PHYSICAL REVIEW D 93, 075023 (2016)

Secluded singlet fermionic dark matter driven
by the Fermi gamma-ray excess

Yeong Gyun Kim,"*" Kang Young Lee,”" Chan Beom Park,”* and Seodong Shin™*
lDepartment of Science Education, Gwangju National University of Education, Gwangju 61204, Korea
2School of Physics, Korea Institute for Advanced Study, Seoul 02455, Korea
3Deparl‘ment of Physics Education & Research Institute of Natural Science,

Gyeongsang National University, Jinju 52828, Korea
4Physics Department, Indiana University, Bloomington, Indiana 47405, USA
(Received 2 February 2016; published 19 April 2016)

We examine the possibility that the dark matter (DM) interpretation of the GeV scale Fermi gamma-ray
excess at the Galactic center can be realized in a specific framework-secluded singlet fermionic dark matter
model with small mixing between the dark and Standard Model sectors. Within this framework, it is shown
that the DM annihilation into a bottom-quark pair, Higgs pair, and new scalar pair, shown to give good
fits to the Fermi gamma-ray data in various model independent studies, can be successfully reproduced in
our model. Moreover, unavoidable constraints from the antiproton ratio by PAMELA and AMS-02, the
gamma-ray emission from the dwarf spheroidal galaxies by the Fermi-LAT, and the Higgs measurements
by the LHC are also considered. Then, we find our best-fit parameters for the Fermi gamma-ray excess
without conflicting other experimental and cosmological constraints if uncertainties on the DM density
profile of the Milky Way Galaxy are taken into account. Successfully surviving parameters are benchmark

points for future study on the collider signals.
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I. INTRODUCTION

The existence of nonbaryonic dark matter (DM) in the
universe has been supported by a lot of solid evidence
observed from its gravitational interactions. On the other
hand, its particle property is still a mystery. Among all the
candidates, the weakly interacting massive particle (WIMP)
is the most popular one because of its natural mass and
interaction ranges to give the right amount to account for
the matter density observed today. Experimental efforts to
detect WIMPs are ongoing in direct and indirect searches as
well as collider experiments. Direct detection experiments
are designed to observe the elastic scattering of WIMPs on
the target nuclei through nuclear recoils. On the other hand,
indirect detection experiments search for products of the
WIMP annihilation or decay processes such as gamma
rays, neutrinos, and charged cosmic rays. Among those
products, gamma rays are often considered as the golden
channel for the indirect detection of the DM because we can
easily detect them and identify in which part of the universe
they came from.

It is intriguing that several independent collaborations
have reported a broad excess of the gamma ray (at energies
around few GeV) from the Galactic center (GC) above the
expected astrophysical emission through the analyses of
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the data accumulated by the Fermi Large Area Telescope
(LAT) [1-9], which was confirmed later by the exper-
imental group [10]. The excess might be explained by
(unidentified) astrophysical sources such as millisecond
pulsars [5,6,11], which can be an important part of
unresolved point sources fitting the observed data
[12,13]. However, the DM annihilation still remains a
most viable possibility to account for it [10]. Many
collaborations have investigated such a possibility in a
model independent way by classifying various scenarios of
the DM on the basis of the final states of the annihilation
process and in turn quantitatively obtaining the scales of the
mass and the annihilation cross section of the DM that can
fit the gamma-ray excess. As a result, it has been shown that
the DM annihilations into a pair of » quarks [7], leptons
[14], the Higgs bosons [9,15] in the Standard Model (SM),
or new particles which subsequently decay to bb pairs
[16-21] can give good fits to the data with the proper
choices of DM mass and the annihilation cross section.'
The model independent studies typically consider the
DM mass and the annihilation cross section as free
parameters to fit the gamma-ray data for the given anni-
hilation process. In this case, it is obvious that the impact on
other experimental and cosmological constraints is subtle.
Hence, in the end, one has to consider a specific model that
includes a plausible DM candidate and study various other

'See also Ref. [22] for the contribution by a diphoton
production in a dark sector cascade decay with two or more
DM candidates of which the mass gaps are non-negligible.
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theoretical and experimental bounds in connection with the
gamma-ray excess. Preceding model dependent analyses
exist with the main annihilation channel for the GeV scale
excess: the b-quark pair [23-34], the lepton pair [35,36],
and new particles [37-40].

