuation [3] or may be due to standard

astrophysical sources, it could also be the first precursor of dark matter detection. The

sharp peak observed in the positron spectrum could originate from the annihilation of dark

matter into electrons. Here we investigate the viability of particle dark matter models as

an explanation for this excess. We classify the new states and interactions that can explain

the excess, constructing a collection of simplified models, and check in each case whether

the signal can be achieved, while simultaneously fitting the relic density and evading a

variety of relevant experimental constraints that we identify.

To describe the excess of electrons, we assume that DM is leptophilic [4–30], that

is, at tree-level it couples only to leptons and possibly neutrinos. This is motivated by
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simplicity and since it ameliorates constraints from searches for DM in proton collisions

at the LHC and searches for elastic scatters between DM and nuclei in direct detection

(DD) experiments. Our DM candidate is a Weakly Interacting Massive Particle (WIMP)

that satisfies the required abundance of DM with an annihilation cross section at thermal

freezeout of about 〈σv〉 ≈ 10−26 cm3/s.

Self-annihilation of the dark matter particles could result in the injection of a resonant

source, δ(E −mχ), of charged particles in the Milky Way. The sharp injection spectrum

from such a source, however, is softened and smeared by diffusion in Galactic magnetic

fields, bremsstrahlung and inverse Compton scattering with CMB photons. The spectrum

can be described by a diffusion and loss equation,

∂ρ(t, x, E)

∂t
= ~∇ ·

[
d(E)~∇ρ(t, x, E)

]
+
∂ [l(E)ρ(t, x, E)]

∂E
+ J(t, x, E), (1.1)

where ρ(t, x, E) is the energy spectrum, d(E) is a diffusion coefficient, l(E) is an energy

loss coefficient, and J(t, x, E) is a source. Assuming that energy losses dominate diffusion

and a steady-state spectrum, for a resonance source, J(t, x, E) = J0δ(E −mχ), the energy

spectrum exhibits an endpoint,

ρ(E) =

{
J0
l(E) E ≤ mχ

0 otherwise,
(1.2)

rather than a sharp resonance, such as the source [31]. We thus require a nearby and

late-time injection of monochromatic electrons, such that losses do not dominate. We thus

assume a nearby source of DM annihilation, such as a subhalo within a few kpc [32–34].

After kinetic decoupling, DM forms gravitationally bound subhalo structures. These

structures predominantly merge into a DM halo, but subhalos may survive. Indeed, nu-

merical n-body simulations [35] predict numerous subhalo structures in a halo comparable

to that of the Milky Way. A signal from a subhalo with an annihilation cross section

〈σv〉 ≈ 〈σv〉v→0 ≈ 10−26 cm3/s could be enhanced by a substantial DM density, reaching

the observed amplitude of the DAMPE signal. Because electrons from a local subhalo

would, nevertheless, lose energy, we assume a DM mass slightly greater than the peak

observed by DAMPE in the electron energy spectrum, mχ ≈ 1.5 TeV.

The result immediately generated considerable interest [32–34, 36–48] and particle dark

matter interpretations have already been investigated. In [32] they consider lepton portal,

lepton flavour and TeV right-handed neutrino models. In [33] they consider a specific model

that can explain both neutrino masses and the DAMPE excess, where the DM candidate is

a vector-like fermion, with a Z ′ mediator. In [47] they propose an electrophilic dark matter

candidate, which may be a fermion with scalar mediator or the dark matter candidate

could be a scalar with a fermion mediator but perform calculations only for the former.

Finally in [48] they consider simplified models that can explain the excess where the DM

candidate is a leptophilic fermion.

Our work, presented in this paper, is closest in spirit to [48], however we are consider-

ably more general. We present a set of simplified leptophilic models with scalar, Majorana
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DM particle Mediator coupling to DM Mediator coupling to SM leptons

Scalar, `¯̀Φ Pseudoscalar, `γ5 ¯̀Φ

Real scalar Scalar, χrχrΦ DM DD LEP

Complex scalar Scalar, χ∗cχcΦ DM DD LEP

Dirac fermion Scalar, χdχdΦ σv ∼ v2 σv ∼ v2

Dirac fermion Pseudoscalar, χdγ
5χdΦ LEP LEP

Majorana fermion Scalar, χmχmΦ σv ∼ v2 σv ∼ v2

Majorana fermion Pseudoscalar, χmγ
5χmΦ LEP LEP

Vector, ¯̀γµ`Z
′µ Axial-vector, ¯̀γµγ

5`Z ′µ

Complex scalar Vector, χ∗c∂µχcZ
′µ σv ∼ v2 σv ∼ v2

Dirac fermion Vector, χdγµχdZ
′µ DM DD LEP

Dirac fermion Axial-vector, χdγµγ
5χdZ

′µ σv ∼ v2 σv ∼ m2
`

Majorana fermion Axial-vector, χmγµγ
5χmZ

′µ σv ∼ v2 σv ∼ m2
`

Table 1. Combinations of possible (spin 0 or 1) mediator couplings to SM leptons (columns)

and DM (rows). For each possibility, we indicate the strictest constraint on the parameter space

explaining the DAMPE excess (colored green) or indicate suppression that rules it out as an ex-

planation of the DAMPE excess (colored red), where DM DD indicates the spin-independent DM

direct detection constraints currently provided by PandaX.

and Dirac fermions, that couple with either scalar or vector mediators. For the scalar me-

diator we consider both scalar and pseudoscalar couplings to fermions and for the vector

mediator we consider vector and axial vector couplings to fermions, while for scalar dark

matter we consider cubic and quartic interactions with the mediator. For simplicity we ne-

glect more exotic cases; we do not consider e.g., spin-1 DM, a spin-1/2 t-channel mediator

or a spin-2 mediator in this work. We systematically investigate each case to determine if

scenarios that fit the relic density can explain the DAMPE excess and if so, whether or not

those scenarios are consistent with other experimental constraints from dark matter direct

detection (DD) and indirect detection (ID) experiments, collider experiments, measure of

anomalous magnetic moments and neutrino experiments. We also consider future probes

of the scenarios which survive all constraints.

In section 2 we present the set of simplified leptophilic models we investigate. Then in

section 3 we discuss the constraints on these models that we will consider. In section 4 we

present the results of our analysis and finally in section 5 we give our conclusions.

2 Models

We model DM by a single species of WIMP which we assume is responsible for the DAMPE

signal and the DM abundance in our Universe. We assume that it interacts with Standard

Model (SM) leptons by a new massive mediator. Instead of specifying UV-complete models,

we study DM models that could explain DAMPE’s result in a model-independent way by

coupling scalar and fermionic DM particles, χ, to a massive scalar or vector mediator. We
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require that the couplings between the mediator and the DM, and the mediator and SM

leptons satisfy only Hermiticity and Lorentz invariance, and that it is renormalizable.

The scalar mediator, Φ, couples to the SM leptons by a scalar or pseudoscalar inter-

action,

Lscalar-SM =
∑

`=e,µ,τ

¯̀
(
gs` + igp` γ

5
)
`Φ. (2.1)

There are no Yukawa couplings between the scalar and (only left-handed) neutrinos. In

the case of e.g., right-handed neutrinos and a see-saw mechanism, Yukawa interactions

between light mass eigenstates and the spin 0 mediator would be suppressed by the see-

saw scale or equivalently lightness of neutrino masses. We pick universal couplings between

the mediator and the SM leptons, g` = ge = gµ = gτ . The scalar couples to DM by either

Lscalar-DM =



1
2κrχ

2
rΦ + 1

2λrχ
2
rΦ

2 Real scalar

κc|χc|2Φ + λc|χc|2Φ2 Complex scalar

χ̄d
(
gsχd + igpχdγ5

)
χdΦ Dirac fermion

1
2 χ̄m

(
gsχm + igpχmγ5

)
χmΦ Majorana fermion

(2.2)

for DM that is real scalar χr, complex scalar χc, Dirac fermion χd or Majorana fermion χm,

respectively. In the case of scalar DM with a scalar mediator, we define the dimensionless

couplings gχr,c ≡ κr,c/mχ so that we may compare it with the dimemsionless coupling to

SM leptons. The vector mediator, Z ′, couples to the SM leptons and left-handed neutrinos

by a vector or axial-vector interaction,

Lvector-SM =
∑

`=e,µ,τ

¯̀γµ (gv` + ga` γ5) `Z ′µ +
∑

ν=νe,νµ,ντ

gν ν̄γµPLνZ
′µ. (2.3)

As in the case of a scalar mediator, we assume universal lepton couplings. We furthermore

assume universal neutrino couplings gν = gνe = gµ = gντ . The vector couples to DM by

either

Lvector-DM =


igvχc(χ

∗
c∂µχc − χc∂µχ∗c)Z ′µ + (gvχc)

2|χc|2Z ′2 Complex scalar

χ̄dγµ
(
gvχd + gaχdγ5

)
χdZ

′µ Dirac fermion
1
2 χ̄mg

a
χmγµγ5χmZ

′µ Majorana fermion

(2.4)

We assume the scalar is complex, so it can be charged under the gauge symmetry. A

vector interaction vanishes for a Majorana fermion as the operator is odd under charge

symmetry. Our notation for the mediator couplings is that a superscript s denotes a

scalar interaction, p denotes pseudoscalar, v denotes vector and a denotes axial-vector. We

implemented the models defined in eq. (2.2) and (2.4) in micrOMEGAs-4.3.5 [49, 50] via

FeynRules-2.3.27 [51, 52] and calcHEP [53].

