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The electron-positron excess reported by the DAMPE collaboration recently may be explained by an
electrophilic dark matter (DM). A standard model singlet fermion may play the role of such a DM when
it is stabilized by some symmetries, such as a dark U(1)x gauge symmetry, and dominantly annihilates
into the electron-positron pairs through the exchange of a scalar mediator. The model, with appropriate
Yukawa couplings, can well interpret the DAMPE excess. Naively one expects that in this type of models
the DM-nucleon cross section should be small since there is no tree-level DM-quark interactions. We
however find that at one-loop level, a testable DM-nucleon cross section can be induced for providing
ways to test the electrophilic model. We also find that a U(1) kinetic mixing can generate a sizable
DM-nucleon cross section although the U(1)x dark photon only has a negligible contribution to the DM
annihilation. Depending on the signs of the mixing parameter, the dark photon can enhance/reduce the
one-loop induced DM-nucleon cross section.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Recently the DAMPE collaboration [1] has reported a di-
rect measurement of the high-energy cosmic-ray electrons and
positrons in the energy range 25 GeV to 4.6 TeV with unprecedent-
edly high energy resolution and low background. While large part
of the spectrum is well fitted by a smoothly broken power-law
model, the spectrum seems to have a narrow bump above the
background at around 1.4TeV [1]. This excess indicates the exis-
tence of a new source of primary electrons and positrons.

It has been known that the annihilation of the dark matter
(DM) particles can be a possible origin for the primary cosmic rays
[2]. If the DM particles are expected to account for the DAMPE
excess, they should mostly annihilate into the electron-positron
pairs while the other leptonic and hadronic processes should be
suppressed. It seems not easy to realize such an electrophilic DM
annihilation through the mediation of certain gauge bosons which
usually couple to both electron and other lepton flavors or not cou-
ple to electron [3]. Alternatively, a Majorana [4,5] or Dirac [6,7]
DM fermion pair can annihilate into a lepton pair through the
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t-channel exchange of a singly charged mediator scalar. If the DM
is a scalar, it can couple to the usual leptons with some singly
charged mediator leptons [8]. By choosing the related Yukawa cou-
plings, such a leptophilic DM could explain the DAMPE excess.
Naively, it would be difficult to directly detect such electrophilic
DM particles since they have no tree-level couplings to quarks and
therefore hadrons.

In this paper we shall construct an electrophilic DM model in
which a DM fermion is stabilized by a dark U(1)x gauge group
and its Yukawa coupling to a mediator scalar and the standard
model (SM) electron works for explaining the DAMPE data. The
electrophilic nature of the DAMPE data is explained by the domi-
nance of the Yukawa interaction. As long as the U(1)x gauge cou-
pling is small enough and/or the dark photon is heavy enough, the
DM annihilation involving the dark photon will only give a negli-
gible contribution to the total DM annihilation and hence will not
soften the narrow bump observed in the DAMPE spectrum pro-
duced by an electrophilic interaction. We then evaluate the DM-
nucleon scattering cross section. First of all, the Yukawa coupling
among the DM, the mediator and the electron can always lead to a
DM-nucleon scattering at one-loop level. On the other hand, since
the dark photon couples to the SM fermions through a U(1) ki-
netic mixing, it can generate a DM-nucleon scattering at tree level.

0370-2693/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


https://doi.org/10.1016/j.physletb.2018.01.057
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:peihong.gu@sjtu.edu.cn
mailto:hexg@sjtu.edu.cn
https://doi.org/10.1016/j.physletb.2018.01.057
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2018.01.057&domain=pdf

P-H. Gu, X.-G. He / Physics Letters B 778 (2018) 292-295 293

The tree-level DM-nucleon scattering cross section can arrive at a
testable level and can enhance/reduce the one-loop DM-nucleon
cross section, depending on the signs of the mixing parameter.
Therefore, the DM direct detection experiments can also provide
useful information about the models for the DMAPE excess.

This paper is organized as follows. In Sec. 2, we introduce the
generally electrophilic models. In Sec. 3, we focus on a simple
model to demonstrate the electrophilic DM annihilations and scat-
terings. Finally, we make a conclusion in Sec. 4.

2. An electrophilic DM model with dark photon

The models of the type we have in mind can be classified
into two types: the type-A models with mediator scalar and DM
fermion, and the type-B models with mediator fermion and DM
scalar. If the mediator and DM fields couple to the SM lepton dou-
blets, they may be related to the neutrino mass generation. In this
case, it may be difficult to realize an electrophilic DM because of
the constraint from the neutrino flavor mixing. Therefore we shall
only consider the couplings of the mediator and DM fields to the
SM right-handed leptons. The type-A models then can contain the
mediator scalar and the DM fermions as below,

Mediator scalar: §(1,1, —1)(—1),

DM fermion: x; z(1,1,0)(+1). (1)

As for the type-B models, their mediator fermions and DM scalar
should be

Mediator fermion : E; (1,1, =1)(=1),

DM scalar: x(1,1,—1)(+1). (2)

Here and thereafter the first and second brackets describe the
transformation under the SM SU (3), x SU(2); x U(1)y gauge sym-
metry and the dark U(1)x gauge symmetry.