In this paper, we examine if the DM interpretation for
the gamma-ray excess can be realized in a model with a
singlet fermionic dark matter (SFDM) which was originally
proposed in Ref. [41]. In this model, DM interacts with
the SM sector only by the mixing between the SM Higgs
and a singlet scalar. Particularly, we specify the scenario
where such a mixing is quite suppressed to avoid the recent
bounds from the Higgs measurements at the LHC and
various direct detection results of WIMPs, while keeping
the relic density as observed.’ Actually, this secluded
SFDM scenario was previously suggested in Ref. [42] to
provide a viable light WIMP setup.’ Here, we slightly
modify the secluded SFDM scenario by adding a pseudo-
scalar interaction in the dark sector to easily explain the
Fermi gamma-ray excess.

Interestingly, following the analysis in Ref. [9], we could
find the parameters giving good fits to the excess in several
DM annihilation channels, a b-quark pair, Higgs pair, and
new scalar pair (without fixing the decay mode of it by
hand), depending on the mass hierarchies of particles and
couplings. On top of these, we further consider unavoidable
constraints from the antiproton ratio by PAMELA [44]
and AMS-02 [45,46], the gamma-ray emission from the
dwarf spheroidal galaxies by the Fermi-LAT [47], and the
Higgs measurements by the LHC [48]. These bounds are
quite strong, so the annihilation channel to a b-quark pair
remains viable only around the resonance region and after
introducing a mixture of the scalar and pseudoscalar
interactions in the dark sector. The surviving parameters
in all the channels will be our benchmark points for future
study on the collider signals.

The rest of the paper is organized as follows. The
description for the SFDM model is given in Sec. IL
Then, in Sec. III, we calculate the photon energy spectrum
from the SFDM annihilations and in turn perform the fit
to the gamma-ray data by considering other experimental
and cosmological constraints. Section IV is devoted to
conclusions.

II. SINGLET FERMIONIC DARK MATTER

We introduce a real scalar field S and a Dirac fermion
field y, which transform as the singlet under the SM gauge
group. In addition to the SM Lagrangian, the dark
sector Lagrangian with the renormalizable interactions is
given by

?Additional annihilation channels exist at the freeze out other
than the s-channel scalar exchanges.
3See also Ref. [43] for the summary of the related issue.
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L% = g (id — my, )y + 5 0uS0"S
— gs(cos Oy +sin Oy y)S — V(S H), (1)

where

1 b
Vs(S.H) = 5miS? + W HHS + 1, HTHS® + 387+ 71 8%

(2)

The interactions of the singlet sector to the SM sector arise
only through the Higgs portal H"H as given above. Note
that we extend the model proposed in Refs. [41,42,49] by
including the pseudoscalar interaction in the singlet sector.
The inclusion of the pseudoscalar interaction is helpful
for the analysis on the gamma-ray excess since it can
conveniently fit the excess while satisfying the other
constraints as explained in more detail in the next section.”
Together with the SM Higgs potential,

Vsm = —w*H'H + Jo(H'H)?, (3)

the Higgs boson acquires a vacuum expectation value
(VEV) after electroweak symmetry breaking (EWSB),
and it can be written in the unitary gauge as

HZ%(vhih) %

with v, = (v/2Gp)~'/> =246 GeV. The singlet scalar
field also develops a nonzero VEV v, so we expand the
singlet scalar field around the VEV as § = v, 4+ 5. The
mass parameters y*> and mj can be eliminated by using
the minimization conditions of the full potential of the
scalar fields, V¢ + Vgy. The relations are given as follows:

