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Evidences for DM
• Rotation Curves of Galaxies 
• Gravitational Lensing 
• Large Scale Structure 
• CMB anisotropies 
• ……
These evidences all come from gravitational interaction 
CDM: velocity dispersion is negligible for structure formation, 
a popular candidate, WIMP,    
    M ~ 100 GeV,   h�viann ⇠ 3⇥ 10�26cm3/s
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DM-Induced Gamma Rays

DM-INDUCED GAMMA RAYS

JCAP07(2008)013

The Signal 
The gamma-ray signal from annihilating 
dark matter is described by: 

1) Distinctive “bump-like” spectrum 

Figure 6. The gamma ray spectrum per WIMP annihilation for a 100 GeV (left) and 500
GeV (right) WIMP. Each curve denotes a different choice of the dominant annihilation
mode: bb̄ (solid cyan), ZZ (magenta dot-dashed), W+W− (blue dashed), τ+τ− (black
solid), e+e− (green dotted) and µ+µ− (red dashed).

quarks, leptons, Higgs bosons or gauge bosons, dark matter particles can
produce gamma rays directly, leading to monoenergetic spectral signatures.
If a gamma ray line could be identified, it would constitute a “smoking
gun” for dark matter annihilations. By definition, however, WIMPs do not
annihilate through tree level processes to final states containing photons
(if they did, they would be EMIMPs rather than WIMPs). On the other
hand, they may be able to produce final states such as γγ, γZ or γh through
loop diagrams. Neutralinos, for example, can annihilate directly to γγ [57]
or γZ [58] through a variety of charged loops. These final states lead to
gamma ray lines with energies of Eγ = mdm and Eγ = mdm(1−m2

Z/4m2
dm),

respectively. Such photons are produced in only a very small fraction of
neutralino annihilations, however. The largest neutralino annihilation cross
sections to γγ and γZ are about 10−28 cm3/s, and even smaller values are
more typical [59].

The Galactic Center has long been considered to be one of the most
promising regions of the sky in which to search for gamma rays from dark
matter annihilations [59, 60]. The prospects for this depend, however, on
a number of factors including the nature of the WIMP, the distribution of
dark matter in the region around the Galactic Center, and our ability to
understand the astrophysical backgrounds present.
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FIG. 3: Dependence of I on the index � and the angle ✓. � = 1 is for standard NFW density
profile. The purpose of this plot is to show that there is a large uncertainty in dark matter density
⇢ near the galaxy center.

constrained by DM direct searches, the invisible branching ratio of Higgs boson, and collider
bounds, discussion of which is beyond the scope of this paper.

The �-ray flux from self-conjugate DM (semi-)annihilation is determined by particle
physics factors, h�viann and dN�/dE�, and astrophysical factor, DM density profile ⇢:

d2�

dE�d⌦
=

1

8⇡

h�viann
M2

DM

dN�

dE�

Z 1

0

dr⇢2 (r0, ✓) . (3.1)

Here r0 =
p

r2� + r2 � 2r�r cos ✓, where r is the distance to earth from the DM annihilation
point, r� ' 8.5kpc and ✓ is the observation angle between the line of sight and the center of
Milky Way, respectively. An extra factor 1/2 has to be included when X annihilates with
its anti-particle X̄, which is relevant to the local Z3 scalar DM model.

We use the generalized NFW profile [60] for DM density, which is parametrized as

⇢ (r) = ⇢�
hr�
r

i� 1 + r�/rc
1 + r/rc

�3��

, (3.2)

with rc ' 20kpc and ⇢� ' 0.3GeV/cm3. Defining a dimensionless function I,

I ⌘
Z 1

0

dr

r�
(⇢ (r0, ✓) /⇢�)

2 , (3.3)

we show how I depends on the power index � in Fig. 3. Because of the large uncertainty of ⇢,
it is not so meaningful to quantify the exact value for h�viann in Eq. (3.1), as long as it is at the
order of 10�26cm3/s. We can roughly estimate h�viann in our model by fixing index � = 1.26.
For self-conjugate DM annihilation, it was shown in [1] that h�viann ' 1.7(1.1)⇥10�26cm3/s
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Fermi GeV γ-ray Excess

       Inner Galaxy                   Galactic Center

Consistent Results!