For simplicity, we initially make the following assumptions:

1. In each scenario, we assume there is a single species of DM and a single mediator.
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2. We assume that the interactions between the scalar (vector) mediator and leptons

or DM is either completely scalar (vector) or completely pseudoscalar (axial-vector),

but not a mixture.

3. As discussed, we assume lepton flavor universal couplings between the mediator and

SM leptons.

4. We assume that gχ = g`.

5. In keeping with assumption 2 we set gν = 0 rather than considering and the lepton

interaction simultaneously.

6. We assume no tree-level mixing between the Z ′ and the Z-boson and no tree-level

mixing between the SM Higgs boson and our spin 0 mediator. In principle, we could

tune tree-level couplings to cancel loop induced mixing that results in DM scattering

with quarks.

The resulting allowed combinations from assumptions 1 and 2 are listed in table 1, along

with an indication of the result of our analysis which are presented in detail in section 4.

After this we relax a couple of these assumptions. First we relax assumption 4. In

most cases, the relic density Ωh2 and annihilation cross section 〈σv〉 depend on the product

of mediator couplings to DM and leptons, gχg`, and therefore this assumption has no

affect. However, if the mediator is lighter than the DM, DM can annihilate into on-shell

pairs of mediators. This process mainly depends on the mediator coupling with DM, gχ.

Furthermore constraints from LEP and ∆aµ, depend on only g`. Where relevant we discuss

the impact of this assumption and also present results that demonstrate the impact of this

assumption when it is most significant. Secondly while assumption 5 is useful to give an

indication of the impact of the lepton interaction alone, it is difficult to generate such

scenario in UV complete model, due to SU(2) gauge invariance. Therefore we subsequently

break this condition and study scenarios with both lepton and neutrino interactions.

3 Constraints

We wish to find points in the parameter spaces of our DM models that satisfy existing

experimental constraints from DM searches, predict the correct relic abundance of DM and

explain the DAMPE excess. We detail the relevant constraints in the following subsections.

3.1 Dark matter abundance

We require that the thermal relic density of DM, calculated in micrOMEGAs-4.3.5, satisfies

Ωh2 = 0.1199± 0.0022 in accordance with measurements from Planck [54]. This translates

into a strict relation between the mediator mass and couplings.

3.2 DAMPE excess

To accommodate the amplitude of the DAMPE excess, we assume a local subhalo with an

enhanced density of DM. The required DM density is about 17–35 times greater than the
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local density of DM for thermally produced DM with 〈σv〉 ' 3×10−26 cm3/s — this results

in the required boost factor [32]. This assumes that the DM annihilation cross section is not

suppressed in the low-velocity limit. Thus, we require 〈σv〉v→0 & 〈σv〉 ≈ [2, 4]×10−26 cm3/s

— the annihilation cross section at freeze-out required for the correct relic density. The

necessary cross sections are doubled in the case that the DM is not self-conjugate as the

flux would reduce by a factor of two.

For points that satisfy the DM relic density constraint, we calculate the annihilation

cross section 〈σv〉 in micrOMEGAs-4.3.5. Following [55], of the 20 combinations of operators

that link DM with leptons in table 1, there are 8 in which the low-velocity annihilation

cross section 〈σv〉 is suppressed by the velocity, and 2 in which it is suppressed by helicity

(see e.g. table IV of [56]). In table 1, we denote models suppressed by velocity by σv ∼ v2

and models suppressed by helicity by σv ∼ m2
` .

3.3 Dark matter direct detection

In DM direct detection experiments, leptophilic DM may predominantly scatter with bound

electrons in the target. The recoiling electrons are either ejected from the target atoms or

remain bound if the recoil is taken by the atom as a whole. In the former case, null results

from XENON100 constrain the scattering cross section to be σ0
χe . 10−34 cm2 [57] at the

90% confidence level. Of the interactions we consider, XENON100 is most sensitive [58] to

the axial-vector coupling (eq. (2.2) and (2.4)). The axial-vector coupling predicts that

σχe = 3gaχg
a
`

m2
e

πM4
Z′
≈ 3gaχg

a
`

(
MZ′

10 GeV

)−4

× 3.1× 10−39 cm2. (3.1)

Thus, even for a mediator mass of 10 GeV and couplings gaχg
a
` = 1, the cross section would

be far lower than the XENON100 [57] limit.

Leptophilic DM can, however, scatter with quarks in DD experiments through lepton

loops. As discussed in [58], from the models satisfying our low-velocity annihilation cross

section requirement, only one model has a 1-loop cross section for scattering of DM on a

nucleus, and four models have 2-loop cross sections.

We calculate the loop induced χn → χn cross section σχn using expressions given

in [58],1

σχn =
α2

emZ
2µ2

N

π3A2M4

∑
`=e,µ,τ

1
9

(
gvχg

v
` log

m2
`

µ2

)2
mediator:Z ′, DM:χd(

παemZµNv

6
√

2

)2
[(

gsχd,m
gs`

m`

)2

+ 2
3

(
gpχd,mg

s
`µNv

m`mχ

)2
]

mediator: Φ, DM:χd,m

1
4

(
παemZµNv

6
√

2

)2 (κr,cgs`
m`M

)2
mediator: Φ, DM:χr,c

(3.2)

1The expressions are obtained by assuming the nuclear structure form factors F (q) = 1 and F̃ (q) = 1

and vector coefficients, for which there is no uncertainty. We have checked that with the kinetic recoil

energy of the nucleus Ed ∈ [1, 10] keV for Xenon, F (q) lies in [0.9995, 0.9950] using formula in [59] and F̃ (q)

lies in [0.9999, 0.9998] using formula in [60].
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where αem is the fine structure constant, M is the mediator mass, µN ≡ mNmχ/(mN +mχ)

is the reduced mass of the DM-nucleus two particle system, v = 0.001c is the velocity of

the DM near the Earth, µ is the scale at which the logarithmic divergence is cut off, mN ,

Z and A are the target nucleus’ mass, charge and mass number respectively. The most

stringent direct detection constraints on DM with mass larger than 10 GeV are currently

provided by PandaX [61, 62], though XENON1T [63] and LUX [64] established similar

limits with related technology. Therefore we take Z = 54, A = 131 and mN = 131 GeV for

a target nucleus of Xenon and µ = M/
√
gvχg

v
` . We compare the predicted cross sections

with 90% confidence limits on spin independent elastic DM-nucleon cross section.

The DD constraints on leptophilic DM scattering with quarks are equivalent to con-

straints upon mixing between the SM Z and Higgs bosons and our spin 1 and spin 0

mediator, respectively. The DD constraints are, however, stronger than precision mea-

surements [65]. As noted in the introduction, though, DD constraints could be evaded by

fine-tuning the tree-level mixing against loop-induced corrections.

3.4 Dark matter indirect detection

As well as the potential signal from DAMPE, there are constraints on the annihilation of

DM from other ID experiments. In our scenarios, DM may annihilate to leptons. Hadronic

tau decays result in gamma-rays from pion decay. Amongst others H.E.S.S. [66], Fermi-

LAT [67] and IceCube [68] searched for photons and neutrinos from regions in which DM

may be abundant, such as the Galactic Centre, dwarf Spheroidal galaxies, and the Sun.

An excess of gamma rays was reported by the Large Area Telescope (LAT) on board the

Fermi Gamma Ray Space mission [69–76]. The origin of this relatively low energy (2-3 GeV)

gamma ray flux was thought to be the Galactic Center. Their source is under extensive

debate in the literature [55, 77–188]. The most recent Fermi Collaboration paper, how-

ever, claims that the excess emission is also present in “control regions along the Galactic

plane, where a dark-matter signal is not expected” [189]. Assuming that the above excess is

explained by standard astrophysical sources, the most stringent limits on dark matter anni-

hilation into a pair of gamma rays comes from Fermi-LAT observations of dwarf spheroidal

satellite galaxies (dSphs) of the Milky Way. This is because it is assumed that dark matter

dominated these dwarf galaxies. The Fermi-LAT upper limit on the dark matter annihila-

tion cross section combines the analysis of 15 Milky Way dSphs [67]. The latter provides

the most stringent constraint for dark matter annihilating into τ leptons (or quarks). Addi-

tional, comparably strong limits come from AMS-02 and the cosmic microwave background

(CMB) and [190]. All these limits, however, are fairly weak for a DM mass of a TeV.

Observation of charged cosmic leptons hinted anomalies for more than a decade. The

electron and positron fluxes have been especially controversial for some time [191–211].

