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Gamma lines from the hidden sector
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We discuss the visibility of gamma lines from dark matter annihilation. We point out a class of theories
for dark matter which predict the existence of gamma lines with striking features. In these theories, the final
state radiation processes are highly suppressed and one could distinguish easily the gamma lines from the
continuum spectrum. We discuss the main experimental bounds and show that one could test the
predictions for gamma lines in the near future in the context of simple gauge theories for dark matter.
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I. INTRODUCTION

There is a great deal of evidence today of the existence of
dark matter (DM) in the Universe, and thanks to many
impressive experiments we know that the relic abundance
must be, approximately, Qpy 4% &~ 0.12 [1]. Unfortunately,
we only know the amount of dark matter we need to be
consistent with the experiments; i.e., we know nothing
about its nature. Thanks to the imagination and creativity of
our physics community, we have a large list of possible
candidates for the cold dark matter.

From the theoretical point of view, the weakly interacting
massive particles (WIMPs) are still, in our opinion, one of
the best candidates for cold dark matter. The existence of
WIMPs is predicted in many extensions of the Standard
Model (SM) and one can understand most of their proper-
ties. In theories for physics beyond the SM, one can explain
the stability of WIMPs, compute their relic density and
understand the predictions for direct and indirect dark
matter experiments.

We have several ways to look for signatures from particle
dark matter candidates: (a) direct detection, (b) indirect
detection, and (c) signals at colliders. In direct detection
experiments, one looks mainly for signatures due to the
scattering of WIMPs with nucleons or electrons. However,
these processes could be highly suppressed or not even
possible. At colliders, one could observe missing energy
signatures related to dark matter but, since one cannot
probe the stability of the DM, one needs results from other
experiments to confirm the existence of DM.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2019,/100(12)/123007(11)

123007-1

In indirect detection experiments, one looks for signals
from DM annihilation into SM particles. For example, one
looks for the DM annihilation into leptons, quarks, neutrino
lines or gamma lines. In general, we do not know if the DM
couples to any SM particle and so we cannot be sure about
this possibility. The gamma lines from DM annihilation are,
perhaps, the most striking signatures which are free of any
astrophysical backgrounds or issue about modeling the
propagation of the annihilation products. Gamma lines
could be generated even if the DM does not couple to any
SM particle; one only needs some interactions with electric
charged particles. If one day these gamma lines are
observed in current or future gamma-ray telescopes, one
could make a map of the DM halo in a given galaxy.
Unfortunately, these processes are quantum mechanical and
often suppressed. See Ref. [2] for a review about the
predictions of gamma lines in different models.

In this article, we investigate the predictions for gamma
lines from dark matter annihilation in models where the
dark matter lives in a hidden sector. See Fig. 1 for a simple
illustration of our main goal. The fact that we do not
see any signal in current dark matter experiments may be
suggesting that the DM does not have any direct
coupling to the SM fields and lives in a hidden sector.
Now, the observation of gamma rays depends on two main
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FIG. 1. Gamma lines from the hidden sector.
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FIG. 2. Naive illustration of the spectrum for gamma rays from
dark matter annihilation in two scenarios. In the left panel we
show the scenario where the gamma line is above the continuum
when processes such as the final state radiation processes are
highly suppressed, while in the right panel we show the scenario
where the gamma line is not visible.

factors: (a) the annihilation cross section should be large
enough to be able to see a signal at gamma-ray telescopes
and (b) the continuum spectrum generated by other
physical processes must be suppressed in order for the
gamma line to be visible. In a given dark matter model, one
can have physical processes such as final state radiation
emission which may spoil the visibility of gamma lines.

In Fig. 2, we show a naive illustration of the spectrum for
gamma rays from dark matter annihilation in two scenarios.
In the left panel we show the scenario where the gamma
line is above the continuum when processes such as the
final state radiation processes are highly suppressed, while
in the right panel we show the scenario where the gamma
line is not visible. Of course, as we will show later, one
needs a very good energy resolution to be able to resolve
the gamma lines from dark matter annihilation.

In this paper, we point out a class of theories for dark
matter which predict the existence of gamma lines with
striking features. In these theories, the final state radiation
processes are highly suppressed and one could distinguish
easily the gamma line from the continuum spectrum. We
discuss the main experimental bounds and show that one
could test the predictions for gamma lines in the near future
in the context of simple gauge theories for dark matter.