For demonstration, we shall focus on the following type-A
model,
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where L, denotes the SM Lagrangian, B, and X, are the U(1)y
and U(1), gauge fields, £(1,1,0)(—1) is a Higgs scalar for spon-
taneously breaking the U(1)x gauge symmetry, ¢ (1, 2, +%)(0) and
egp(1,1,-1)(0) are the SM Higgs doublet and lepton singlets. The
covariant derivatives D, are as below,

D, = (9, +igxX,, ).
. i
D,5= (8M+1gxxu+lg BM>5,

Dy = (2~ i8xX,) Xuks (4)

with gx and g’ being the U(1)x and U(1), gauge couplings.

Remarkably that the dark U(1)x gauge symmetry in the model
of Eq. (3) has forbidden other possible Yukawa couplings of the
dark fermion x to the SM fields. As a consequence, the dark
fermion x is kept stable to serve as a DM particle if it has a right
relic density [9].

After the dark Higgs scalar & develops its vacuum expectation
value (VEV),

52%("5“’&)7 (5)

to spontaneously break the dark U(1)x gauge symmetry, the dark
photon X, can acquire a mass,

my = gx Vi - (6)

As for the SM Higgs doublet ¢, it is responsible for the electroweak
symmetry breaking as usual, i.e.

0
o=\, (7)
5 (ve +1y)
Then the mass of the mediator scalar § is easy to read,
2 2, 1 2, 1 2
M3=M5+§)~55V5+5)‘5¢V¢~ (8)

Due to the U(1) kinetic mixing, the dark photon X, can couple to
the SM fermion pairs, i.e.

1- 2
LDeX, <—§dy“d+ §ﬁy“u—éy“e> for e < 1. (9)

The dark photon X, is no longer a mass eigenstate because of
the U(1) kinetic mixing. However, for a small U(1) kinetic mixing,
i.e. € < 1, the dark photon X,, can well approximate to a mass
eigenstate.

3. DM annihilation and scattering

Exchanges of both the mediator scalar § and the dark photon
X, can annihilate DM into SM particles. Since the dark photon X,
couples to all SM fermions with similar strength, it would produce
a final state to soften the bump in the electron-positron spectrum
observed by the DAMPE satellite. Therefore, the Yukawa couplings
in Eq. (3) are expected to dominate the DM annihilation with f,
being much larger than f, ;. Through the t-channel exchange of
the mediator scalar §, the dark fermion x can annihilate into the
lepton pairs. The cross section is given by

2
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In addition, the dark fermion x can annihilate into two dark pho-
tons X, or into one dark photon Xy and one dark Higgs boson hg.
We calculate the cross section by

(o (Xx —>eRaERﬂ) Vi) = (10)
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Furthermore, the dark photon X u can mediate the annihilation of
the dark fermion x into the SM fermion pairs as shown in Eq. (9)
because of the U(1) kinetic mixing. Clearly, this annihilation chan-
nel should be negligible when the dark photon is heavy and/or the
kinetic mixing parameter € is small.

In order to explain the positron anomaly reported by the
DAMPE, the dark fermion should mostly annihilate into the
electron-positron pairs. For this purpose, we can take the Yukawa
couplings f, , . to be

fo> . (12)

This choice may be understood by additional symmetries such as
the Froggatt-Nielsen mechanism [10]. We need also to take the
U(1)x gauge coupling gx to be smaller than the Yukawa cou-
pling f, if the dark photon is not heavy. Otherwise, the dark
fermion pairs will mostly annihilate into two dark photons, which
subsequently decay into the SM fermion pairs. In this case, the
dark fermion annihilation will give a wider bump in the electron-
positron spectrum even if the dark photon is light enough and
hence only decays into the electron-positron pairs.

We now consider further test of the model from the DM direct
detections. Naively one expects that in the type of models dis-
cussed above the DM-nucleon cross section should be small since
there is no tree-level DM-quark interactions, we however find that
this is not completely true due to two reasons. On one hand, the
Yukawa couplings in Eq. (3) will lead to a coupling of the dark
fermion to a virtual photon and hence to the quark current. On
the other hand, the dark fermion can scatter off the protons in
nuclei at tree level through the t-channel exchange of the dark
photon in the presence of the U(1) kinetic mixing. These contri-
butions to the DM-nucleon cross section need to be studied more
carefully. By taking into account both of the mediation of the real
dark photon and the virtual ordinary photon, the effective opera-
tors at quark level for the scattering should be [11]

LDa,Quqy"axy, Prx +axQqdy*axy,x with
lf, P 1 1, (m €egx
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with Q, being the electric charge of the quark g. In the above
a, is induced by the exchanges of the mediator scalar § and the
electron at one-loop level while ayx is generated by the exchange
of the dark photon X, at tree level.