The growth of the positron-to-electron fraction and the increase of the positron spectral

index above 100 GeV in the Fermi-LAT data are both considered as signs of unexplained

sources [207, 208]. The nature of these new cosmic ray sources is still a subject of de-

bate. They may be standard astrophysical sources (supernova remnants and/or pulsars),

or sources harboring new physics (dark matter annihilation) [212–214]. Our work is moti-

vated by the latter interpretation.
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3.5 Anomalous magnetic moments of leptons

Since the mediators couple to leptons, they could have a significant impact on the anoma-

lous magnetic moments of the leptons. Since we consider a lepton universal coupling, we

consider only the magnetic moment of the muon; we do not consider weaker constraints on

the anomalous magnetic moments of the electron or tau. The discrepancy between exper-

iment and the SM prediction for the magnetic moment of the muon is about [215–217]

∆aµ = 28.8± 5.4± 3.3± 4.9× 10−10, (3.3)

where the first error is statistical, the second is systematic and the last is the estimated

theoretical uncertainty in the SM calculation given in [217]. Combining these errors in

quadrature one obtains a total uncertainty of 8.0 ± 10−10, making the deviation between

experiment and the SM prediction approximately 3.6σ. However it is important to note

that the SM calculation and the associated uncertainty involve challenging estimates of the

hadronic contributions, and different values can be found in the literature [218–221]. While

the estimates cited here all show a significant deviation, it is not universally accepted in

the wider community that the hadronic uncertainties are under control. Moreover the SM

is not regarded as excluded, so it would seem strange to rule out BSM theories which lie

between the SM prediction and the experimentally measured one.

For this reason we consider two constraints. First we directly use the combined un-

certainty given above to form a 2σ interval within which the BSM model can explain the

deviation. Secondly to make a much more conservative exclusion, which reflects more

conservative views about the hadronic uncertainty, we consider a theoretical uncertainty of

25×10−10 where most of the deviation between the theory prediction and the experimental

value is covered by the theory uncertainty. While this is a very conservative estimate of

the theory uncertainty, it still provides a non-trivial constraint on BSM models, allowing

one to exclude models.

The one-loop BSM contribution to the magnetic moment, from diagrams involving the

mediator, can be approximated by [98, 222],

∆aµ =
( mµ

2πM

)2
{

1
3(gv` )2 − 5

3(ga` )2 Vector mediator

−
(

7
12 + ln

mµ
M

)
(gs` )

2 +
(

11
12 − ln

mµ
M

)
(gp` )

2 Scalar mediator
(3.4)

for a vector and vector mediator, respectively, where mµ is the muon mass and M is the

mediator mass and we have neglected terms2 of order O(m3
µ/M

3). For a vector mediator, a

vector interaction with electrons improves agreement with measurement, whereas an axial-

vector one worsens it. For a scalar mediator, a pseudo-scalar interaction with electrons

improves agreement, whereas a scalar one worsens it.

2The exact expressions can be found in [222, 223].
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3.6 Collider searches

Whilst there were no dedicated searches for leptophilic Z ′ bosons at LEP, searches in the

framework of four-fermion operators [224] require that [20, 225, 226]

gs,pe .

{
2.7× 10−4MΦ/1 GeV MΦ & 200 GeV

7.3× 10−4MΦ/1 GeV 100 GeV .MΦ . 200 GeV
(3.5)

for a scalar mediator, and

gve .

{
2.0× 10−4MZ′/1 GeV MZ′ & 200 GeV

6.9× 10−4MZ′/1 GeV 100 GeV .MZ′ . 200 GeV
(3.6)

gae .

{
2.4× 10−4MZ′/1 GeV MZ′ & 200 GeV

6.9× 10−4MZ′/1 GeV 100 GeV .MZ′ . 200 GeV
(3.7)

for a vector mediator. The latter case covers Z ′ bosons lighter than the maximum LEP

centre-of-mass energy, 209 GeV. In this regime, the constraint may be much stronger if the

Z ′ boson mass lies close to one of the LEP centre-of-mass energies, which were 130, 136, 161,

172, 183, 189, and 192–209 GeV. LEP monophoton constraints [227], on the other hand,

are irrelevant since our DM mass is well above the maximum LEP centre-of-mass energy.

At a future e+e− collider, such as ILC with a centre-of-mass energies up to 1 TeV [228],

these constraints are expected to increase significantly. The reach of ILC with a luminosity

of 500 fb−1 are [20]

gs,pe .

{
3.4× 10−5MΦ/1 GeV MΦ & 1 TeV

9.1× 10−5MΦ/1 GeV 100 GeV .MΦ . 1 TeV
(3.8)

for a scalar mediator, and

gve .

{
2.2× 10−5MZ′/1 GeV MZ′ & 1 TeV

7.6× 10−5MZ′/1 GeV 100 GeV .MZ′ . 1 TeV
(3.9)

gae .

{
2.7× 10−5MZ′/1 GeV MZ′ & 1 TeV

7.6× 10−5MZ′/1 GeV 100 GeV .MZ′ . 1 TeV
(3.10)

for a vector mediator.

The LHC could be sensitive to a leptophilic Z ′ or scalar mediator produced as brem-

sstrahlung from a lepton produced by Drell-Yann. The mediator could subsequently decay

to combinations of lepton pairs and MET. A detailed study [4], however, found that the

limits were negligible for MZ′ & 100 GeV. We assume that the limits for a scalar media-

tor would be similar (see e.g., [229, 230]). A leptophilic scalar mediator could potentially

modify Higgs branching ratios if MΦ ≤ mh/2; however, we assume no coupling between

the Higgs and mediator at tree-level.
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Figure 1. A scalar mediator scalar coupled to real scalar DM (top) and complex scalar DM

(bottom). The mediator coupling with leptons is scalar (left) or pseudoscalar (right). Each panel

shows DM properties as a function of mediator mass. The blue color gradient in the first panel

shows relic density, where darker blue means greater relic density.

3.7 Trident production

Constraints from so-called trident production, νµN → νµµµN [231], place severe restric-

tions on the Z ′ coupling to muons for gµ,

gµ .
MZ′

1 TeV
. (3.11)

This constraint applies only if the Z ′ couples to neutrinos.

4 Results

The scan of the DM models was performed with the EasyScan HEP setup used in [232].

In figure 1, we show properties of a real (top) and complex (bottom) scalar DM particle
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Figure 2. A scalar mediator pseudoscalar coupled to Dirac fermion DM (top) and Majorana

fermion DM (bottom). The mediator coupling with leptons is scalar (left) or pseudoscalar (right).

Each panel shows DM properties as a function of mediator mass. The blue color gradient in the

first panel shows relic density, where darker blue means greater relic density.

interacting with SM leptons via a spin 0 mediator. In each of the four panels, the first

two stacked plots show the product of mediator couplings to the DM and SM leptons and

the annihilation cross section 〈σv〉v→0 to electrons against the mediator mass for masses

and couplings that predict the correct relic density. There is a pronounced resonance at

2mχ ≈MΦ, at which annihilation proceeds through an s-channel resonance and a reduced

coupling is required for the relic density. When the resonance is almost exactly on-shell in

the low-velocity limit, it enhances 〈σv〉v→0 � 〈σv〉 as the latter is reduced upon thermal

averaging. Following the resonance, though, there is a region with reduced 〈σv〉v→0. In this

region, in the low-velocity limit the resonance is off-shell but the thermally averaged cross

section averages over the on-shell resonance, and thus 〈σv〉v→0 � 〈σv〉. This region cannot

explain the DAMPE result under our assumptions about the boost factor in section 3.2.The
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Figure 3. A vector mediator vector coupled to Dirac fermion DM (top), axial-vector to Dirac

fermion DM (bottom left) and Majorana fermion DM (bottom right). The mediator coupling with

leptons is vector (top left) or axial-vector (others). Each panel shows DM properties as a function

of mediator mass. The blue color gradient in the first panel shows relic density, where darker blue

means greater relic density.

points with an annihilation cross section large enough to explain the DAMPE excess with

a boost factor of 17–35 lie in the green region in the middle panels. Regions of mediator

mass that are consistent with experimental data and could explain the DAMPE excess lie

above and below the resonance (indicated by blue in the bottom panels).

The third stacked panel shows the strictest experimental constraint, which is DM di-

rect detection (presently PandaX) for scalar interactions (left) and LEP searches for pseu-

doscalar interactions (right) between the mediator and SM leptons. Only the resonance

region survives the DM direct detection constraint on the SI cross section for scalar inter-

actions, as the t-channel interaction with quarks is not enhanced by the resonance. The

resonance region, however, cannot produce a substantial 〈σv〉v→0 and is thus not of interest.

For the pseudoscalar interaction, the DD constraints are weaker as there is no loop induced

SI cross section and the SD cross section is momentum-suppressed, and LEP provides the

strongest constraints. The survived region can be further probed in future DD experiments
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Figure 4. A scalar mediator scalar coupled to complex scalar DM and pseudoscalar coupled to

leptons with κc/mχ = 2gp` (left) or κc/mχ = 5gp` (right). Each panel shows DM properties as a

function of mediator mass. The blue color gradient in the first panel shows relic density, where

darker blue means greater relic density.

and e+e− colliders. For example, the forthcoming LZ experiment [233] will almost fully

cover the scalar interaction cases, while ILC can detect mediators with a mass larger than

2mχ for all cases, with only a very small part of the resonance region that could escape.