This article is organized as follows. In Sec. II we discuss
the main features of gamma lines in different dark matter
models. In Sec. III we discuss the predictions of gamma
lines in two different models and discuss the visibility of
these gamma lines, while in Sec. IV we show some
numerical examples to illustrate the visibility of gamma
lines. Our main findings are summarized in Sec. V.

II. DM ANNIHILATION INTO GAMMA RAYS

In Fig. 1, we show a simple illustration of the possible
connection between the hidden and SM sectors. The hidden
sector contains, by definition, only new fields which are not
charged under the Standard Model gauge symmetry. One
can imagine many ways to define the connection between
the DM and SM sectors. This connection defines the

predictions for DM direct and indirect detection experi-
ments. Unfortunately, the current DM direct detection
bounds tell us that, soon, one may reach the so-called
neutrino floor, making more difficult the detection of DM
in direct detection experiments. However, one could, in
general, expect the existence of gamma lines due to the DM
annihilation into gamma rays, i.e., DM DM — yy,yZ, yh.
These signatures are very striking and almost back-
ground free.
The energy of the gamma lines is given by

o). 1)

AM3E,,

EJ; = Mpm <1

where M; = 0, M, M, for the DM DM — yy, yZ, yh anni-
hilation channels, respectively. Therefore, one would know
the dark matter mass if one of these gamma lines could be
observed in the near future.

Now, in a given dark matter model, one can have final
state radiation processes such as DM DM — SM SMy
which may spoil the visibility of the gamma lines. The
maximal energy of the photon in the final state radiation
processes is given by

M2
Elax = MDM(1 - M§M), (2)
DM

where Mgy is the mass of a Standard Model electric
charged field. We note that, typically, this process occurs at
tree level while the gamma lines discussed above are
quantum mechanical processes.

Therefore, the relevance of the final state radiation with
respect to the gamma lines will be crucial to determine
whether they can be observed or not. The fact that they can
be distinguished from the continuum spectrum will depend
on the features of the model, as well as the nature of
the DM candidate. Let us start by discussing different DM
candidates:

(i) Scalar DM

In the scenario where the DM is spinless, ¢, one
always has the Higgs portal term ¢¢H'H. There-
fore, the annihilation into two SM fermions is, in
general, not suppressed. The final state radiation
processes where one emits a photon from one of the
SM fermions coming from the DM annihilation are
also not suppressed. Since the final state radiation
processes are tree level processes and the gamma
lines are quantum mechanical ones, the visibility of
the gamma line is in general spoiled. If the mediator
between the DM and SM sector is a gauge force, the
DM annihilation into two SM fermions is velocity
suppressed, and the same occurs with the gamma
lines. Therefore, in the simplest DM scenario with
scalar DM, one could not distinguish the gamma
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lines from the continuum spectrum. For the study of
gamma lines in scalar DM models see Refs. [3-6].
(i) Dirac DM

One can imagine many possible scenarios for Dirac
DM. Here, we will focus our discussions in the context
of simple gauge theories for DM. In this context, the
final state radiation processes, ¥¥ — ffy, are not
suppressed and, generally, one could not distinguish
the gamma lines generated by DM annihilation from
the continuum spectrum. One could consider, how-
ever, models where the DM annihilation takes place
through a scalar mediator. In these scenarios, the
Higgs portal term between the mediator and the SM
Higgs will determine the annihilation channels and
one will have a similar situation as in the scalar DM
scenario mentioned above. For the predictions of
gamma lines in models for Dirac DM see Refs. [7,8].

(iii) Majorana DM

One can have simple gauge theories for dark
matter where one has gamma lines with striking
features when the DM is a Majorana fermion. In
these scenarios, the DM annihilation through the
new gauge boson in the theory is velocity sup-
pressed and then the final state radiation processes
are highly suppressed. If the amplitudes relevant for
the gamma lines are not velocity suppressed, then
we can hope to observe the gamma lines, since they
can be distinguished from the continuum spectrum.
For the study of the gamma lines in models with
Majorana dark matter see Refs. [9-13].

See also Refs. [14,15] for the study of gamma lines in
other dark matter models.