Inner Galaxy! Galactic Center!

Consistent Results!


Inner Galaxy! Galactic Center!

Daylan+2014
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Channels

• heavy quark channel are favored, 
• Naturally higgs-like couplings?

13

FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks
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uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks

Daylan+2014



Yong Tang(KIAS)                   Higgs Portal DM for Gamma-ray excess                      HPNP2015

Higgs Portal DM
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Figure 1. A bound of ↵ and gX from collider experiments, LUX and projected XENON1T direct DM
searches [17] for mh = 125. Left: mV = 35GeV, m� = 60GeV, and �

�

= 0.1. Right: mV = 80GeV,
m� = 75GeV. Yellow region is excluded by collider constraint on Brnon�SM

h . Solid and dashed red
lines are upper-bound of DM-nucleon scattering cross section from LUX and XENON1T, respectively.
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Figure 2. Dominant s channel b+¯b production
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2
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achieved only around the resonance region. However in the resonance region the annihilation
cross section varies a lot, as the Mandalstam s-variable varies from the value at freeze-out to
the value in a dark matter halo at present. Therefore, this process can not be used for the
GeV scale �-ray spectrum from the galactic center.

On the other hand, in the process of Fig. 3 for m� ⇠ mV . 80GeV, the thermally-
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Direct Detection Bounds

Highly constrained, GeV favored region excluded.3
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FIG. 1. Scalar Higgs-portal parameter space allowed by WMAP
(between the solid red curves), XENON100 and BRinv = 10% for
mh=125 GeV. Shown also are the prospects for XENON upgrades.

the case of scalar DM with a mass of 5–10 GeV consid-
ered, for instance, in Ref. [8]. On the other hand, heavier
dark matter, particularly for MDM >∼ 80 GeV, is allowed

by both BRinv and XENON100. We note that almost the
entire available parameter space will be probed by the
XENON100 upgrade. The exception is a small resonant
region around 62 GeV, where the Higgs–DM coupling is
extremely small.

In the case of vector Higgs-portal DM, the results are
shown in Fig. 2 and are quite similar to the scalar case.
WMAP requires the Higgs–DM coupling to be almost
twice as large as that in the scalar case. This is because
only opposite polarization states can annihilate through
the Higgs channel, which reduces the annihilation cross
section by a factor of 3. The resulting direct detection
rates are therefore somewhat higher in the vector case.
Note that for DM masses below mh/2, only very small
values λhV V <O(10−2) are allowed if BRinv<10%.

Similarly, the fermion Higgs-portal results are shown
in Fig. 3. We find no parameter regions satisfying the
constraints, most notably the XENON100 bound, and
this scenario is thus ruled out for λhff/Λ >∼ 10−3.

This can also be seen from Fig. 4, which displays pre-
dictions for the spin–independent DM–nucleon cross sec-
tion σSI (based on the lattice fN) subject to the WMAP
and BRinv < 10% bounds. The upper band corresponds
to the fermion Higgs-portal DM and is excluded by
XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. Apart from
a very small region around 1

2
mh, this parameter space

will be probed by XENON100–upgrade and XENON1T.
The typical value for the scalar σSI is a few times 10−9

pb, whereas σSI for vectors is larger by a factor of 3 which
accounts for the number of degrees of freedom.
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DARK MATTER PRODUCTION AT COLLIDERS

The next issue to discuss is how to observe directly the
Higgs-portal DM particles at high energy colliders. There
are essentially two ways, depending on the Higgs versus
DM particle masses. If the DM particles are light enough
for the invisible Higgs decay to occur, MDM <∼

