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In this paper we investigate the phenomenology of the electron flavored Dirac dark matter with two
types of portal interactions. We analyze constraints from the electron magnetic moment anomaly, LHC
searches of singly charged scalar, dark matter relic abundance as well as direct and indirect detections.
Our study shows that the available parameter space is quite constrained, but there are parameter space
that is compatible with the current data. We further show that the DAMPE cosmic ray electron excess,

which indicates cosmic ray excess at around 1.5 TeV, can be interpreted as the annihilation of dark matter
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into electron positron pairs in this model.
© 2018 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.

1. Introduction

About 80% of the matter in our Universe is made of dark
matter (DM). Among many different DM scenarios, Weakly In-
teracting Massive Particle (WIMP) remains to be an interesting
candidate since it has a strong connection with physics beyond
Standard Model at the TeV scale and can be probed through both
direct and indirect detections. There has been several indirect DM
searches [1-3] which indicate a possible excess for the electron
positron cosmic ray spectrum in the 100 GeV ~ TeV energy region.
Most recently the DM Particle Explorer (DAMPE) has reported their
first result [4], which observes an excess in the electron positron
cosmic ray spectrum up to several TeV. For possible theoretical
interpretations, see Refs. [5-39] for detail. This experiment has sev-
eral good features in terms of probing the electron positron cosmic
ray spectrum. 1): it has a good energy resolution in the high en-
ergy region (< 1.2% for E > 100 GeV), therefore can be used to
detect the line or sharp structure of the particle spectrum in the
future. 2): The large detector can have high statistics. 3): It mea-
sures both the low and high energy electron positron cosmic ray
spectrum. The first feature is interesting since it can be used to
probe possible line or sharp structure of the particle spectrum,

E-mail addresses: chaowei@bnu.edu.cn (W. Chao), ghk@itp.ac.cn (H.-K. Guo),
haolinli@physics.umass.edu (H.-L. Li), jshu@itp.ac.cn (J. Shu).
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which give us much more information and has important impli-
cations on possible dark matter interpretations.'

While there has been various studies of dark matter annihilat-
ing or decaying into leptons, here we consider a novel class of dark
matter which we call “electron flavored dark matter”. In this case,
the dark matter carries the electron number and annihilate into
electron pairs through the t-channel mediator which could result
a possible sharp structure in the electron positron cosmic ray spec-
trum. We study various constraints such as the electromagnetic
properties of the dark matter, fitting the electron magnetic mo-
ment, collider phenomenology, dark matter relic abundance and
direct detections. More importantly we systematically investigate
constraints from indirect DM searches, such as AMS-02 [1], Fermi-
LAT [41], IceCube [42] and CMB [43]. Interestingly, combining all
constraints together, we show that the electron-flavored DM can
address the DAMPE cosmic ray excess without conflicting with any
current constraints.

The remaining of the paper is organized as follows: In section 2
we introduce the model in detail. Section 3 is focused on the con-
straints of electron magnetic moment and colliders. In section 4
and 5 we study their implication on DM relic abundance as well
as direct and indirect DM searches. The last part is the concluding
remarks.

1 The current DAMPE data, however, does not favor significantly on a sharp ex-
cess, especially considering that the two bins next to the 1.4 TeV bin actually has a
large deficit comparing to the smoothly broken power-law.

0370-2693/© 2018 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.

Please cite this article in press as: W. Chao et al., Electron flavored dark matter, Phys. Lett. B (2018), https://doi.org/10.1016/j.physletb.2018.05.075

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130


https://doi.org/10.1016/j.physletb.2018.05.075
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:chaowei@bnu.edu.cn
mailto:ghk@itp.ac.cn
mailto:haolinli@physics.umass.edu
mailto:jshu@itp.ac.cn
https://doi.org/10.1016/j.physletb.2018.05.075
http://creativecommons.org/licenses/by/4.0/

0 N O A W N =

JID:PLB AID:33849 /SCO Doctopic: Phenomenology

[M5Gv1.3; v1.236; Prn:31/05/2018; 13:56] P2 (1-6)

2 W. Chao et al. / Physics Letters B eee (seee) soe—cee

P e— P Ve

Fig. 2. Feynman diagrams contributing to the DM electromagnetic form factors.
2. Model

We consider a Dirac DM v which couples to the electron via
portal interactions of two types consistent with the electroweak
symmetry. For the first type, ¢ couples to the first generation lep-
ton SU(2) doublet I} with the interaction

Modell:  —L; =k ¢}y +h.c, (1)
where ®T = (&7, (p + in)/+/2) is an inert scalar doublet and
® = io,®*. The model has a Z, symmetry in which new parti-
cles are odd while all SM particles are even. The coupling of
with other lepton doublets can be forbidden by another Z, sym-
metry in which ¢ and Zz are odd while all other particles are
even. Note the mass of ¢ needs to be smaller than the neutral and
charged scalars so as to be stable DM candidate. For this scenario,
the DM can annihilate to ete~ and D.v, via t-channel exchanges
of charged scalars or neutral scalars shown in Fig. 1.