In figure 2, we show the same story as in figure 1 but for a spin 0 mediator interacting

with Dirac and Majorana fermionic DM. The interaction between the fermionic DM and

mediator is pseudoscalar as the annihilation cross section with a scalar interaction (not

shown) is velocity suppressed and thus not of interest. The plots tell a similar story to a

spin 0 mediator interacting with scalar DM, though in this case LEP is the most powerful

constraint for scalar and pseudoscalar interactions between the mediator and SM leptons

as SI and SD cross sections are momentum suppressed or absent.

We consider vector mediators coupled to fermionic DM in figure 3. The top row

shows vector interactions between a Dirac fermionic DM particle and a vector mediator

(this vector interactions is forbidden for Majorana fermions). Combined with a vector

interaction between the mediator and SM leptons, we find unsuppressed SI cross sections

and thus severe constraints from DM direct detection. The forthcoming DD experiments,

such as XENONnT and LZ, will be sensitive to almost all of the small remaining viable

region. For an axial-vector interaction, though, LEP constraints are most powerful as SI

interactions are momentum suppressed. In the bottom row we show results for axial-vector

interactions between fermionic DM and a vector mediator. In this case the annihilation

cross section to fermions is helicity-suppressed, thus we see 〈σv〉 ≈ 10−30 cm3/s, which is far

too small, and annihilation to on-shell mediators (Z ′Z ′), which is unsuppressed, dominates

if it is kinematically allowed. Although final-state radiation could lift the suppression, it

would soften the posit on spectrum. The axial-vector interaction with DM and scalar with

SM leptons (not shown) is velocity suppressed.
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Figure 5. A vector mediator vector coupled to complex (left) and axial-vector (right) coupled to

leptons and neutrinos simultaneously. Each panel shows DM properties as a function of mediator

mass. The blue color gradient in the first panel shows relic density, where darker blue means greater

relic density.

In figure 4, we relax our assumption that the mediator couplings to DM and SM leptons

are equal for scalar mediator with a scalar interaction to scalar DM and pseudoscalar

interaction to SM leptons. By decreasing the mediator coupling with SM leptons, we may

evade LEP constraints. However, in doing so we reduce the rate at which DM annihilates

to electrons. We see that once annihilation to pairs of on-shell mediators is kinematically

impossible (at about mΦ = 1.5 TeV), the required coupling slightly increases. This is most

pronounced when we permit the coupling to leptons to be five times smaller (right) though

visible when it is two times smaller (left). In the lowest stacked panels, we see that the

LEP constraint is now considerably weaker than in figure 1.

The lepton current in eq. (2.3) can be translated into a gauge invariant current asso-

ciated with a left-handed weak isospin doublet and a right-handed isospin singlet, g
L/R
` =

gv` ∓ ga` . As a consequence, in any SU(2) invariant theory, the coupling between a vector

mediator and neutrinos gν is in general non-zero, including in our scenarios with gv` = 0

or ga` = 0. Thus, in figure 5, we show the cases of vector mediator with gauge invariant

lepton current, i.e., gν = gv` if ga` = 0 and gν = −ga` if gv` = 0. Compared with figure 3,

we see that the cross section of DM annihilating into leptons is slightly diluted by an-

nihilation into neutrinos, but can still reach 10−26 cm3/s. Although the constraints from

trident production restrict the muon coupling if the mediator couples to muon neutrinos,

the strictest limits in the gν = gv` and gν = ga` cases are PandaX and LEP, respectively,

which are similar to the simplified cases.

We do not show vector mediators coupling to scalar DM as 〈σv〉v→0 is velocity sup-

pressed. We summarize the regions of mediator mass that are excluded in table 2. There

one can see that the most important constraints come from LEP and DM direct detection

(presently PandaX), along with a small constraint from DAMPE in the resonance region.
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LM-SM LM-DM DAMPE signal ∆aµ DM DD LEP Combined

`¯̀Φ χrχrΦ /∈ [3001, 3330] > 361 ∈ [2971, 3240] > 2010 ∈ [2971, 3001]

`¯̀Φ χ∗cχcΦ /∈ [3002, 3270] > 420 ∈ [2970, 3180] > 2160 ∈ [2970, 3002]

`¯̀Φ χdγ
5χdΦ /∈ [3001, 3270] > 361 > 276 > 2010 /∈ [3001, 3270]& > 2010

`¯̀Φ χmγ
5χmΦ /∈ [3001, 3331] > 301 > 241 > 1770 /∈ [3001, 3331]& > 1770

`γ5 ¯̀Φ χrχrΦ /∈ [3001, 3300] > 391 — > 1980 /∈ [3001, 3300]& > 1980

`γ5 ¯̀Φ χ∗cχcΦ /∈ [3002, 3270] > 450 — > 2160 /∈ [3002, 3270]& > 2160

`γ5 ¯̀Φ χdγ
5χdΦ /∈ [3001, 3270] > 420 — > 2010 /∈ [3001, 3270]& > 2010

`γ5 ¯̀Φ χmγ
5χmΦ /∈ [3001, 3331] > 330 — > 1770 /∈ [3001, 3331]& > 1770

¯̀γµ`Z
′µ χdγµχdZ

′µ /∈ [3000, 3330] > 61 ∈ [2940, 3270] > 2130 ∈ [2940, 3000]

¯̀γµγ
5`Z′µ χdγµχdZ

′µ /∈ [3000, 3330] > 270 — > 1890 /∈ [3000, 3330]& > 1890

Table 2. Regions in mediator mass permitted by experimental constraints for combinations of

mediator couplings to the SM leptons and DM. The constraint DM DD stands the spin-independent

DM direct detection constraints currently provided by PandaX. The final column shows mediator

masses that may explain DAMPE and simultaneously satisfy all experimental constraints. All

masses are in units of GeV.

The region where one can explain the deviation between the SM calculation and experiment

for the anomalous magnetic moment of the muon is entirely excluded by the LEP limit.

At the same time the limit from the more conservative assumption about theory errors

discussed in section 3.5 is much weaker than the LEP limit. For simplicity we only show

the latter in table 2. An overview of our findings are presented table 1. This shows the

combinations of operators with velocity or helicity suppressed 〈σv〉, which are therefore

not of interest, other combinations with unsuppressed scattering cross sections that are

in tension with DD experiments, and finally that for the remaining models LEP has the

largest impact, but that these models are still allowed.

5 Conclusions

We performed a model-independent analysis of particle dark matter explanations of the

peak in the DAMPE electron spectrum and whether they can simultaneously satisfy con-

straints from other DM searches. We assumed that the signal originated from DM annihi-

lation in a nearby subhalo with an enhanced density of DM. To account for the inevitable

energy loss, we assumed a DM mass of about 1.5 TeV, which is slightly greater than the

location of the observed peak. Rather than working in a specific UV-complete model, we

investigated all renormalizable interactions between SM leptons, DM of spin 0 and 1/2,

and mediators of spin 0 and 1. We did not consider the more exotic cases of spin-1 DM, a

spin-1/2 t-channel mediator or a spin-2 mediator in this work.

Our results are summarized in tables 1 and 2. We found that 10 of 20 possible com-

binations of operators are helicity or velocity suppressed and cannot explain the DAMPE

signal assuming a nearby subhalo with a density enhancement of 17–35, as calculated

in [32]. Of the remaining combinations, DM direct detection strongly constrains the un-

suppressed scattering cross sections in three models and LEP strongly constrains the mass
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of the mediator in the other 7. The remaining candidates are (1) a spin 0 mediator coupled

to scalar DM, (2) a spin 0 mediator pseudoscalar coupled to fermionic DM, and (3) a spin

1 mediator vector coupled to Dirac DM. LEP constraints on four-fermion operators force

the mediator mass to be heavy, & 2 TeV, in all of these scenarios.
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[102] D.G. Cerdeño, M. Peiró and S. Robles, Low-mass right-handed sneutrino dark matter:

SuperCDMS and LUX constraints and the galactic centre gamma-ray excess, JCAP 08

(2014) 005 [arXiv:1404.2572] [INSPIRE].

[103] M. Demianski and A. Doroshkevich, Beyond the ΛCDM cosmology: complex composition of

dark matter, arXiv:1404.3362 [INSPIRE].

[104] M. Shirasaki, S. Horiuchi and N. Yoshida, Cross-correlation of cosmic shear and

extragalactic gamma-ray background: constraints on the dark matter annihilation

cross-section, Phys. Rev. D 90 (2014) 063502 [arXiv:1404.5503] [INSPIRE].

[105] M. Abdullah, A. DiFranzo, A. Rajaraman, T.M.P. Tait, P. Tanedo and A.M. Wijangco,

Hidden on-shell mediators for the galactic center γ-ray excess, Phys. Rev. D 90 (2014)

035004 [arXiv:1404.6528] [INSPIRE].

[106] A. Drlica-Wagner, G.A. Gomez-Vargas, J.W. Hewitt, T. Linden and L. Tibaldo, Searching

for dark matter annihilation in the Smith high-velocity cloud, Astrophys. J. 790 (2014) 24

[arXiv:1405.1030] [INSPIRE].