W= Aoy + (A + Aov)y,

A A A
m§ = —<2; +/12> v; — (2; —l—g) 2, (5)

In this setup, the mass term for the scalar fields &7 = (h,s)
18

1 1 o\ [ h
Lo = —~ 0T M2® = — = (I s)<”2” ”’;)( >
2 2 i M3/ \s
(6)
with
Wi = 22007
2= _/111)%1 (323 + 24404 v
' 20y 6 '
M%s = (ll + 2)'21].3')1]# (7)

*See also Refs. [50,51] for the related study.
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Since the off-diagonal term in the mass matrix M3 is
nonvanishing in general, the physical Higgs states are

admixtures of & and s,
sin 0, h
)( ) (8)
cos 0, s

<h1> B < cos 6,
hy B —sind,

where the mixing angle 6, is given by

Y
14++/14+5?
with y = 243 /(43 — pu2). By diagonalizing the mass matrix
in (6), we obtain the tree-level Higgs boson masses as
follows:

1
M =5 [0 i) £ = @)1+ 2] (10)

We assume that /1, corresponds to the SM-like Higgs boson
in what follows.

The Lagrangian in (1) contains the pseudoscalar inter-
action in the singlet sector, which is proportional to sin 6.
After the EWSB, one can perform a chiral rotation of the
singlet fermion field y as

tanf; =

©)

y — ey (11)
and make the imaginary mass term of y vanish by choosing

my, + gsv; cos o
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Then, the mass of the singlet fermion is given as

m,, = (my, + gsvscosf)cosa— gsvgsinfsina

= i\/(mv,o + gsv, cos 0)? + g2v? sin? 0. (13)

Note that we can always take the sign of m, to be
positive by performing the chiral rotation further. By
redefining the singlet fermion field using a chiral rotation
described above, the interaction terms for the singlet
fermion become

—L{E = ggcos Espy + gg sinEspiy’y, (14)
where

_my, cos 8+ ggu;
cosé =—"———— =
my,
my, sin @
m

siné =

(15)

v

Consequently, the independent parameters for the singlet
fermion are m,,, g5, and &. The other six parameters Ay, 4,
Ass A3, A4, and v, with v, = 246 GeV in the scalar sector
determine the masses m;, and m,,, the mixing angle 6,, and
self-couplings of the two physical Higgs particles 5,
and h,. The cubic self-couplings c;j; for h;h;hy interactions
are given as

Ci11 = 649v;c08%0, + (34; + 61,0,)cos?0; sin O, + 61, v, cos O,sin’0, + (A3 + A4v,)sin>6,

Cr12 = —64gv;,c0820, sin @, + 24,v;,(2c0s%0; sin O, — sin’0),)
+ (A4 + 240,) (cos?@, — 2 cos Osin®6,) + (A3 + A4v,) cos O,sin®6),,
Cran = 64gv;, €08 O,sin’0 + 21, v, (cos*d,; — 2 cos O,sin6),)
— (A1 + 24,0,)(2c08%0, sin O, — sin*6,) + (13 + A40,)c0s26, sin 6,
Caop = —6Agu;,sin®d, + (34; + 64,0,)sin’0, cos O — 64, sin 0,c08?0; + (A3 + A4v,)cos b, (16)

Note that ¢, is practically proportional to sin@, since
A +24,v, is vanishing if sin€, = 0, while the other
couplings can remain nonvanishing.