In this article, we will discuss the simplest gauge theories
for Majorana DM where the final state radiation processes
are highly suppressed and it is possible to observe the
gamma lines from DM annihilation. These DM theories
have a few features: (a) we have a hidden sector which
contains the DM candidate; (b) the connection between the
DM and SM sectors is defined mainly by the new gauge
force; and (c) the SM fermions are charged under the new
force, U(1)y, which we assume is an Abelian force for
simplicity.

Therefore, in our framework we start from a general
Abelian extension of the gauge symmetry of the SM,

SUB3). ® SU(2), @ U(1)y ® U(1)y,

where U(1)y is the new Abelian force which could be, for
instance, local baryon (B) or lepton (L) number, or linear
combinations of them such as B — L, etc. We assume that
this new symmetry is spontaneously broken at some scale.
The details on how the symmetry is broken are irrelevant
for the discussion on the study of gamma lines, but we point
out that the theory could undergo symmetry breaking if, for

instance, there is a scalar charged under the new symmetry
with a nonzero vacuum expectation value.
The Lagrangian relevant for our discussions is given by

LD gar'rsxZy, + ¢ F(nfhy' + nhytys)fZ,
+ Fr*(gh + 9lrs)fZ, (3)

where ¢ is the gauge coupling associated to the new force.
We note that, once the U(1)y is broken, the DM field, y,
becomes a Majorana fermion and couples axially to the
new gauge boson Z,. The couplings n; refer to the
interactions between the new mediator and any fermion,
[, of the theory, whereas the couplings g; parametrize how
these fermions interact with the SM Z boson. The sub-
indexes V and A refer to the vector and axial components of
the new gauge interaction, respectively. We assume that the
theory has the right fermion content in order to be anomaly
free. However, henceforth, we will only consider the SM
fermions without loss of generality, since they will give the
most relevant contributions to the cross section.

The possible topologies through which the Majorana
DM candidate can annihilate into gamma lines are shown in
Fig. 3. The fermions in the loop are SM fermions. We note
that, in general, the Higgs bosons present in the theory can
mediate these processes, but these contributions are not
relevant for our discussions because they are velocity
suppressed and, therefore, neglectable. In the following,
we will only consider the cases mediated by the new
vector boson.

Again, we would like to emphasize that, in order to
observe these gamma lines in indirect searches, the cross
section for the gamma lines must be much larger than the
cross section for the final radiation processes. See Fig. 4 for
the contributions to the final state radiation processes. In
the case we study here, the squared amplitude for the final
state radiation (FSR) can be written in the following way:

FIG. 3.
theories.

Dark matter annihilation into gamma rays in gauge

FIG. 4. Contributions to the final state radiation processes.
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TABLE 1. Combinations of couplings which generate a non-
zero effective vertex relevant for the different gamma lines.

Gamma lines vy Zy hy
Couplings nf, n”{; . 951 , nﬁ . g{, n!

MZ
IMZr = —L A+ 0B + O(v*). (4)
M2,

Then, the FSR is suppressed either by the mass of the Z’ or

the velocity of the dark matter candidate. See Appendix B

for the explicit form of the coefficients A and B in the above

equation. Therefore, one can have striking predictions for

Majorana dark matter candidates in the context of these

gauge theories. We note that, on the other hand, the DM-

nucleon elastic scattering is also velocity suppressed.

Therefore, direct searches will be, in general, suppressed

and close to or below the neutrino floor limit.

In Table I, we show the different combinations of
couplings which can give us nonzero contributions to
gamma lines. Let us discuss some main features of the
gamma lines: .

(a) the term proportional to n{, entering in the DM
annihilation into Zy is insensitive to the mass of the
fermions running inside the loop. The amplitude is
proportional to

Aw YN0,
f

which is zero for any well-defined theory, ensured by
the anomaly cancellation. In the same way, any
combination of the charges coming from the loop
which is insensitive to the fermion masses will be zero,
i.e., the following combinations:

A x ZN{anf;g{; and o ZNﬁQj%nﬁ.
f f

(b) The annihilation cross section into hy is velocity
suppressed and we can neglect it.