1
2
mh, the

Higgs cross sections times the branching ratios for the
visible decays will be altered, providing indirect evidence
for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in
Ref. [7] for instance and we have little to add to it. Nev-
ertheless, if the invisible Higgs branching ratio is smaller
than ≈ 10%, its observation would be extremely difficult
in view of the large QCD uncertainties that affect the
Higgs production cross sections, in particular in the main
production channel, the gluon fusion mechanism gg → h
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DARK MATTER PRODUCTION AT COLLIDERS

The next issue to discuss is how to observe directly the
Higgs-portal DM particles at high energy colliders. There
are essentially two ways, depending on the Higgs versus
DM particle masses. If the DM particles are light enough
for the invisible Higgs decay to occur, MDM <∼

1
2
mh, the

Higgs cross sections times the branching ratios for the
visible decays will be altered, providing indirect evidence
for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in
Ref. [7] for instance and we have little to add to it. Nev-
ertheless, if the invisible Higgs branching ratio is smaller
than ≈ 10%, its observation would be extremely difficult
in view of the large QCD uncertainties that affect the
Higgs production cross sections, in particular in the main
production channel, the gluon fusion mechanism gg → h
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           Vector DM
• U(1) dark gauge symmetry,  
!
!
!

• dark Higgs field 
!

• symmetry breaking
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Particle spectrum
• Massive gauge boson X is the Dark Matter 
• Mixed two scalars 
!
!

• mixing angle
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Direct Detection
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Figure 1. A bound of ↵ and gX from collider experiments, LUX and projected XENON1T direct DM
searches [17] for mh = 125. Left: mV = 35GeV, m� = 60GeV, and �

�

= 0.1. Right: mV = 80GeV,
m� = 75GeV. Yellow region is excluded by collider constraint on Brnon�SM

h . Solid and dashed red
lines are upper-bound of DM-nucleon scattering cross section from LUX and XENON1T, respectively.

X

X

b

¯b

H
1,2

Figure 2. Dominant s channel b+¯b production

Xµ

X⌫

H
2

H
2

H
1,2

Xµ H
2

X⌫ H
2

Xµ H
2

X⌫ H
2

Figure 3. Dominant s/t-channel production of H
2
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achieved only around the resonance region. However in the resonance region the annihilation
cross section varies a lot, as the Mandalstam s-variable varies from the value at freeze-out to
the value in a dark matter halo at present. Therefore, this process can not be used for the
GeV scale �-ray spectrum from the galactic center.

On the other hand, in the process of Fig. 3 for m� ⇠ mV . 80GeV, the thermally-
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with

�h�� = ��HvHc3↵ + 2 (3�H � ��H) vHc↵s
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h �m2

�

⌘

v�
(3.7)

In the second line of the above equation, we assumed the first term dominates over the others
in the small mixing limit.

Using Eqs. (3.2) and (3.3), we can constrain the allowed ranges of gX and ↵ as shown
in the white region of the left-panel of Fig. 1. Note that in the figure the mixing angle is
constrained to be ↵ . 7⇥ 10

�2 for m� = 60GeV. The the upper-bound of ↵ is lowered down
for a lighter m�.

3.2 Direct detection

For 30GeV . mV . 80GeV, LUX experiment for direct detection of WIMP imposes a strong
upper bound on the spin-independent (SI) dark matter-proton scattering cross section [17]
as:

�SI

p . (7� 9)⇥ 10

�46

cm

2 (3.8)

The SI-elastic scattering cross section for VDM to scatter off a proton target is given by
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⇡
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where µV = mV mp/(mV + mp) and fp = 0.326 [23] was used. Note that m� ⇠ mh results
in some amount of cancellation between contributions of � and h to �SI

p . As the result, the
LUX bound can be satisfied rather easily for gXs↵c↵ . 10

�2.