[107] J. Bramante and T. Linden, Detecting dark matter with imploding pulsars in the galactic

center, Phys. Rev. Lett. 113 (2014) 191301 [arXiv:1405.1031] [INSPIRE].

[108] A. Berlin, P. Gratia, D. Hooper and S.D. McDermott, Hidden sector dark matter models for

the galactic center gamma-ray excess, Phys. Rev. D 90 (2014) 015032 [arXiv:1405.5204]

[INSPIRE].

[109] T. Mondal and T. Basak, Class of Higgs-portal dark matter models in the light of

gamma-ray excess from galactic center, Phys. Lett. B 744 (2015) 208 [arXiv:1405.4877]

[INSPIRE].

[110] N. Bernal, J.E. Forero-Romero, R. Garani and S. Palomares-Ruiz, Systematic uncertainties

from halo asphericity in dark matter searches, JCAP 09 (2014) 004 [arXiv:1405.6240]

[INSPIRE].

[111] P. Agrawal, M. Blanke and K. Gemmler, Flavored dark matter beyond minimal flavor

violation, JHEP 10 (2014) 072 [arXiv:1405.6709] [INSPIRE].

[112] T.M. Yoast-Hull, J.S. Gallagher and E.G. Zweibel, The cosmic ray population of the

galactic central molecular zone, Astrophys. J. 790 (2014) 86 [arXiv:1405.7059] [INSPIRE].

[113] K. Agashe, Y. Cui, L. Necib and J. Thaler, (In)direct detection of boosted dark matter,

JCAP 10 (2014) 062 [arXiv:1405.7370] [INSPIRE].

[114] S.K.N. Portillo and D.P. Finkbeiner, Sharper Fermi LAT images: instrument response

functions for an improved event selection, Astrophys. J. 796 (2014) 54 [arXiv:1406.0507]

[INSPIRE].

[115] T. Han, Z. Liu and S. Su, Light neutralino dark matter: direct/indirect detection and

collider searches, JHEP 08 (2014) 093 [arXiv:1406.1181] [INSPIRE].

[116] W. Detmold, M. McCullough and A. Pochinsky, Dark nuclei I: cosmology and indirect

detection, Phys. Rev. D 90 (2014) 115013 [arXiv:1406.2276] [INSPIRE].

– 22 –

https://doi.org/10.1016/j.jheap.2014.06.001
https://arxiv.org/abs/1404.2318
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.2318
https://doi.org/10.1088/1475-7516/2014/08/005
https://doi.org/10.1088/1475-7516/2014/08/005
https://arxiv.org/abs/1404.2572
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.2572
https://arxiv.org/abs/1404.3362
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.3362
https://doi.org/10.1103/PhysRevD.90.063502
https://arxiv.org/abs/1404.5503
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.5503
https://doi.org/10.1103/PhysRevD.90.035004
https://doi.org/10.1103/PhysRevD.90.035004
https://arxiv.org/abs/1404.6528
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.6528
https://doi.org/10.1088/0004-637X/790/1/24
https://arxiv.org/abs/1405.1030
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.1030
https://doi.org/10.1103/PhysRevLett.113.191301
https://arxiv.org/abs/1405.1031
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.1031
https://doi.org/10.1103/PhysRevD.90.015032
https://arxiv.org/abs/1405.5204
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.5204
https://doi.org/10.1016/j.physletb.2015.03.055
https://arxiv.org/abs/1405.4877
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.4877
https://doi.org/10.1088/1475-7516/2014/09/004
https://arxiv.org/abs/1405.6240
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.6240
https://doi.org/10.1007/JHEP10(2014)072
https://arxiv.org/abs/1405.6709
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.6709
https://doi.org/10.1088/0004-637X/790/2/86
https://arxiv.org/abs/1405.7059
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7059
https://doi.org/10.1088/1475-7516/2014/10/062
https://arxiv.org/abs/1405.7370
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7370
https://doi.org/10.1088/0004-637X/796/1/54
https://arxiv.org/abs/1406.0507
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.0507
https://doi.org/10.1007/JHEP08(2014)093
https://arxiv.org/abs/1406.1181
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.1181
https://doi.org/10.1103/PhysRevD.90.115013
https://arxiv.org/abs/1406.2276
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.2276


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

[117] C. Boehm, P. Gondolo, P. Jean, T. Lacroix, C. Norman and J. Silk, A possible link between

the GeV excess and the 511 keV emission line in the galactic centre, arXiv:1406.4683

[INSPIRE].

[118] A. Askew, S. Chauhan, B. Penning, W. Shepherd and M. Tripathi, Searching for dark

matter at hadron colliders, Int. J. Mod. Phys. A 29 (2014) 1430041 [arXiv:1406.5662]

[INSPIRE].

[119] C. Cheung, M. Papucci, D. Sanford, N.R. Shah and K.M. Zurek, NMSSM interpretation of

the galactic center excess, Phys. Rev. D 90 (2014) 075011 [arXiv:1406.6372] [INSPIRE].

[120] S.D. McDermott, Lining up the galactic center gamma-ray excess, Phys. Dark Univ. 7-8

(2015) 12 [arXiv:1406.6408] [INSPIRE].

[121] B. Zhou et al., GeV excess in the milky way: the role of diffuse galactic gamma-ray

emission templates, Phys. Rev. D 91 (2015) 123010 [arXiv:1406.6948] [INSPIRE].

[122] K. Ghorbani, Fermionic dark matter with pseudo-scalar Yukawa interaction, JCAP 01

(2015) 015 [arXiv:1408.4929] [INSPIRE].

[123] A. Dutta Banik and D. Majumdar, Low energy gamma ray excess confronting a singlet

scalar extended inert doublet dark matter model, Phys. Lett. B 743 (2015) 420

[arXiv:1408.5795] [INSPIRE].

[124] D. Borah and A. Dasgupta, Galactic center gamma ray excess in a radiative neutrino mass

model, Phys. Lett. B 741 (2015) 103 [arXiv:1409.1406] [INSPIRE].

[125] J. Guo, J. Li, T. Li and A.G. Williams, NMSSM explanations of the galactic center gamma

ray excess and promising LHC searches, Phys. Rev. D 91 (2015) 095003

[arXiv:1409.7864] [INSPIRE].

[126] J. Cao, L. Shang, P. Wu, J.M. Yang and Y. Zhang, Supersymmetry explanation of the

Fermi galactic center excess and its test at LHC run II, Phys. Rev. D 91 (2015) 055005

[arXiv:1410.3239] [INSPIRE].

[127] M. Heikinheimo and C. Spethmann, Galactic centre GeV photons from dark technicolor,

JHEP 12 (2014) 084 [arXiv:1410.4842] [INSPIRE].

[128] P. Agrawal, B. Batell, P.J. Fox and R. Harnik, WIMPs at the galactic center, JCAP 05

(2015) 011 [arXiv:1411.2592] [INSPIRE].

[129] K. Cheung, W.-C. Huang and Y.-L.S. Tsai, Non-Abelian dark matter solutions for galactic

gamma-ray excess and Perseus 3.5 keV X-ray line, JCAP 05 (2015) 053 [arXiv:1411.2619]

[INSPIRE].

[130] F. Calore, I. Cholis, C. McCabe and C. Weniger, A tale of tails: dark matter interpretations

of the Fermi GeV excess in light of background model systematics, Phys. Rev. D 91 (2015)

063003 [arXiv:1411.4647] [INSPIRE].

[131] A. Biswas, Explaining low energy γ-ray excess from the galactic centre using a two

component dark matter model, J. Phys. G 43 (2016) 055201 [arXiv:1412.1663] [INSPIRE].

[132] M.J. Dolan, F. Kahlhoefer, C. McCabe and K. Schmidt-Hoberg, A taste of dark matter:

flavour constraints on pseudoscalar mediators, JHEP 03 (2015) 171 [Erratum ibid. 07

(2015) 103] [arXiv:1412.5174] [INSPIRE].

[133] K. Ghorbani and H. Ghorbani, Scalar split WIMPs in future direct detection experiments,

Phys. Rev. D 93 (2016) 055012 [arXiv:1501.00206] [INSPIRE].