We would like to emphasize that, for any vector mediator
connecting the fermionic dark sector with the fermions of
the theory, only the theories that accommodate fermions
that couple axially to the new gauge boson will be relevant
for detection of gamma lines, as summarized in Table I.
This result has dramatic consequences for anomaly free
theories suchas U(1)_, U(1)g_3;, or U(1),,_ . in which
the mediator only couples vectorially to the fermions of
the theory and, therefore, no relevant gamma line for
indirect searches is expected. In spite of this, in the next
section, we will introduce a set of well-motivated theories

which satisfy the above theoretical requirements of being
testable in the context of indirect searches.

III. DM THEORIES AND VISIBLE GAMMA LINES

In the previous section, we have mentioned that the
connection between the SM and the hidden sectors will be
defined by a new gauge force. In this section, we will
discuss two main classes of gauge theories for dark matter
where the final state radiation processes do not overcome
the gamma line signals:

(i) Model I: One can have a simple anomaly free theory,
adding three right-handed neutrinos, when we gauge a
linear combination of the weak hypercharge and the
baryon minus lepton, B — L, quantum numbers, i.e.,

U(l)y:X = a¥ + b(B - L).

We note that the new gauge boson will have axial
couplings to the SM fermions. As we have previ-
ously discussed, this is the crucial ingredient for a
theory with a spin one mediator to be testable in
indirect searches. The relevant interactions for the
annihilation into gamma lines are given by the
following Lagrangian:

qg-_,[ a 3a
qd__,[(5a 3a
+§MZ Z‘I’b‘i’z]@ u

+jéZ'<—%Ta—b—%y5>e. (5)

In Fig. 5, we show the expected annihilation cross
section into yy and Zy for the case a =1 and
b = =5/4, motivated by the embedding in grand
unified theories; the Abelian gauge symmetry with
a =1and b = —5/4 is obtained from SO(10). We
show the numerical predictions for different choices
of the new gauge boson mass together with the
experimental bounds from the Fermi-LAT [16,17]
and H.E.S.S. [18] collaborations. We note that these
DM annihilation processes are independent of the
parameter b. For the predictions shown in Fig. 5, a
relic abundance of QA% = 0.12 is assumed and we
do not stick to any specific mechanism to explain the
relic density.

As Fig. 5 shows, for light masses of the new
mediator, one can hope to test these signals. How-
ever, since the new mediator couples to the charged
leptons, the model is sensitive to the collider bounds,
particularly to the strong bound coming from LEP2
[19]. Unfortunately, the LEP2 bounds, together with
some other bounds coming from dijet searches at
the LHC [20], forbid the parameter space where the

123007-4



GAMMA LINES FROM THE HIDDEN SECTOR

PHYS. REV. D 100, 123007 (2019)

— FermiLAT HES.S
o e
= 1.x10°28} ey S e =0T Ty
]

3 Excluded by LEP

e .

1.x10-3¢

T

=

< 1.x10734¢ M,

g 20 =5Tev

0.01 0.05 0.10 0.50 1 5
M, (TeV)

= FermiLAT H.E.S.S. CTA |
o

2 1.x107%8f

R

<

1.x10731

/I\

= =

\Z—S 1.x 10734 e 1
& Mz =5Tev

0.05 0.10 050 1 5
M, (TeV)
FIG. 5. Annihilation cross sections for yy — yy (upper panel)

and yy — Zy (lower panel) in model I when a =1, b = —5/4
and ¢ = 1. We show in yellow and purple the excluded areas by
the Fermi-LAT [16,17] and H.E.S.S. [18] collaborations, respec-
tively. The shaded brown area is excluded by the LEP2 [19]
bounds. The projected bounds by the CTA Collaboration [21] are
shown by the dashed green line. Here, we use the value J,,, =
13.9 x 10?* GeV? cm™ [16,17] for our numerical analysis.

predictions are close to the experimental bounds; see
the shaded brown area in Fig. 5. Therefore, only if
the experimental bounds are improved by several
orders of magnitude in the future can one hope to test
this model.

(i) Model II: Let us consider a simple model where the
new gauge boson is leptophobic with very suppressed
couplings to the SM leptons. Let us assume that the
new force couples only to the quarks as follows:

qrL ~ (3’27 1/6v nL)’
Ugp ~ (3, 1,2/3, I’lR),
dR ~ (3, 1,—1/3,HR).