3.3 Dark matter relic density

The observed GeV scale �-ray spectrum can be explained if DM annihilates mainly into bb
with a velocity-averaged annihilation cross section close to the canonical value of thermal relic
dark matter. This implies that 30 . mV . 40GeV in s-channel annihilation (Fig. 2). It is also
possible to produce b+¯b with the nearly same energy from the decay of highly non-relativistic
� which is produced from the annihilation of DM having mass of 60GeV . mV . 80GeV

(Fig. 3). The shapes of � spectra in two cases are almost the same as long as MH1 is close to
MV , see Fig. 4.

In the process of Fig. 2, the thermally-averaged annihilation cross section of VDM is
given by

h�v
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�����
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1� 4m2
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(3.10)

where mf is the mass of a SM fermion f . Note that Eq. (3.10) is suppressed by a factor s2↵m2

f .
Hence a large enough annihilation cross section for the right amount of relic density can be
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achieved only around the resonance region. However in the resonance region the annihilation
cross section varies a lot, as the Mandalstam s-variable varies from the value at freeze-out to
the value in a dark matter halo at present. Therefore, this process can not be used for the
GeV scale �-ray spectrum from the galactic center.

On the other hand, in the process of Fig. 3 for m� ⇠ mV . 80GeV, the thermally-
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Annihilation

• These are the dominant annihilating 
processes,  

• The on-shell final particles decay into 
standard model fermions,  

• mostly bb for 35GeV dark Higgs
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FIG. 4: Main feynman diagrams for annihilation XX ! H
2

H
2

, with vertex functions, gXXH2 /
MX and gXXH2H2 / M2

X/v2
�

. The last one can be neglected due to the smallness of �
�

.

XX ! H
2

H
2

. Then the quantity �v relevant to thermal relic density is calculated as

�v =
1

3 ⇥ 3 ⇥ 2

1

2MX

p
s

Z |M|2
(4⇡)2

|p
1

|p
s
d⌦

' g4X
144⇡M2

X

"
3 � 8

�
M2

H2
� 4M2

X

�

M2

H2
� 2M2

X

+
16

�
M4

H2
� 4M2

H2
M2

X + 6M4

X

�
�
M2

H2
� 2M2

X

�
2

#
, (3.1)

where 1

3⇥3⇥2

accounts for the averaging over polarizations for initial states and identical
factor for final states, s ' 4M2

X at decoupling time, and

|M|2 = g4X

"
12 � 32

�
M2

H2
� 4M2

X

�

M2

H2
� 2M2

X

+
64

�
M4

H2
� 4M2

H2
M2

X + 6M4

X

�
�
M2

H2
� 2M2

X

�
2

#
.

Since �v is independent of v at the leading order in v, we can replace the thermal averaged
h�vi with Eq. (3.1) in the calculation of relic density. For h�vi ⇠ 3⇥10�26cm3s�1,MX ⇠ TeV
and MH2 ⌧ MX , we have

gX ⇠ 0.57 ⇥
✓

MX

1TeV

◆ 1
2

. (3.2)

As shown in Fig. 2, the red and blue vertical bands display the correct relic density
(⌦h2 = 0.1199 ± 0.0027 [1]) of DM for MX = 2 TeV and MX = 3 TeV, respectively.
The precise relation between gX and MX is shown in the right panel of Fig. 2, where we
used micrOMEGAs3.1 [64] for the numerical calculation.
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Gamma-Ray spectrum
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Extensions: Hidden sector DM
• hidden sector for DM with gauge symmetry 
• residual symmetry, dark Higgs, new 

massive gauge boson(s), 
• new particles decay into SM fermions 

through Higgs portal, kinetic mixing 
• Example:

mixing operator only, and consider various constraints from direct/indirect detections and
thermal relic density altogether. However, couplings between DM and dark photon critically
depend on the charge assignments to DM and dark Higgs fields (for example, compare the
local Z3 model [39] and the local Z2 model [59]), which is often overlooked in many works.
Within local dark gauge theories, it is inconsistent to give mass to the dark gauge boson
by hand, since it breaks local dark gauge symmetry explicitly. It is important to introduce
either dark Higgs field or some nonperturbative dynamical symmetry breaking mechanism
to generate the dark gauge boson mass, while respecting local dark gauge symmetry and
keeping all the allowed (renormalizable) operators. Otherwise, the resulting phenomenology
could be misleading and sometimes even wrong, as shown in Ref. [69].