– 23 –

https://arxiv.org/abs/1406.4683
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.4683
https://doi.org/10.1142/S0217751X14300415
https://arxiv.org/abs/1406.5662
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.5662
https://doi.org/10.1103/PhysRevD.90.075011
https://arxiv.org/abs/1406.6372
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6372
https://doi.org/10.1016/j.dark.2015.05.001
https://doi.org/10.1016/j.dark.2015.05.001
https://arxiv.org/abs/1406.6408
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6408
https://doi.org/10.1103/PhysRevD.91.123010
https://arxiv.org/abs/1406.6948
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6948
https://doi.org/10.1088/1475-7516/2015/01/015
https://doi.org/10.1088/1475-7516/2015/01/015
https://arxiv.org/abs/1408.4929
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.4929
https://doi.org/10.1016/j.physletb.2015.03.003
https://arxiv.org/abs/1408.5795
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.5795
https://doi.org/10.1016/j.physletb.2014.12.023
https://arxiv.org/abs/1409.1406
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.1406
https://doi.org/10.1103/PhysRevD.91.095003
https://arxiv.org/abs/1409.7864
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.7864
https://doi.org/10.1103/PhysRevD.91.055005
https://arxiv.org/abs/1410.3239
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.3239
https://doi.org/10.1007/JHEP12(2014)084
https://arxiv.org/abs/1410.4842
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.4842
https://doi.org/10.1088/1475-7516/2015/05/011
https://doi.org/10.1088/1475-7516/2015/05/011
https://arxiv.org/abs/1411.2592
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.2592
https://doi.org/10.1088/1475-7516/2015/05/053
https://arxiv.org/abs/1411.2619
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.2619
https://doi.org/10.1103/PhysRevD.91.063003
https://doi.org/10.1103/PhysRevD.91.063003
https://arxiv.org/abs/1411.4647
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.4647
https://doi.org/10.1088/0954-3899/43/5/055201
https://arxiv.org/abs/1412.1663
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.1663
https://doi.org/10.1007/JHEP03(2015)171
https://arxiv.org/abs/1412.5174
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.5174
https://doi.org/10.1103/PhysRevD.93.055012
https://arxiv.org/abs/1501.00206
https://inspirehep.net/search?p=find+EPRINT+arXiv:1501.00206


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

[134] J. Kozaczuk and T.A.W. Martin, Extending LHC coverage to light pseudoscalar mediators

and coy dark sectors, JHEP 04 (2015) 046 [arXiv:1501.07275] [INSPIRE].

[135] C.-H. Chen and T. Nomura, SU(2)X vector DM and galactic center gamma-ray excess,

Phys. Lett. B 746 (2015) 351 [arXiv:1501.07413] [INSPIRE].

[136] K.P. Modak and D. Majumdar, Confronting galactic and extragalactic γ-rays observed by

Fermi-LAT with annihilating dark matter in an inert Higgs doublet model, Astrophys. J.

Suppl. 219 (2015) 37 [arXiv:1502.05682] [INSPIRE].

[137] A. Achterberg, S. Amoroso, S. Caron, L. Hendriks, R. Ruiz de Austri and C. Weniger, A

description of the galactic center excess in the minimal supersymmetric Standard Model,

JCAP 08 (2015) 006 [arXiv:1502.05703] [INSPIRE].

[138] J. Conrad, J. Cohen-Tanugi and L.E. Strigari, WIMP searches with gamma rays in the

Fermi era: challenges, methods and results, J. Exp. Theor. Phys. 121 (2015) 1104 [Zh.

Eksp. Teor. Fiz. 148 (2015) 1257] [arXiv:1503.06348] [INSPIRE].

[139] J.M. Cline, G. Dupuis, Z. Liu and W. Xue, Multimediator models for the galactic center

gamma ray excess, Phys. Rev. D 91 (2015) 115010 [arXiv:1503.08213] [INSPIRE].

[140] E.C. F.S. Fortes, V. Pleitez and F.W. Stecker, Secluded WIMPs, dark QED with massive

photons and the galactic center gamma-ray excess, Astropart. Phys. 74 (2016) 87

[arXiv:1503.08220] [INSPIRE].

[141] K. Ghorbani and H. Ghorbani, Two-portal dark matter, Phys. Rev. D 91 (2015) 123541

[arXiv:1504.03610] [INSPIRE].

[142] P. Ko and Y. Tang, Dark Higgs channel for Fermi GeV γ-ray excess, JCAP 02 (2016) 011

[arXiv:1504.03908] [INSPIRE].

[143] J.-C. Park, J. Kim and S.C. Park, Galactic center GeV gamma-ray excess from dark matter

with gauged lepton numbers, Phys. Lett. B 752 (2016) 59 [arXiv:1505.04620] [INSPIRE].

[144] S. Dado and A. Dar, Common origin of the high energy astronomical gamma rays,

neutrinos and cosmic ray positrons?, JHEAp 9-10 (2016) 9 [arXiv:1505.04988] [INSPIRE].

[145] O. Buchmueller, S.A. Malik, C. McCabe and B. Penning, Constraining dark matter

interactions with pseudoscalar and scalar mediators using collider searches for multijets plus

missing transverse energy, Phys. Rev. Lett. 115 (2015) 181802 [arXiv:1505.07826]

[INSPIRE].

[146] I. Cholis, C. Evoli, F. Calore, T. Linden, C. Weniger and D. Hooper, The galactic center

GeV excess from a series of leptonic cosmic-ray outbursts, JCAP 12 (2015) 005

[arXiv:1506.05119] [INSPIRE].

[147] J. Cao, L. Shang, P. Wu, J.M. Yang and Y. Zhang, Interpreting the galactic center

gamma-ray excess in the NMSSM, JHEP 10 (2015) 030 [arXiv:1506.06471] [INSPIRE].

[148] T. Mondal and T. Basak, Galactic center gamma-ray excess and Higgs-portal dark matter,

Springer Proc. Phys. 174 (2016) 493 [arXiv:1507.01793] [INSPIRE].

[149] A. Butter, T. Plehn, M. Rauch, D. Zerwas, S. Henrot-Versillé and R. Lafaye, Invisible Higgs
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excess within the scalar singlet Higgs portal model, JCAP 06 (2016) 050

[arXiv:1603.08228] [INSPIRE].

[177] A. Scaffidi, K. Freese, J. Li, C. Savage, M. White and A.G. Williams, Gamma rays from

muons from WIMPs: implementation of radiative muon decays for dark matter analyses,

Phys. Rev. D 93 (2016) 115024 [arXiv:1604.00744] [INSPIRE].

[178] J. Choquette, J.M. Cline and J.M. Cornell, p-wave annihilating dark matter from a

decaying predecessor and the galactic center excess, Phys. Rev. D 94 (2016) 015018

[arXiv:1604.01039] [INSPIRE].

[179] T. Linden, N.L. Rodd, B.R. Safdi and T.R. Slatyer, High-energy tail of the galactic center

gamma-ray excess, Phys. Rev. D 94 (2016) 103013 [arXiv:1604.01026] [INSPIRE].

[180] S. Horiuchi, M. Kaplinghat and A. Kwa, Investigating the uniformity of the excess gamma

rays towards the galactic center region, JCAP 11 (2016) 053 [arXiv:1604.01402] [INSPIRE].

[181] F.S. Sage and R. Dick, Gamma ray signals of the annihilation of Higgs-portal singlet dark

matter, arXiv:1604.04589 [INSPIRE].

[182] A. Biswas, S. Choubey and S. Khan, Galactic gamma ray excess and dark matter

phenomenology in a U(1)B−L model, JHEP 08 (2016) 114 [arXiv:1604.06566] [INSPIRE].

– 26 –

https://doi.org/10.1103/PhysRevD.93.103004
https://doi.org/10.1103/PhysRevD.93.103004
https://arxiv.org/abs/1512.01846
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.01846
https://arxiv.org/abs/1512.02899
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.02899
https://doi.org/10.1088/1475-7516/2016/03/049
https://arxiv.org/abs/1512.04966
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.04966
https://doi.org/10.3847/0004-637X/827/2/143
https://arxiv.org/abs/1512.06825
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06825
https://doi.org/10.1103/PhysRevD.93.075023
https://arxiv.org/abs/1601.05089
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.05089
https://arxiv.org/abs/1601.05797
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.05797
https://doi.org/10.1007/JHEP04(2016)154
https://arxiv.org/abs/1602.00590
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.00590
https://doi.org/10.1088/1475-7516/2016/03/048
https://arxiv.org/abs/1602.04788
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.04788
https://doi.org/10.1103/PhysRevD.93.095025
https://arxiv.org/abs/1602.05192
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.05192
https://doi.org/10.1088/1475-7516/2016/06/050
https://arxiv.org/abs/1603.08228
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.08228
https://doi.org/10.1103/PhysRevD.93.115024
https://arxiv.org/abs/1604.00744
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.00744
https://doi.org/10.1103/PhysRevD.94.015018
https://arxiv.org/abs/1604.01039
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.01039
https://doi.org/10.1103/PhysRevD.94.103013
https://arxiv.org/abs/1604.01026
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.01026
https://doi.org/10.1088/1475-7516/2016/11/053
https://arxiv.org/abs/1604.01402
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.01402
https://arxiv.org/abs/1604.04589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.04589
https://doi.org/10.1007/JHEP08(2016)114
https://arxiv.org/abs/1604.06566
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.06566


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

[183] D. Hooper and T. Linden, The gamma-ray pulsar population of globular clusters:

implications for the GeV excess, JCAP 08 (2016) 018 [arXiv:1606.09250] [INSPIRE].

[184] L.-B. Jia, Study of WIMP annihilations into a pair of on-shell scalar mediators, Phys. Rev.

D 94 (2016) 095028 [arXiv:1607.00737] [INSPIRE].

[185] V. Lefranc, E. Moulin, P. Panci, F. Sala and J. Silk, Dark matter in γ lines: galactic center

vs dwarf galaxies, JCAP 09 (2016) 043 [arXiv:1608.00786] [INSPIRE].

[186] M. Fornasa et al., Angular power spectrum of the diffuse gamma-ray emission as measured

by the Fermi Large Area Telescope and constraints on its dark matter interpretation, Phys.