The relevant interactions for our discussion are
given by

CDg’ﬁZ(nl‘;nR—l-nR;nLyS)u

ny+ng np—ng
d. (6
T ), (o)

+ g/aZ/ (
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FIG. 6. Cross section for the dark matter annihilation into two
photons (upper panel) and a photon and Z boson (lower panel) in
model II. Here, we have chosen n; =0 and nz =1/3 as a
representative charge and different values for the Z’ mass. We
show in yellow and purple the excluded areas by the Fermi-LAT
[16,17] and H.E.S.S. [18] collaborations, respectively. The
projected bounds by the CTA Collaboration [21] are shown by
the dashed green line. Here, we use the value J,,, = 13.9 x
1022 GeV2cm™ [16,17] for our numerical analysis.

This case is similar to the one presented in the last
section with the difference that, now, the new gauge
boson does not couple to the leptons and, therefore,
the collider bounds are weaker than in the previous
theory. Therefore, one could have large cross sections
for the gamma lines in agreement with the experiment.
See Ref. [20] for a detailed discussion of the collider
bounds for leptophobic gauge bosons. Figure 2 of the
cited reference shows the bounds coming from direct
searches at the LHC on a leptophobic gauge coupling.
As one can appreciate, they allow for interesting
regions of the parameter space in which the ratio
g /M, is not as constrained as the LEP bound
(/M5 <7 TeV). We would like to mention that
this model can be anomaly free if we add vectorlike
fermions to cancel all anomalies. Here, we are not
interested in the details of a specific model.

In Fig. 6, we show the two relevant dark matter
annihilation cross sections for the emission of gamma
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lines. Here, we show the predictions with the SM
fermions, since they are the ones that will contribute
the most in the annihilation cross sections through the
fermionic loop, and we assume that, given n; and np,
the model has the right UV fermions to satisfy
anomaly cancellation. This assumption is reflected
in the use of Egs. (A1) and (A2) for the cross sections.
We can see, in Fig. 6, that the cross sections for gamma
lines can be large in agreement with all experimental
constraints. Therefore, there is hope to test these
predictions in current or future experiments. We note
that for the charge assignment assumed in Fig. 6,
n; =0 and ngp = 1/3, the vector coupling of the
leptophobic mediator with quarks is ¢'/6 and one
needs to take into account that gz = ¢'/2 when
applying the experimental bounds for a leptophobic
gauge boson shown in Fig. 2 from Ref. [20]. See
Ref. [13] for the predictions of the gamma lines in a
model where extra fermions in the loop can generate a
large cross section for the gamma lines.

IV. GAMMA LINES SPECTRUM

We have discussed two simple classes of models for
Majorana dark matter where the final state radiation
processes are highly suppressed and one can have large
cross sections for the gamma lines. Here, we show the
spectrum for these gamma lines. The flux for the gamma
lines is given by

@7 "y d<avrel>

dE,

_ ny<6Urel> d_N (7)
© 8aM2 dE, "™ 8zM2 dE,"™
where, in the last equality, the narrow width approximation
has been applied. The J-factor, J,,,, encodes all astro-
physical assumptions made regarding the dark matter
distribution. Here, we will use the value J,,, = 13.9 x
10?2 GeV? cm™ [16,17] for our numerical analysis, which
is the J-factor used by Fermi-LAT for the R3 region of
interest. The spectrum function is given by

dN o
T dEOWﬁnalG(Eyv if/a), EO)’ (8)
dE, 0
where Wy, is W, = 6(E, — M) for the annihilation into
two photons and
1 4M, M T
- (4M2 - 4AMEy — M%) +ToM%°

WyZ (9)

for the Zy line. Here, we use a Gaussian function to model
the detector resolution, G(E,, &/, E), which reads as

1 _<F:7—E0>2
G(Ey, & w, EO) = me zE(Z)(f/w)z" (10)

10-6F Mz =0.11 TeV

M, = 0.2 TeV

I —

g =05

*@T Lﬂ?‘ 1079
S
ae 10710 K
10—11
0.7 0.8 0.9 1.0 1.1 1.2
E, /M,
MZ’ =50 GeV
M, = 0.5 TeV
g =04