ITII. GALACTIC CENTER GAMMA-RAY EXCESS

Several collaborations have analyzed the Fermi-LAT
data and found statistically significant excesses of gamma
rays at the GC over the predictions of Galactic diffuse
emission models [1,7,8]. Consistency of the previous
results was examined in Ref. [9] for the intensity of the
excess at energies of 2 GeV as a function of Galactic
latitude. It was shown that those excesses typically follow

|
the predictions of a DM profile that is compatible with a
generalized Navarro-Frenk-White density distribution,
which is given by [52,53]

(r/r)"

where r is the distance from the GC. For a canonical profile,
we choose the scale radius r; = 20 kpc and the slope
y = 1.2 and fix the scale density p, by requiring that the
local DM density p = po, = 0.4 GeV/cm? at the location
of the Solar System r = r, = 8.5 kpc.

For the present work, we adopt the photon energy
spectrum of the Fermi GeV excess derived by Calore,

p(r) = (17)
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Cholis, and Weniger (CCW) in Refs. [8,9] including
systematic and statistical errors. The CCW spectrum rises
below 1 GeV, peaking around 2-3 GeV, and has a high-
energy tail up to 100 GeV. Although the excess could be
explained by astrophysical sources like millisecond pulsars
[11], the DM annihilation still remains as an intriguing
explanation.

The gamma-ray differential flux from the annihilation
of a non-self-conjugate DM y over a solid angle AQ is
given by

18
dE 16mn2Z de (18)

where the sum is extended over all possible annihilation
channels into final states f. Here, (ov), is the thermally

averaged annihilation cross section, and dN{ /dE is the DM
prompt gamma-ray spectrum per annihilation to the final
state f. While the annihilation cross section and the spec-
trum per annihilation depend on particle properties, the
astrophysical factor J is determined from the line-of-sight
(l.o.s.) integral over the DM halo profile p(r) averaged for a
region of interest (ROI) AQ,

“58 fu Jo. 7

where y is the angle from the GC. For the ROI in the CCW
analysis (2° < |b| < 20° for Galactic latitude and |£| < 20°
for Galactic longitude) with the canonical profile for
the DM halo, the value of J is given as J.yonical™

2 x 10 GeV?/cm®. However, it is known that there is
a significant uncertainty on the DM density profile near
the GC in particular. If the uncertainty on the DM profile
is included, the J value varies from about 10% to few
times the canonical value. In representing our analysis
results, we will depict the range between 0.19 and 3 times
the canonical one as in Ref. [15]. In practice, we have
extended the allowed range to [0.17, 5.3] for numerical
calculations to find the best-fit parameter point.

The expected spectra from the DM annihilations in our
analysis will be depicted alongside with the systematic
uncertainties from the diagonal elements of the covariance
matrix given in Refs. [8,9]. However, the values of good-
ness-of-fit y? are calculated using the full covariance matrix
which includes the large off-diagonal elements due to the
strong correlation of the systematic uncertainties in differ-
ent energy bins. LanHEP [54] has been used to implement
the SFDM model described in Sec. II, and the photon
spectra from the annihilation of the SFDM are obtained by
using MicrOMEGAs [55]. To illustrate our analysis results,
we choose parameters with the minimum y? while provid-
ing the DM relic density consistent with the observed value,
but by changing the scale factor J explained above.

))dsde, (19)
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TABLE I. Dominant annihilation channels that can contribute
to the gamma-ray excess are listed with the best-fitted masses of
the DM and the singletlike Higgs boson.

Annihilation process m,, (GeV) my,, (GeV)
wr — hy, — bb 49.82 99.416
yy — hy = hih 127.5 213.5
yy — hy — hyhy, hih, 127.5 125.7
wy — hy = hyh, 69.2 35.7

The annihilation of the SFDM through a pure scalar
interaction (sin & = 0) is velocity suppressed. Therefore, it
is inevitable to introduce a pseudoscalar interaction in order
to explain the Fermi gamma-ray excess from the DM
annihilation, taking into account its current velocity at the
GC as small as 1073, For the pure pseudoscalar interaction
(sin& = 1), the main annihilation channel arises from the
s-channel pseudoscalar exchange because the contributions
from #- and u-channels and interference terms are still
p-wave suppressed. Moreover, for the pure pseudoscalar
interaction, the elastic scattering of the DM on the target
nuclei is velocity suppressed, and in consequence, the
constraints from direct detection experiments can easily be
satisfied [51]. In this regard, we mainly consider the pure
pseudoscalar interaction (sin ¢ = 1) but include the analysis
for the case of mixed scalar and pseudoscalar interactions
if it is necessary to fit the gamma-ray excess avoiding
other astrophysical constraints.