Rev. D 94 (2016) 123005 [arXiv:1608.07289] [INSPIRE].

[187] C. Karwin, S. Murgia, T.M.P. Tait, T.A. Porter and P. Tanedo, Dark matter interpretation

of the Fermi-LAT observation toward the galactic center, Phys. Rev. D 95 (2017) 103005

[arXiv:1612.05687] [INSPIRE].

[188] M. Cirelli, D. Gaggero, G. Giesen, M. Taoso and A. Urbano, Antiproton constraints on the

GeV gamma-ray excess: a comprehensive analysis, JCAP 12 (2014) 045

[arXiv:1407.2173] [INSPIRE].

[189] Fermi-LAT collaboration, M. Ackermann et al., The Fermi galactic center GeV excess and

implications for dark matter, Astrophys. J. 840 (2017) 43 [arXiv:1704.03910] [INSPIRE].

[190] G. Elor, N.L. Rodd, T.R. Slatyer and W. Xue, Model-independent indirect detection

constraints on hidden sector dark matter, JCAP 06 (2016) 024 [arXiv:1511.08787]

[INSPIRE].

[191] R.L. Golden et al., Observations of cosmic ray electrons and positrons using an imaging

calorimeter, Astrophys. J. 436 (1994) 769 [INSPIRE].

[192] AMS collaboration, J. Alcaraz et al., Leptons in near earth orbit, Phys. Lett. B 484 (2000)

10 [Erratum ibid. B 495 (2000) 440] [INSPIRE].

[193] WiZard/CAPRICE collaboration, M. Boezio et al., The cosmic ray anti-proton flux

between 3 GeV and 49 GeV, Astrophys. J. 561 (2001) 787 [astro-ph/0103513] [INSPIRE].

[194] C. Grimani et al., Measurements of the absolute energy spectra of cosmic-ray positrons and

electrons above 7 GeV, Astron. Astrophys. 392 (2002) 287 [INSPIRE].

[195] HEAT collaboration, S.W. Barwick et al., Measurements of the cosmic ray positron fraction

from 1 GeV to 50 GeV, Astrophys. J. 482 (1997) L191 [astro-ph/9703192] [INSPIRE].

[196] J.J. Beatty et al., New measurement of the cosmic-ray positron fraction from 5 to 15 GeV,

Phys. Rev. Lett. 93 (2004) 241102 [astro-ph/0412230] [INSPIRE].

[197] PAMELA collaboration, O. Adriani et al., An anomalous positron abundance in cosmic

rays with energies 1.5–100 GeV, Nature 458 (2009) 607 [arXiv:0810.4995] [INSPIRE].

[198] T. Delahaye et al., Galactic secondary positron flux at the earth, Astron. Astrophys. 501

(2009) 821 [arXiv:0809.5268] [INSPIRE].

[199] T. Delahaye, J. Lavalle, R. Lineros, F. Donato and N. Fornengo, Galactic electrons and

positrons at the earth: new estimate of the primary and secondary fluxes, Astron.

Astrophys. 524 (2010) A51 [arXiv:1002.1910] [INSPIRE].

[200] P. Mertsch, Cosmic ray backgrounds for dark matter indirect detection, arXiv:1012.4239

[INSPIRE].

– 27 –

https://doi.org/10.1088/1475-7516/2016/08/018
https://arxiv.org/abs/1606.09250
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.09250
https://doi.org/10.1103/PhysRevD.94.095028
https://doi.org/10.1103/PhysRevD.94.095028
https://arxiv.org/abs/1607.00737
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.00737
https://doi.org/10.1088/1475-7516/2016/09/043
https://arxiv.org/abs/1608.00786
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.00786
https://doi.org/10.1103/PhysRevD.94.123005
https://doi.org/10.1103/PhysRevD.94.123005
https://arxiv.org/abs/1608.07289
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.07289
https://doi.org/10.1103/PhysRevD.95.103005
https://arxiv.org/abs/1612.05687
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.05687
https://doi.org/10.1088/1475-7516/2014/12/045
https://arxiv.org/abs/1407.2173
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.2173
https://doi.org/10.3847/1538-4357/aa6cab
https://arxiv.org/abs/1704.03910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.03910
https://doi.org/10.1088/1475-7516/2016/06/024
https://arxiv.org/abs/1511.08787
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.08787
https://doi.org/10.1086/174951
https://inspirehep.net/search?p=find+J+%22Astrophys.J.,436,769%22
https://doi.org/10.1016/S0370-2693(00)00588-8
https://doi.org/10.1016/S0370-2693(00)00588-8
https://doi.org/10.1016/S0370-2693(00)01236-3
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B484,10%22
https://doi.org/10.1086/323366
https://arxiv.org/abs/astro-ph/0103513
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0103513
https://doi.org/10.1051/0004-6361:20020845
https://inspirehep.net/search?p=find+J+%22Astron.Astrophys.,392,287%22
https://doi.org/10.1086/310706
https://arxiv.org/abs/astro-ph/9703192
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9703192
https://doi.org/10.1103/PhysRevLett.93.241102
https://arxiv.org/abs/astro-ph/0412230
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0412230
https://doi.org/10.1038/nature07942
https://arxiv.org/abs/0810.4995
https://inspirehep.net/search?p=find+EPRINT+arXiv:0810.4995
https://doi.org/10.1051/0004-6361/200811130
https://doi.org/10.1051/0004-6361/200811130
https://arxiv.org/abs/0809.5268
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.5268
https://doi.org/10.1051/0004-6361/201014225
https://doi.org/10.1051/0004-6361/201014225
https://arxiv.org/abs/1002.1910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1002.1910
https://arxiv.org/abs/1012.4239
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4239


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

[201] T. Delahaye, A. Fiasson, M. Pohl and P. Salati, The GeV-TeV galactic gamma-ray diffuse

emission I. Uncertainties in the predictions of the hadronic component, Astron. Astrophys.

531 (2011) A37 [arXiv:1102.0744] [INSPIRE].

[202] AMS collaboration, M. Aguilar et al., The Alpha Magnetic Spectrometer (AMS) on the

International Space Station. I: results from the test flight on the space shuttle, Phys. Rept.

366 (2002) 331 [Erratum ibid. 380 (2003) 97] [INSPIRE].

[203] PPB-BETS collaboration, S. Torii et al., High-energy electron observations by PPB-BETS

flight in Antarctica, arXiv:0809.0760 [INSPIRE].

[204] H.E.S.S. collaboration, F. Aharonian et al., The energy spectrum of cosmic-ray electrons at

TeV energies, Phys. Rev. Lett. 101 (2008) 261104 [arXiv:0811.3894] [INSPIRE].

[205] H.E.S.S. collaboration, F. Aharonian et al., Probing the ATIC peak in the cosmic-ray

electron spectrum with H.E.S.S., Astron. Astrophys. 508 (2009) 561 [arXiv:0905.0105]

[INSPIRE].

[206] Fermi-LAT collaboration, M. Ackermann et al., Fermi LAT observations of cosmic-ray

electrons from 7 GeV to 1 TeV, Phys. Rev. D 82 (2010) 092004 [arXiv:1008.3999]

[INSPIRE].

[207] AMS collaboration, L. Accardo et al., High statistics measurement of the positron fraction

in primary cosmic rays of 0.5–500 GeV with the Alpha Magnetic Spectrometer on the

International Space Station, Phys. Rev. Lett. 113 (2014) 121101 [INSPIRE].

[208] AMS collaboration, M. Aguilar et al., Electron and positron fluxes in primary cosmic rays

measured with the Alpha Magnetic Spectrometer on the International Space Station, Phys.

Rev. Lett. 113 (2014) 121102 [INSPIRE].

[209] AMS collaboration, M. Aguilar et al., Precision measurement of the (e+ + e−) flux in

primary cosmic rays from 0.5 GeV to 1 TeV with the Alpha Magnetic Spectrometer on the

International Space Station, Phys. Rev. Lett. 113 (2014) 221102 [INSPIRE].

[210] AMS collaboration, M. Aguilar et al., Precision measurement of the proton flux in primary

cosmic rays from rigidity 1 GV to 1.8 TV with the Alpha Magnetic Spectrometer on the

International Space Station, Phys. Rev. Lett. 114 (2015) 171103 [INSPIRE].

[211] M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, Model-independent implications of the

e±, anti-proton cosmic ray spectra on properties of dark matter, Nucl. Phys. B 813 (2009)

1 [Addendum ibid. 873 (2013) 530] [arXiv:0809.2409] [INSPIRE].

[212] P.D. Serpico, Astrophysical models for the origin of the positron ‘excess’, Astropart. Phys.

39-40 (2012) 2 [arXiv:1108.4827] [INSPIRE].

[213] K. Belotsky, M. Khlopov and M. Laletin, Dark atoms and their decaying constituents, Bled

Workshops Phys. 15 (2014) 1 [arXiv:1411.3657] [INSPIRE].

[214] Y. Mambrini, S. Profumo and F.S. Queiroz, Dark matter and global symmetries, Phys. Lett.