\

07 08 09 10 11 12
E’Y/MX

— £=10.05

— {=0.15 — £=0.01

FIG. 7. Differential spectrum of the annihilation of DM into
gamma rays (yy and Zy) in the context of model II, assuming an
energy resolution of £ = 0.01 in black, £ = 0.05 in orange, and
& = 0.15 in turquoise. Two different scenarios are shown: in the
lower panel, M, = 0.5 TeV, Mz = 50 GeV and g = 0.4; in the
upper panel, M, =02 TeV, My =0.11 TeV and ¢ = 0.5.
Here, we have chosen n; = 0 and ny = 1/3 as a representative
charge and different values for the Z' mass. Here, we use the
value J,,, = 13.9 x 10> GeV?cm™ [16,17] for our numerical
analysis.

where £ is the energy resolution and w = 2,/2log?2 ~ 2.35
determines the full width at half maximum, with the
standard deviation given by 6y, = Ey&/w.

In Fig. 7, we show the predictions for the spectrum for
the gamma lines yy and Zy for the second model discussed
above, where the new gauge boson couples only to the SM
quarks. In this figure, different energy resolutions are
assumed: £ = 0.01 in black, £ = 0.05 in orange and & =
0.15 in turquoise. Here, we assume ngz = 1/3 and n;, =0
for illustration.
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We show two different scenarios. In the upper panel,
we show the spectrum for the gamma lines when
My =110 GeV, M, =200 GeV, and ¢ =0.5. In this
figure, one can clearly see the two gamma lines yy and Zy if
the energy resolution is good enough. We note that for the
annihilation into two photons, the energy of the gamma line
isat £, = M,,, whereas the energy of the Zy line is given by
Eq. (1). These two energies correspond to the peaks shown
in the aforementioned plot. Here, the FSR processes are
velocity and helicity suppressed in the region of energies
shown in the figure.

On the other hand, in the lower panel we show the
spectra for M, = 500 GeV, Mz = 50 GeV and ¢ = 0.4.
As one can see, here the FSR strongly contributes in the
left-hand side of the figure, unfortunately making it
impossible to distinguish the gamma line from the back-
ground for the 15% energy resolution. We note that, in this
case, My < M,, and therefore the FSR processes are not
helicity suppressed anymore [see Eq. (4)]. As the figure
shows, after the maximal energy of the photon in the yy —
ity processes, given by Eq. (2), the continuum suffers a
suppression of 3 orders of magnitude, which allows us to
observe the peak of the gamma lines. Notice that, for this
scenario, the ratio M2, /M2 is very small and, therefore, the
two peaks yy and Zy are located approximately at M, and
cannot be easily resolved. We also note that the continuum
that extends along the right-hand side of the Zy peaks is a
consequence of the Breit-Wigner-like shape from Eq. (9),
which can only be distinguished from the Gaussian used to
model the detector resolution in the scenarios with higher
resolution.

We remark that, in these scenarios, the contribution from
the final state radiation to the continuum spectrum is highly
suppressed, which is crucial for the gamma lines to be
distinguished from the continuum spectrum. These striking
results tell us that one can have simple gauge theories for
dark matter where the gamma lines that form dark matter
annihilation can be visible and the predictions can be close
to the current experimental limits by the Femi-LAT and
H.E.S.S. collaborations.

V. SUMMARY

There are many ways to look for signatures in direct and
indirect dark matter experiments, but gamma lines from
dark matter annihilation are, perhaps, the most striking
signatures which can reveal the nature of dark matter. In
this article, we have discussed the visibility of gamma lines
from dark matter annihilation in simple theories. We have
shown that, in theories where the dark matter candidate is a
Majorana fermion, the final state radiation processes are
velocity suppressed and the gamma line can be seen above
the continuum spectrum. We have studied two main classes
of theories where the mediator between the hidden and
Standard Model sectors is a new Abelian gauge boson. In
this context, we show that for a gamma line to be clearly
detected (a) the dark matter must be Majorana and (b) at
least one fermion in the theory must couple to the new
mediator in an axial way.

We investigated two main classes of theories where the
gamma lines can be distinguished from the continuum
spectrum. In the first case, the new gauge boson couples
to all Standard Model fermions and, although the gamma
lines can be visible, the collider bounds rule out the parameter
space where the cross section for gamma lines can be large. In
the second class of theories, the gauge boson does not couple
to leptons, and one can have large values for the annihilation
cross sections for gamma lines in agreement with all collider
bounds. These interesting results could help us to identify the
theory for dark matter at current or future experiments.
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APPENDIX A: CROSS SECTIONS FOR THE GAMMA LINES

The annihilation cross section for the different annihilation channels mediated by the new gauge boson Z’ are given as

follows:
(i) Cross section for the yy — yy annihilation:

> (g) npMy

(4M2 — M2,)?