For the second type model, the DM is coupled to the elec-
troweak singlet eg via

Model II : —Ly=k,¥STer +h.c., (2)

where ST is a singly charged scalar singlet. In this case, the
DM annihilates only into ete~ through exchanges of the charged
scalar, corresponding to the left panel of Fig. 1. The discrete flavor
symmetry is the same as these in Model L.

We calculate the electromagnetic form factors of the DM, which
arise at one loop level from the relevant Feynman diagrams shown
in Fig. 2 and contribute to direct detection signals. These diagrams
generate the following DM-photon effective interactions [44]:

bydry oY Fuy + cy Uy y yd Fuy + /LZ—V’z/}o“”wFW, (3)

where by is the DM charge radius, cy is the axial charge radius
or anapole moment and jy is the magnetic moment. For both
models, the results can be summarized by a uniform set of formu-
lae [44]:

Mo =""6472 A
0
2 3
ex; /dx 2(1—x)
~ 3272 A;
0

(x— 1)3(x2m12/j +m2) +2(1 — x)x*m?
+
6A7

(=D lex? [ dx 3 2 2
Cy = ——-—— —3x 6x° — 6x + 2)xm;
V= T 19272 /Aiz [( + +2)xm;

+(—2x* + 653 — 9% + 7x — 2)xm2,/,} , (4)
where A; = xm? +x(x— 1)m2]// +(1—x)m2 and the index “i” denotes
the charged scalar in each model. Since m, is much smaller than
the momentum transfer \/|q_2| ~ 50 MeV, the infrared divergence
as me — 0 is cut-off by the momentum transfer [45]. Therefore we
replace m, by 50 MeV in the numerical calculation.

3. Constraints

Similar to other lepton flavored DM scenarios, the electron DM
couplings here face constraints from precision measurement of the
electron magnetic dipole moment (MDM) as well as searches at
the colliders.

The 2017 PDG tabulates the measured eMDM anomaly as
(1159.65218091 =+ 0.00000026) x 10~6 where the uncertainty is
only 10710 of the central value [46], constituting one of the most
precisely measured physical constants. At one-loop, the modifica-
tion of eMDM anomaly is [47,48]

yim2 6x2In(x;) 4 6x; — 1 — 3x* — 2x?

80 =
© 4mim? 24(1 — x;)4

. (5)

with x; =m3 /m? where the index “i" denotes the charged scalar

®F(Yo+ =«?) for model I and ST(Ys+ = «3) for model I The x;
dependent factor above increases from —1/24 for x — 0 to —1/48
for x — 1, leading to a negative §a.. Compared with muon MDM,
the eMDM is not so sensitive to the new physics contribution since
8ac is suppressed by the factor mZ/m2 ~10~>. In Fig. 3, the con-
tours of eMDM are shown: the left panel shows in the (my,m;)
plane by fixing x = 1 while the right panel shows in the plane
(k, my) by fixing m; =2 TeV. As is clear from these figures, dae is
much smaller than current experimental un-certainty and eMDM
imposes no severe constraint on the couplings 1 for model I and
k> for model II.

Notice that when both types of portal interactions are included
in the model, there will be mixing between the two charged
scalars. The 8a. will receive additional contributions that is en-
hanced by m;/m, and it leads to a much more stringent constraint
on k1 Or k3. In this case, an O(1) magnitude of k1 or k3 can only
be obtained for very small or maximal mixing angles [44].

The collider constraints mainly come from the search of a
charged scalar. In LHC, the search for the production of a singly
charged scalar is always associated with the production of a top
quark which is motivated by the two Higgs doublet models. How-
ever, in our model the charged scalars only couple to leptons, so
the search for production of a singly charged scalar puts no con-
straint on our model. The other possibility is to search for the
production of a pair of charged scalars which decay to two op-
posite sign electrons and missing transverse energy. This kind of
signature is the same as the search for the pair production of
the sleptons, which subsequently decay to SM leptons and neu-
tralino. Current constraint [49,50] on the mass of slepton is around
200 GeV, while in our model, we focus on a charged scalar much
heavier. So this constraint can be satisfied. As an illustration, we
calculate the production cross-section of a pair of charged scalars
at 13 TeV at LHC and 100 TeV at pp collider for the mass of
charged scalar ranging from 1 TeV to 3 TeV using Madgraph [51]
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Fig. 3. The left plot shows eMDM for fixed k1 =1 or k2 =1 in the plane of DM mass (my ) and charged scalar mass m;. The right plot fixes m; =2 TeV and shows the
contours of 8a, in the plane of the DM mass and the coupling k1 or k3, collectively denoted as « here.
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Fig. 4. The production cross-section of a pair of charged scalar at 13 TeV LHC and
100 TeV proton-proton collider.