We note that DM models are also constrained by indirect searches. Stringent limits
come from anti-proton and positron fluxes and radio signals [30, 33, 34]. However, such
constraints vary for di↵erent DM annihilation channels and also depend sensitively on various
astrophysical factors as well: for example, the propagation parameters for the anti-proton
flux, the local DM density for the positron flux, and the DM density-profile at small radii
r < 5pc for radio signals [33], respectively. Currently, conservative limits still allow viable
space for DM explanation of �-ray excess. Due to the large astrophysical uncertainties, we
shall not impose such constraints in our discussion, but will show how the anti-proton flux
depends on the propagation parameters as an example.

This paper is organized as follows. In Section. II, we first introduce the scalar DM model
with local Z3 symmetry briefly, establishing the notations for later discussion. Then, in
Section. III, we focus on the �-ray spectrum from Z3 scalar DM (semi-)annihilation from
the GC and compare with the data. In Sec. IV, we generalize our finding to the general
hidden sector DM models with dark gauge symmetries. Finally, we summarize the results
in Sec. V.

II. SCALAR DM MODEL WITH LOCAL Z3 SYMMETRY

In this section, we give a brief introduction of scalar DM model with local Z3 symme-
try [39]. The dark sector has a local U(1)X gauge symmetry that is spontaneously broken
into Z3 by the nonzero vacuum expectation value (VEV) of dark Higgs �X . This can be
realized with two complex scalar fields,

�X ⌘ (�R + i�I) /
p
2, X ⌘ (XR + iXI) /

p
2,

with the U(1)X charges equal to 1 and 1/3, respectively. Then we can write down the most
general renormalizable Lagrangian for the SM and dark sector fields, eXµ,�X and X:

L = LSM � 1

4
X̃µ⌫X̃

µ⌫ � 1

2
sin ✏X̃µ⌫B̃

µ⌫ +Dµ�
†
XD

µ�X +DµX
†DµX � V,

V = �µ2
HH

†H + �H

�
H†H

�2 � µ2
��

†
X�X + ��

⇣
�†
X�X

⌘2

+ µ2
XX

†X + �X

�
X†X

�2

+ ��H�
†
X�XH

†H + ��XX
†X�†

X�X + �HXX
†XH†H +

⇣
�3X

3�†
X +H.c.

⌘
, (2.1)

where the covariant derivative associated with the U(1)X gauge field X̃µ is defined as Dµ ⌘
@µ� ig̃XQX

eXµ. The coupling �3 is chosen as real and positive, since one can always redefine
the field X and absorb the phase of �3.

3

Z3
P. Ko, YT, 1407.5492(JCAP)
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Annihilation Channels

• Standard 

!
!
!

• Semi-Annihilation
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FIG. 1: Feynman diagrams for XX̄ annihilation into H2 and Z 0.
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FIG. 2: Feynman diagrams for XX semi-annihilation into H2 and Z 0.

In the scalar DM models with global Z3 symmetry [40], light dark matter (mDM . 125
GeV) is generally excluded by LUX direct search experiment except for the resonance regime.
On the other hand, in the scalar DM models with local Z3 gauge symmetry, such light dark
matter is still allowed due to the newly open annihilation channels (see Ref. [39] for details).
In this paper, we shall focus only on the indirect signatures in terms of �-ray, anti-proton
and positron fluxes within the local Z3 scalar DM model.