2

[04
ov(yy = yr) = )

ZN{nQQ}(zM}Cg +1)

’

M}, (4MZ - MZ)? 4+ ToM% | 5
4.2102 2 232 ?
A.:c.a:(gq niM? (4M; — M7,) 2 :N{nﬁQ]%M%Cg (A1)
i 5 R 2 2 ’
G M, (4Mx - MZ,) +I M, 7
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(i) Cross section for the yy — yZ annihilation:

2
alg)ing  (AMZ-M7) (M3 —4M)?

7) = Y " NLQs(nlgf + mhgl (2M3CE 41
vl = 12) = S @ME =ML+ oMy, MIME, |4 eQ(mygy +nagy(2M3CG + 1)
2
ac.alg)nd (4M2 - M%)} (M2, — 4M2)? o f
= N:Qmhgh2M%C3| . A2
Si2a (AM2— ML) +T5,M%  MIMY, zf: «Crmagv2MiCo (A2)

(iii) Cross section for the yy — yh annihilation:

ov(yy —>yh)

14,2 2 2 2 2

2 (¢)'nya 4M;, —Mj, [ fof 8M; f_AS 2 _ a2 2\ h
= N M ——— (A, — A 24 (4M5— M5 +4M+)C, ,

" 7687 M2 (AM2— M2, )P+ T2, M2, 2 NegsmyM 0y A= g M) T2 (M= M AMGy
(A3)

where we have the loop functions

cA = CO(O,Mﬁ,S;Mf,MfaMf), (A4)
A, = N4MZ My, M), (AS)
A, =AM M M), (A6)

and we have applied the anomaly cancellation conditions when simplifying the expressions. See Ref. [22] for the
calculation of the gamma line’s cross section in gauge theories for dark matter.

APPENDIX B: FINAL STATE RADIATION

The amplitude squared of the processes contributing to the final state radiation can be written as an expansion on the
velocity,

2
Mk = &A + v’B + O(v*) (B1)
FsR =30 ;

where the leading order term of the expansion is suppressed by the ratio (M /M ’)%. The coefficients that parametrize the
above expression read as

A= 167a(q ) n2QINL(MZ, — 4M2)?

% (nﬁ)z(Ef - M)()2<2(Ef - M;{)(Ef + E}’ - M)() + M?) + (”{/)Z(Ef + EJ/ - Mx)z(z(Ef - M;{)(Ef + E}, - M)() - 3M]20)
M%(Ef—=M,)*(E;+E, —M,)*(4M2 — M2)* +T2,M2,)

(B2)

B = 16ra(g)*min’ %N?((nf;)z + (nl)?)
(2EfM, (E; = 3E,M,, +2M}) — 2E} — 2E}(E, — 2M,,) — EZ(E; — 6E,M,, + 6M3) — 2M(E, — M,)*)

X ki
M%(E;+E, — M,)*((4M2 — M%,)? + T2, M2)

(B3)

The DM annihilation to yff is described by a three-body phase space and, therefore, the cross section is given by
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& <67)re > 1
V= . | Mgsgf(cos 67, —1).  (B4)

dE,dE;  327°
In order to compute the continuum spectrum of the FSR,
given by

o, n, d (6Vge1)
- ann»
dE,  8zM2 dE,

(BS)

one needs to integrate the differential cross section with
respect to Ey, in which the kinematic range is determined

by the condition cos 919/ < 1. According to this, the

integration limits are given by

M2

f
B

“M M, (B6)

+ _
frem - g

APPENDIX C: EXPERIMENTAL BOUNDS

Here we list the bounds from the Fermi-LAT [16,17] and
H.E.S.S. [18] collaborations for the DM annihilation into
two gamma rays, DMDM — yy, and the corresponding
bounds for the annihilation DMDM — Zy. See the table
(Table II) below for the upper bounds on these cross
sections.

TABLE II.