The DM-nucleon scattering cross section is given by

(13)
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From the above, one sees that the total DM-nucleon cross sec-
tion is a sum of the one-loop and tree amplitudes squared. If their
sizes are comparable, depending on the signs of the kinetic mixing
parameter €, the total cross section can be either enhanced or re-
duced. The DM direct detection limit can be used to constrain the
model parameters.

We find that the parameter space of the model can allow the
possibility that the DM annihilation due to the exchange of the
mediator scalar § produces the correct relic density, and to explain
the DAMPE electron-positron excess. For example, by setting the
following parameters,

(14)

m, =14TeV, M;=7TeV, my < m,,

fo=AT>f, .. gx=01, (15)

we obtain the annihilations from the mediator scalar § exchange
and the dark photonX P exchange to be

(0 (xx > e et)vy) ~1pb,
(0 (XX = Xhg) Vi) K (0 (XX = XX) Vi)

~4x 10 %pb. (16)

The observed DM relic density [9] can be generated by the § ex-
change, other than the X, exchange. The contributions from the

DM annihilation to the SM fermion pairs are proportional to €2
and is tiny too.

It has been shown [12] that usually the electrophilic DM anni-
hilation cross section for thermally producing the DM relic density
should be enhanced by a large boost factor to explain the DAME
excess. Such boost factor could be induced by the so-called Bright-
Wigner enhancement [13,14] or Sommerfeld effect [15]. Unfortu-
nately, our model can not provide the required boost factor in
these ways. However, we note that the DM substructure is ac-
tually not known clearly [16]. So, a large DM subhalo near the
Earth cannot be ruled out which allow the canonical value for
dark matter annihilation (o (X)_( — e‘e+) V) = 1pb to account
for the DAMPE excess [12]. Alternatively, one can lower the medi-
ator scalar mass to enhance the DM annihilation cross section if
the DM relic density is nonthermally produced [17].

Although the dark photon X,, has a negligible contribution to
the DM annihilation, it can mediate a testable DM-nucleon scatter-
ing cross section [18]. For the parameter choice (15), we have

2
ax =3 x 1073 Tev—2 (L) 100Gev
10_3 my ’

a, =-15x 1073 TevV 2,

Oypsyp=14x10"%cm?. (17)
The DM-nucleon cross section is below the direct DM detection
limit [21] if the kinetic mixing parameter ¢ is of the order of 103
and the dark photon mass my is of the order of 100 GeV. Improved
DM direct search can probe more parameter space. There are
strong constraint on the dark photon parameter € at low masses.
However, with a dark photon mass of the order of 100GeV, the
constraint on € has not ruled out its value to be of order 103
which may be tested at future colliders [19].

We also check the contribution from the dark photon X, to the
muon magnetic dipole moment [20],

_ gy my
n 2.2
12w my
€ \2 2 /100GeV \?
~ 10716 (—) (g—x) hadieidl I (18)
10-3 0.1 my
The contribution is too small to play any significant role in ex-
plaining the g — 2 anomaly of muon.

Aa

4. Conclusion

In this paper we have constructed a simple model with DM
electrophilic interaction which can explain the electron-positron
excess reported by DAMPE and have testable effects by DM direct
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detection experiments through kinetic mixing with a dark photon.
A SM singlet fermion stabilized by a dark U(1)x gauge symme-
try plays the role of the DM with a mass of 1.4TeV. The dominant
DM annihilation is from the Yukawa couplings of the DM to the
leptons with a scalar mediator. We find that at one-loop level, a
testable DM-nucleon cross section can be induced providing ways
to test the electrophilic model. We also find that a U(1) kinetic
mixing can generate a sizable DM-nucleon cross section although
the U(1)x dark photon only has a negligible contribution to the
DM annihilation. Depending on the signs of the mixing parameter,
the dark photon can enhance/reduce the one-loop induced DM-
nucleon cross section. The contribution to g — 2 of muon is too
small to play any role in explaining the g — 2 anomaly of muon.
Finally we would like to make a comment on the possibility
that a slightly soft peak of electron-positron spectrum may also fit
the DAMPE excess well when the DM annihilates into the electron-
positron pairs and the muon-antimuon pairs with 1:1 ratio. In
this case the U(l)Le_Lu leptophilic DM model discussed in Ref. [3]
may provide an excellent scenario to explain the DAMPE excess,
with the U(l)LFLM gauge boson Z’ not too far from the DM pair

resonant point.
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