The detailed analysis is proceeded by finding the para-
meter space in each scenario of the main annihilation
channels, yy — bb, h;h;(— 4b) for i, j = 1, 2. Note that
these decay modes have been proven to give 5good fits in
model independent analyses by other groups.” The good-
ness of fits can be different in this model dependent study
partly due to theoretical and experimental bounds that
can impose constraints on the model. On the other hand, it
often occurs that several processes contribute to the DM
annihilation, depending on the mass hierarchies of particles
and couplings. The mass values of the SFDM and the
singletlike Higgs boson /, that turn out to give the best
fits are shown in Table I for each dominant annihilation
process, which will be discussed in more detail in the
following subsections. We set the mass of SM-like Higgs
my, =125 GeV throughout our analyses and choose a
small mixing angle sin 8, < 0.12 in order to be compatible
with the SM-like Higgs properties from the LHC analysis
results [48].

A. yy — bb annihilation channel

In the model independent study in Ref. [9], it was
shown that the DM annihilation into bb gives a good fit
(x* = 23.9, p-value 0.35) to the gamma-ray excess data if

SFor example, see Refs. [7,9,17].
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FIG. 1. ({ov) (black solid line) and QA? (red dashed line) as a

function of m,, near the resonance region (m,, ~ m,, /2) in the case
of the pure pseudoscalar interaction. See the text for details. For
m,, =49.82 GeV, Qh? =0.122, and (ov) =1.55x 107> cm? s~

mpy = 48.7 GeV and (ov) =1.75 x 10726 cm®s~! for a
self-conjugate DM. In this subsection, we investigate the
corresponding parameter space in the SFDM model to see
if such a scenario can be realized in the model.

The SM-like Higgs boson /; would decay dominantly to
the yy pair for m,, = 50 GeV unless the coupling for the
decay vertex gg sin @, is small. The current analysis results
on the SM-like Higgs at the LHC [48] indicate that its
invisible branching ratio should be smaller than 13% at
95% C.L., provided that the production of the Higgs boson
is not affected much by unknown new physics effects.
This experimental constraint on the invisible branching
ratio of the Higgs boson implies the upper bound on the
coupling (ggsin6,)> <4 x 1074,

The pair annihilation of the SFDM to a bb pair can
proceed through an s-channel (singletlike) Higgs exchange
diagram. For the yy — h, — bb process, the annihilation
cross section is given by

~ g§sin?26, (mb>2 s
32x vy) (s —my )* +mj T3
Am2\ 3/2
X ( —ﬂ> N., (20)

where /s is the center-of-mass energy of the annihilation
process, I, is the decay width of %,, and N,. is the number of
colors of the b quark. The upper bound of (g sin 6,)* < 4 x
10~* from the LHC results in an annihilation cross section
too small to explain the DM relic density and the Fermi
gamma-ray excess, unless there is a resonance effect
with m;,, = 2m,,. Figure 1 shows such a resonance effect
on the DM relic density Qh? and the thermally averaged
annihilation cross section (ov) at the present Universe.
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FIG. 2. Photon energy spectra for m, = 49.82 GeV with
different 7 values. The DM anmhllatlon is dominated
by the wy — bb process (87%). The Higgs masses are
my, = 1253 GeV, my, _99416 GeV, and Qn? =0.122,
(ov) = 1.55 x 1073 cm’®s™!. > =23.53 (p-value = 0.37) in
the best-fit parameter point with 7 = 0.23.