Fermi-LAT Collaboration H.E.S.S. Collaboration

ov(ry) ov(Zy) ov(ry) ov(Zy)
E, (GeV) (1072 cm?/s) M, (GeV) (1072 cm?/s) E, (TeV) (10727 cm?/s) M, (TeV) (1077 cm?/s)
20.0 2.00 56.7 32.1 0.304 1.09 0.311 2.28
21.1 0.946 57.4 14.0 0.333 0.845 0.339 1.75
22.3 0.946 58.1 12.8 0.364 0.786 0.370 1.62
23.6 0.957 58.9 11.9 0.396 0.936 0.401 1.92
249 0.829 59.7 9.54 0.436 1.12 0.441 2.28
26.4 0.888 60.7 9.38 0.474 0.985 0.478 2.01
279 1.24 61.6 12.1 0.518 0.694 0.522 1.41
29.5 0.958 62.7 8.65 0.567 0.665 0.571 1.35
31.2 0.661 63.8 5.53 0.620 0.861 0.623 1.74
33.0 0.695 65.0 5.39 0.678 0.916 0.681 1.85
349 1.42 66.3 10.2 0.742 0.785 0.745 1.58
36.9 3.08 67.6 20.7 0.811 0.730 0.814 1.47
39.0 3.87 69.1 24.3 0.881 0.817 0.884 1.64
41.3 3.79 70.7 222 0.964 0.925 0.966 1.86
43.8 6.41 72.5 35.1 1.05 0.843 1.06 1.69
46.4 6.54 74.4 33.6 1.15 0.768 1.16 1.54
49.1 5.62 76.3 27.2 1.27 0.906 1.27 1.82
52.1 3.12 78.6 14.2 1.38 1.11 1.38 2.23
55.2 3.38 80.9 14.5 1.52 1.37 1.52 2.74
58.6 7.13 83.5 29.0 1.65 1.49 1.65 2.98
62.2 6.95 86.3 26.8 1.79 1.37 1.79 2.74
66.0 4.59 89.3 16.8 1.98 1.29 1.98 2.57
70.1 5.18 92.6 18.1 2.15 1.44 2.15 2.88
74.5 5.56 96.1 18.5 2.35 2.00 2.35 4.01
79.2 3.08 100 9.82 2.57 3.16 2.57 6.31
84.2 2.87 104 8.79 2.81 4.97 2.81 9.94
89.6 2.87 109 8.45 3.07 5.98 3.07 12.0
95.4 2.82 114 8.01 3.36 5.74 3.36 11.5
102 5.77 119 15.8 3.67 6.17 3.67 12.3
108 5.73 125 15.3 4.01 7.58 4.01 15.2
115 15.2 131 39.4 4.36 7.90 4.36 15.8
123 15.1 138 38.1 4.71 7.42 4.71 14.8
131 10.8 145 26.6 5.22 7.27 5.22 14.5
140 5.29 154 12.7 5.71 7.19 5.71 14.4
150 10.6 163 25.0 6.24 6.69 6.24 13.4
160 8.15 172 18.9 6.83 7.97 6.83 16.0

(Table continued)
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TABLE II. (Continued)

Fermi-LAT Collaboration

H.E.S.S. Collaboration

ov(ry) ov(Zy) ov(ry) ov(Zy)

E, (GeV) (1072 cm?/s) M, (GeV) (1072 cm?/s) E, (TeV) (10727 cm?/s) M, (TeV) (1077 cm?/s)
171 13.0 182 29.6 7.47 11.3 7.47 22.7
183 6.68 194 15.0 8.16 15.9 8.16 31.8
196 13.3 206 29.4 8.87 19.2 8.87 38.3
210 9.19 220 20.1 9.70 17.1 9.70 34.2
225 13.0 234 28.1 10.6 12.2 10.6 243
241 18.7 249 40.0 11.6 11.0 11.6 21.9
259 10.2 267 21.7 12.7 14.7 12.7 29.3
276 41.2 283 86.8 13.9 21.0 13.9 42.0
294 41.4 301 86.7 152 27.8 152 55.5
321 17.3 327 36.0 16.6 36.7 16.6 73.4
345 15.0 351 31.0 18.2 41.1 18.2 82.2
367 48.7 373 100 19.7 39.4 19.7 78.9
396 51.7 401 106 21.7 394 21.7 78.8
427 49.6 432 101 23.6 49.5 23.6 98.9
462 394 467 80.3 25.8 81.2 25.8 162
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