and show the plot in Fig. 4. One can observe that even if with
100 fb~! luminosity, the expected number of event at the 13 TeV
LHC is less than 1 for the charge scalar mass larger than 1.5 TeV.

4. Relic density and direct detection

The relic density of the DM has been precisely measured by
Planck from a fit of the CMB anisotropies predicted by the ACDM
model with the observed data, giving 2ch?* = 0.119940.0022 [43].
In the freezing-out picture, the relic density of the DM is de-
termined from the Boltzmann equation of the DM number den-
sity n [52],

fi+ 3Hn = — (0 Viglier) (N> — ”%Q) , (6)

where H is the Hubble constant, o Vpyger iS the total annihi-
lation cross section multiplied by the Meller velocity: Vyglier =
(Jvi — v2|> — |vq1 x v2|®)1/2, the angle brackets denote thermal av-
erage and ngq is the number density in thermal equilibrium. For
both models, the results of (ov) with the non-relativistic expan-
sion (ov) =a+ b(v?) in the lab frame can be written in the same
form [44]:
2

Zg’ [3271(m +m?)?
2 4
5 mw(—7m¢ — 18m1/jm,. +m,.)]
3847 (mj, +my)*

(7)

With this result, the relic abundance of the DM is thus given in
terms of the dimensionless fraction of the critical energy density
of the universe:
9
Qe ~ 2 x 1.07 x 10 XF 1 ’ (8)
Mp /8« a+3b/xk

where My is the Planck mass, xr =mpm/Tr with T the freezing
out temperature of the DM and g, is the degrees of freedom at Tf.
As mentioned earlier, for model I both channels, namely ¥y —
ete~ and ¥y — Ve, contribute and the summation is over &7,
p and 1, where ¢g+ = k? and ¢, = &, = +/2«2. On the other hand,
for model 1II, only the channel ¥¢ — eTe™ is present, so that the
factor ¢+ = /(22. Note when there is a mixing between the charged
scalars, there is an additional contribution with the multiplication
factor (/c1 — /(2) sin(20) where 0 is the mixing angle between the
charged scalars [44].

For model I, by fixing mg+ =2 TeV and m, , =3 TeV, we show
in the k1 —my plane the green region that gives a larger relic
density than the result given by Planck in Fig. 5. This region is
denoted as “Qch? Excluded”. For model II, we fix mg+ =2 TeV and
show the same region in the «; —my plane in the right panel of
Fig. 5. Note that the upper bound of this region which corresponds
to the parameter choice giving the Planck value, is a bit higher
than that in the left panel, because DM only annihilates into ete™
in this case, while in model I there is an additional annihilation
channel Y — Ve be.

Direct detection experiments in deep underground laboratories
measure the nuclear recoils of the nuclei from elastic scatter-
ing of the DM particle with nucleus. Null search signal in such
experiment puts upper limit on the spin-dependent and spin-
independent cross sections of nucleon scattering off the DM as a
function of the DM mass. Especially, recent years it has witnessed
great improvements of such limits made by the PandaX-II [53],
Xenonl1T [54] and LUX [55] experiments. In the present context,
the lepton flavored DM interacts with nucleons as the DM pos-
sesses non-trivial electromagnetic form factors induced from dia-
grams shown in Fig. 2.

These interactions in Eq. (3) translate, at the nucleon level, into
the following effective Lagrangian [56-58],

Frry" U NyuN + fary NN + f%xﬁia“”wZ—;NK,LN

+ Ihgio ty T Nio PN, (9)
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Fig. 5. Combined constraints on the portal couplings k1 and «, for model I (left) and model II (right) respectively. In each case, the charged scalar mass is taken to be 2 TeV
and further in model I the neutral scalars both have mass 3 TeV. The excluded regions by CMB, LUX, Fermi-LAT and AMS-02 are shown as color-shaded regions. The green
region gives a larger relic density than the Planck result and is therefore excluded. The brown region, labelled as “DAMPE Favored”, denotes the possible DM explanation of
the & 1.5 TeV excess with 10726 < (0 v)e+e- /cm?s™! < 10724, (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

where g is the momentum transfer from nucleon to DM, K* is
the summation of momenta of incoming and outgoing nucleons.
The Wilson coefficients above are given by

my 2
erzeQwa, f’f’: ng Z f%\g-l—gf#lc ,

h q=u.d,s
£ eQn iy 2= _elNy
m 2my ™ 2my

where Qy is the charge of the nucleon, py and by are the mag-
netic moment and charge radius of the DM respectively. Moreover
[N is the nucleon magnetic moment: jip ~2.80 and fi, ~ —1.91.
Finally ff;/ is the effective DM-Higgs coupling and is generally neg-
ligible relative to other contributions.