Qh? (red dashed line) and (6v) (black solid line) are depicted
on different m,, values nearby the resonance region. Here, we
fix the model parameters as follows: For the scalar sector,
Ao = 0.128816, A, = 36.625338 GeV, 1, = —0.131185,
Az = —333.447606 GeV, A4 =5.648618, and o, =
150.017297 GeV, which  gives mh =1253 GeV
my, = 99.416 GeV, andsin 6, = —0. 117.° We also setgg =
0.0958 and sin ¢ = 1, which corresponds to the pure pseu-
doscalar interaction. As m,, increases from 45 GeV, one
can see that the relic density of the DM QA? drops down
but suddenly boosts up after passing the resonance point
my,, = my, /2 ~49.6 GeV.Form, = 49.82 GeV, we obtain
the DM relic density QA% = 0.122, which is consistent
with the current measured value from Planck [56], and the
fraction of the annihilation process of yy — bb reaches
86.8%. However, for the same parameter values, we have
the annihilation cross section {(ov) = 1.55 x 1072° cm® s,
which yields too large a gamma-ray flux at the GC if the
canonical J value is used.

Note that the (ov) value at the GC can be much larger than
the usual thermal annihilation rate at the early Universe. It is
because a small difference in the center-of-mass energy of the
DM annihilation gives a huge difference on the annihilation
cross section in the resonance region. As a consequence,
the choice of the parameter values results in a bad fit to the
gamma-ray data, as one can see in Fig. 2.” However, as

®In this case, (ov) and Qh? are highly sensitive to the exact
Values of the parameters.

"We have used the code and the data provided in Ref. [9] with
modifications for our analysis.
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FIG. 3. (ow) (black solid line) and Qh? (red dashed line) as a

function of m,, near the resonance region (m,, ~ m;,/2) in the
case of the mixed scalar and pseudoscalar interactions. See
the text for details. For m, = 49.706 GeV, Qh? =0.118, and
(ov) = 1.5x 10726 cm3 57!,

mentioned above, the astrophysical J factor has large
uncertainties. Thus, in order to have a desired gamma-ray
flux at the GC, one must have a smaller J value than
the canonical one to compensate a too large (ov). We find
that the best fit (y> = 23.53, p-value = 0.37) to the
Fermi gamma-ray excess is obtained with J = 0.23 for
J = J X J canonical- The corresponding gamma-ray spectrum
is shown as a solid line in Fig. 2, where the gamma-ray
spectra with other J values are shown as well.

Although the Fermi gamma-ray excess at the GC can be
explained for a smaller value of the J factor, the annihi-
lation cross section is too large to evade the constraints
by the observations of the gamma ray from the dwarf
spheroidal galaxies [47]. It sets an upper bound (cv) <
2x 1072 cm?s™! for the non-self-conjugate DM case
with mpy ~ 50 GeV if the majority of the annihilation
products are bb. Furthermore, the bounds from the anti-
proton ratio measured by PAMELA [44] and AMS-02
[45,46] can strongly constrain the parameters for the
w — bb channel. Even taking into account the uncer-
tainties of the propagation models, the bound should be at
least {ov) <2 x 10726 cm®s~! for the non-self-conjugate
DM with mpy ~ 50 GeV.®

To resolve this problem, we can alternatively consider a
mixture of scalar and pseudoscalar interactions between the
singlet scalar and singlet fermion, i.e., sin£ < 1 in order to
reduce the magnitude of (ov) to an acceptable level while
keeping Qh” ~ 0.12 and the direct detection rate of the DM

8See Ref. [57] for various other bounds besides this.
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FIG. 4. Photon energy spectra for m,, = 49.706 GeV with a
mixture of scalar and pseudoscalar interactions between the
singlet scalar and singlet fermion siné = 0.01. Here,
Qh? =0.118, and (ov) =1.5x 1072 cm®s~!. 4% =23.65
(p-value = 0.37) in the best-fit parameter point with 7 = 2.5.