III. �-RAY FROM DM (SEMI-)ANNIHILATION

In the section, we shall discuss the �-ray spectrum from dark matter (semi-)annihilation
in the scalar DM model with local Z3 symmetry. We shall focus on the channels shown
in Figs. 1 and 2, where H2s and Z 0s in the final states decay into SM particles. DM pair
annihilations directly into a pair of SM particles such as

XX̄ ! (Z
0⇤ or H

0⇤
2 ) ! f̄f,

are suppressed by the small mixing parameters, ↵ and ✏. In the parameter regions we are
interested in, we can take ↵ and ✏ to be smaller than 10�4, which is definitely allowed
by direct searches so far. For simplicity, we also assume vanishing ��H and �HX . Non-
vanishing ��H and �HX would not change qualitatively our discussion. Both parameters are
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In the scalar DM models with global Z3 symmetry [40], light dark matter (mDM . 125
GeV) is generally excluded by LUX direct search experiment except for the resonance regime.
On the other hand, in the scalar DM models with local Z3 gauge symmetry, such light dark
matter is still allowed due to the newly open annihilation channels (see Ref. [39] for details).
In this paper, we shall focus only on the indirect signatures in terms of �-ray, anti-proton
and positron fluxes within the local Z3 scalar DM model.

III. �-RAY FROM DM (SEMI-)ANNIHILATION

In the section, we shall discuss the �-ray spectrum from dark matter (semi-)annihilation
in the scalar DM model with local Z3 symmetry. We shall focus on the channels shown
in Figs. 1 and 2, where H2s and Z 0s in the final states decay into SM particles. DM pair
annihilations directly into a pair of SM particles such as

XX̄ ! (Z
0⇤ or H

0⇤
2 ) ! f̄f,

are suppressed by the small mixing parameters, ↵ and ✏. In the parameter regions we are
interested in, we can take ↵ and ✏ to be smaller than 10�4, which is definitely allowed
by direct searches so far. For simplicity, we also assume vanishing ��H and �HX . Non-
vanishing ��H and �HX would not change qualitatively our discussion. Both parameters are
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FIG. 4: �-ray spectra from dark matter (semi-)annihilation with H2(left) and Z 0(right) as final
states. In each case, mass of H2 or Z 0 is chosen to be close to mX to avoid large lorentz boost.
Masses are in GeV unit. Data points at ✓ = 5 degree are extracted from [1].
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FIG. 5: p̄ and e+ spectra from dark matter (semi-)annihilation with H2(left) and Z 0(right) as final
states. In each case, mass of H2 or Z 0 is chosen to be close to mX to avoid large lorentz boost.
Masses are in GeV unit. h�viann ' 6.8(4.4)⇥10�26cm3/s for H2(Z 0) final states are assumed. Data
point are taken from [62] for anti-proton and [63] for positron fluxes, using the database [64].

PAMELA [62, 63]. The constraints from p̄ and e+ can provide important and comple-
mentary information for DM models explaining �-ray excess. It should be pointed out that
potentially stringent constraints from indirect detections of cosmic rays depend sensitively
on astrophysical parameters involved in the calculations of cosmic ray production and prop-
agation.

The propagation equation that describes the evolution of energy distribution for charged

8

�-ray spectra
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Uncertainties

25

Theoretical vs. empirical model systematics

Empirical model uncertainties (yellow) and theoretical model uncertainties (blue 
lines) are significantly larger than the statistical error over the entire energy 
range.

Have to take into account systematics to get meaningful results in spectral fits.

Weniger+2014
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Summary

• We have briefly introduced the GeV gamma-
ray excess from galactic center. 

• The very simple Higgs portal DM models are 
not able to explain such an excess, 

• Simple DM models with gauge symmetries are 
fully capable of providing the needed signal. 

• We have specifically discussed a vector dark 
matter model,  and a scalar dark matter with Z3 
symmetry.
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THANK YOU.