B 760 (2016) 807 [arXiv:1508.06635] [INSPIRE].

[215] Muon g-2 collaboration, G.W. Bennett et al., Final report of the muon E821 anomalous

magnetic moment measurement at BNL, Phys. Rev. D 73 (2006) 072003 [hep-ex/0602035]

[INSPIRE].

[216] Particle Data Group collaboration, C. Patrignani et al., Review of particle physics,

Chin. Phys. C 40 (2016) 100001 [INSPIRE].

– 28 –

https://doi.org/10.1051/0004-6361/201116647
https://doi.org/10.1051/0004-6361/201116647
https://arxiv.org/abs/1102.0744
https://inspirehep.net/search?p=find+EPRINT+arXiv:1102.0744
https://doi.org/10.1016/S0370-1573(02)00013-3
https://doi.org/10.1016/S0370-1573(02)00013-3
https://doi.org/10.1016/S0370-1573(03)00138-8
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,366,331%22
https://arxiv.org/abs/0809.0760
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.0760
https://doi.org/10.1103/PhysRevLett.101.261104
https://arxiv.org/abs/0811.3894
https://inspirehep.net/search?p=find+EPRINT+arXiv:0811.3894
https://doi.org/10.1051/0004-6361/200913323
https://arxiv.org/abs/0905.0105
https://inspirehep.net/search?p=find+EPRINT+arXiv:0905.0105
https://doi.org/10.1103/PhysRevD.82.092004
https://arxiv.org/abs/1008.3999
https://inspirehep.net/search?p=find+EPRINT+arXiv:1008.3999
https://doi.org/10.1103/PhysRevLett.113.121101
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,113,121101%22
https://doi.org/10.1103/PhysRevLett.113.121102
https://doi.org/10.1103/PhysRevLett.113.121102
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,113,121102%22
https://doi.org/10.1103/PhysRevLett.113.221102
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,113,221102%22
https://doi.org/10.1103/PhysRevLett.114.171103
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,114,171103%22
https://doi.org/10.1016/j.nuclphysb.2008.11.031
https://doi.org/10.1016/j.nuclphysb.2008.11.031
https://doi.org/10.1016/j.nuclphysb.2013.05.002
https://arxiv.org/abs/0809.2409
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.2409
https://doi.org/10.1016/j.astropartphys.2011.08.007
https://doi.org/10.1016/j.astropartphys.2011.08.007
https://arxiv.org/abs/1108.4827
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.4827
https://arxiv.org/abs/1411.3657
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.3657
https://doi.org/10.1016/j.physletb.2016.07.076
https://doi.org/10.1016/j.physletb.2016.07.076
https://arxiv.org/abs/1508.06635
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.06635
https://doi.org/10.1103/PhysRevD.73.072003
https://arxiv.org/abs/hep-ex/0602035
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0602035
https://doi.org/10.1088/1674-1137/40/10/100001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C40,100001%22


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

[217] M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Reevaluation of the hadronic

contributions to the muon g − 2 and to α(M2
Z), Eur. Phys. J. C 71 (2011) 1515 [Erratum

ibid. C 72 (2012) 1874] [arXiv:1010.4180] [INSPIRE].

[218] K. Hagiwara, R. Liao, A.D. Martin, D. Nomura and T. Teubner, (g − 2)µ and α(M2
Z)

re-evaluated using new precise data, J. Phys. G 38 (2011) 085003 [arXiv:1105.3149]

[INSPIRE].

[219] F. Jegerlehner and R. Szafron, ρ0-γ mixing in the neutral channel pion form factor F eπ and

its role in comparing e+e− with τ spectral functions, Eur. Phys. J. C 71 (2011) 1632

[arXiv:1101.2872] [INSPIRE].

[220] M. Benayoun, P. David, L. DelBuono and F. Jegerlehner, An update of the HLS estimate of

the muon g − 2, Eur. Phys. J. C 73 (2013) 2453 [arXiv:1210.7184] [INSPIRE].

[221] A. Kurz, T. Liu, P. Marquard and M. Steinhauser, Hadronic contribution to the muon

anomalous magnetic moment to next-to-next-to-leading order, Phys. Lett. B 734 (2014) 144

[arXiv:1403.6400] [INSPIRE].

[222] J.P. Leveille, The second order weak correction to (g − 2) of the muon in arbitrary gauge

models, Nucl. Phys. B 137 (1978) 63 [INSPIRE].

[223] J.A. Grifols and A. Mendez, Constraints on supersymmetric particle masses from (g − 2)µ,

Phys. Rev. D 26 (1982) 1809 [INSPIRE].

[224] SLD Electroweak Group, SLD Heavy Flavor Group, DELPHI, LEP, ALEPH,

OPAL, LEP Electroweak Working Group and L3 collaborations, A combination of

preliminary electroweak measurements and constraints on the Standard Model,

hep-ex/0312023 [INSPIRE].

[225] M.R. Buckley, D. Hooper, J. Kopp and E. Neil, Light Z ′ bosons at the Tevatron, Phys. Rev.

D 83 (2011) 115013 [arXiv:1103.6035] [INSPIRE].

[226] A. Freitas, J. Lykken, S. Kell and S. Westhoff, Testing the muon g− 2 anomaly at the LHC,

JHEP 05 (2014) 145 [Erratum ibid. 09 (2014) 155] [arXiv:1402.7065] [INSPIRE].

[227] P.J. Fox, R. Harnik, J. Kopp and Y. Tsai, LEP shines light on dark matter, Phys. Rev. D

84 (2011) 014028 [arXiv:1103.0240] [INSPIRE].

[228] T. Behnke et al., The International Linear Collider technical design report — volume 1:

executive summary, arXiv:1306.6327 [INSPIRE].

[229] ATLAS collaboration, Search for new phenomena in events with three charged leptons at√
s = 7 TeV with the ATLAS detector, Phys. Rev. D 87 (2013) 052002 [arXiv:1211.6312]

[INSPIRE].

[230] CMS collaboration, Search for anomalous production of multilepton events in pp collisions

at
√
s = 7 TeV, JHEP 06 (2012) 169 [arXiv:1204.5341] [INSPIRE].

[231] W. Altmannshofer, S. Gori, M. Pospelov and I. Yavin, Neutrino trident production: a

powerful probe of new physics with neutrino beams, Phys. Rev. Lett. 113 (2014) 091801

[arXiv:1406.2332] [INSPIRE].

[232] C. Han, K.-I. Hikasa, L. Wu, J.M. Yang and Y. Zhang, Status of CMSSM in light of current

LHC run-2 and LUX data, Phys. Lett. B 769 (2017) 470 [arXiv:1612.02296] [INSPIRE].

[233] B.J. Mount et al., LUX-ZEPLIN (LZ) technical design report, arXiv:1703.09144

[INSPIRE].

– 29 –

https://doi.org/10.1140/epjc/s10052-010-1515-z
https://doi.org/10.1140/epjc/s10052-012-1874-8
https://doi.org/10.1140/epjc/s10052-012-1874-8
https://arxiv.org/abs/1010.4180
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.4180
https://doi.org/10.1088/0954-3899/38/8/085003
https://arxiv.org/abs/1105.3149
https://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3149
https://doi.org/10.1140/epjc/s10052-011-1632-3
https://arxiv.org/abs/1101.2872
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.2872
https://doi.org/10.1140/epjc/s10052-013-2453-3
https://arxiv.org/abs/1210.7184
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.7184
https://doi.org/10.1016/j.physletb.2014.05.043
https://arxiv.org/abs/1403.6400
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.6400
https://doi.org/10.1016/0550-3213(78)90051-2
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B137,63%22
https://doi.org/10.1103/PhysRevD.26.1809
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D26,1809%22
https://arxiv.org/abs/hep-ex/0312023
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0312023
https://doi.org/10.1103/PhysRevD.83.115013
https://doi.org/10.1103/PhysRevD.83.115013
https://arxiv.org/abs/1103.6035
https://inspirehep.net/search?p=find+EPRINT+arXiv:1103.6035
https://doi.org/10.1007/JHEP05(2014)145
https://arxiv.org/abs/1402.7065
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.7065
https://doi.org/10.1103/PhysRevD.84.014028
https://doi.org/10.1103/PhysRevD.84.014028
https://arxiv.org/abs/1103.0240
https://inspirehep.net/search?p=find+EPRINT+arXiv:1103.0240
https://arxiv.org/abs/1306.6327
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6327
https://doi.org/10.1103/PhysRevD.87.052002
https://arxiv.org/abs/1211.6312
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.6312
https://doi.org/10.1007/JHEP06(2012)169
https://arxiv.org/abs/1204.5341
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5341
https://doi.org/10.1103/PhysRevLett.113.091801
https://arxiv.org/abs/1406.2332
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.2332
https://doi.org/10.1016/j.physletb.2017.04.026
https://arxiv.org/abs/1612.02296
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.02296
https://arxiv.org/abs/1703.09144
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.09144

	Introduction
	Models
	Constraints
	Dark matter abundance
	DAMPE excess
	Dark matter direct detection
	Dark matter indirect detection
	Anomalous magnetic moments of leptons
	Collider searches
	Trident production

	Results
	Conclusions