Quite different from the standard spin-independent and spin-
dependent description of the DM-nucleon interactions, above elec-
tromagnetic form factors of the DM induces distinctively new nu-
clear responses. This is described in the EFT framework [59-61]
and is implemented in the public code [62] which we use in our
numerical analysis. The resulting excluded region by LUX [55] is
shown in Fig. 5 for both model I and model II. The difference
between these two is not so noticeable since it is the magnetic
moment (/4 ) and charge radius (by ) terms in Eq. (4) that make
the dominant contribution, which have the same dependence on
the charged scalar mass and coupling.

5. Indirect detections

DM detectors in space search for anomalous fluxes of cosmic
rays, positrons or antiprotons above the astrophysical background
and infer the existence of the DM particle indirectly. A review of
the current status of indirect detections is given in Ref. [63]. In
particular the AMS-02 in the eTe™ channel have put constraint
on (0V)e+,— for DM up to 300 GeV [64]. This is shown as the
pink region in Fig. 5. Fermi-LAT also constrains (0o V)e+.- Up to
about 1 TeV [41], drawn as the yellow regions in Fig. 5. On the
other hand, the annihilation of DM into charged final states such
as ete™, in the dark ages after the last scattering of photons,
changes the standard reionization of the universe and affects the
observed CMB anisotropies. This is used to help Planck put an

upper limit on fef(ov) [43], where feg is an efficiency factor of
ionization [65-67]. The resulting exclusion regions from (o Vv)e+e-
by CMB is shown as light-blue regions in Fig. 5. Furthermore, Ice-
Cube have put an upper limit on (ov),, [42], which constrains
model 1. This constraint is shown as the cyan region in the left
panel of Fig. 5 for model I. For model I, it is free from this limit.
It can be seen from Fig. 5 that a significant proportion of the re-
gion in k1 — my for model I and k; —my for model II are free
from above indirect detection constraint as well as the LUX exclu-
sion limit. Therefore both the electron flavored DM scenarios can
have the right relic density over a wide range of DM mass.

Finally, we comment on the recent DAMPE result. From a fit to
the DAMPE data points [18], it is found that for ¢y — e*e™, the
DM parameter space is favored for a mass around 1.54 TeV with
10726 cm3 57! < (0 V)ere- <1072 cm?s~1. This requirement can
be translated to the constraints of the model parameters, such as
coupling k1 or k2. For 1440 GeV < my < 1640 GeV, this appears
as a region and is shown in Fig. 5 as the brown region for model I
(left) and model II (right) respectively. For this “DAMPLE Favored”
region, the vertical solid line in the center denotes my = 1.54 TeV
while the two dashed lines are for 1.54 TeV £ 50 GeV. From this
figure, it is clear that this “DAMPE Favored” region overlaps the
relic density contour at x; =~ 1.5 for model I and k3 ~ 1.7 for
model II, both of which are allowed by other indirect detection and
direct detection constraints. We conclude that both model I and
model II of the electron flavored DM scenarios discussed in this
work could explain the DAMPE excess through DM annihilation.
We finally note that aside from the DM solution to the possible ex-
cess, more conventional astrophysical sources such as the pulsars
and supernova remnants could also provide alternative explana-
tions [5,26]. Future accumulation of the data points by DAMPE will
give us more information on this region.

6. Summary

In this work, we studied the electron-flavored DM which is re-
alized in two models: model I and model Il with different portal
interactions with left-handed and right-handed electrons. We ex-
plored in detail the phenomenology of DM annihilations, DM direct
detections and indirect detections as well as constraint from elec-
tron magnetic dipole moment. We found that both of the electron
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flavored DM scenarios considered here have a wide range of pa-
rameter space that is compatible with the current data. The most
recent DAMPE excess could be interpreted as the DM annihilations
in both scenarios with the DM mass around 1.5 TeV and annihila-
tion cross section 10726 cm3s™1 < (0 V)ete- <1072 cm3s1.
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