small enough. This is a viable scenario since the annihi-
lation rate and the relic density of the DM depend on the
DM velocity in different ways for the scalar and the
pseudoscalar interactions. For a demonstration of the effect,
we set sin & = 0.01, which is an extreme choice making the
dark sector Yukawa interaction almost scalarlike and
gs = 0.055, while other model parameters are unchanged.
Then, we obtained the annihilation cross section and the
relic density as shown in Fig. 3. The photon flux explaining
the gamma-ray excess is obtained for m,, = 49.706 giving
{ov) = 1.5 x 10726 ¢cm?s~! and Qh? = 0.118. This can be
seen in Fig. 4, and the best fit is obtained with 7 = 2.5.
The annihilation cross section is now within an acceptable
range satisfying the astrophysical constraints mentioned
above. In addition, the spin independent cross section of the
DM recoiling against a neutron or proton is still around
6.3 x 107*® c¢cm?, which is below the bounds from various
direct detection experiments. This is because of the small
mixing angle 6, although we considered mostly scalarlike
interaction syy.

B. yay — h;h, annihilation channel

The annihilation into a nonrelativistic pair of the Higgs
boson can give a good fit to the gamma-ray excess [9,15]. It
has been shown in Ref. [9] that the best y> = 29.5 (p-value
=0.13) is obtained with m, =m, =125.7 GeV and
(ov) =533 x 1072 cm®s™! for a self-conjugate DM that
annihilates into /;h;. Here, we investigate if this scenario
can be realized in the SFDM model. Diagrams for the
annihilation processes yy — h;h; are shown in Fig. 5.

For the pure scalar interaction, i.e., siné =0, the
annihilation cross section vanishes in the zero-velocity

075023-6
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FIG. 5.

limit. On the other hand, for the pure pseudoscalar
interaction i.e., siné =1, only the s-channel diagram
contributes to the annihilation cross section in the zero-
velocity limit. Therefore, magnitudes of cubic couplings
cijr of the Higgses given in (16) play important roles for
the processes yw — h;h; in the zero-velocity limit. The
annihilation cross section for y — h, — h;h;, which
would provide the most important contribution to the
hyh, channel, is given by
gs 4mj, ct1 cos® O

s (s— m%lz)2 + m%ZF% '

ov =

- 32 (21)

If ww annihilation into the h;h; channel opens, the
annihilation rates into the WW and ZZ channels can be
sizable as well. The channels with SM gauge bosons are
known to yield a relatively bad fit to the Fermi gamma-ray
excess [9]. Thus, good fits can be obtained if the DM
annihilation rate into /&, is dominant over WW and ZZ by
having a large value of the cubic coupling ¢, for given
masses my, , my,,, and the mixing angle 6;.

For a specific example, we choose the parameter values
as follows: m,, = 127.5 GeV, gg = 0.098, and siné = 1
for interactions of the SFDM and 1, = 0.1315, 4, =
1237.8 GeV, 4, =—2.0, 43, =—820.5 GeV, 1, = 9.39, and
v, = 306.15 GeV for the scalar sector, which yield Higgs
masses m;, = 124.9 GeV, m;,, = 213.5 GeV, and the mix-
ing angle sinf, = —0.11 with the cubic couplings c¢;;; =
149.0 GeV and cq1, = 268.8 GeV. With this parameter
choice, yr — h;h becomes the most dominant annihilation
process (=96% for the annihilation at the GC), and we have
Qh*=0.12and {(6v) =2.11 x 10726 cm?s~!. The (ov) value
is rather smaller than desired, so a large 7 factor is necessary
to explain the Fermi gamma-ray excess. For J =4, we
obtain the best fit (y> = 31.3, p-value = 0.09), and the
corresponding gamma-ray spectrum is shown in Fig. 6.

The important astrophysical bounds to be considered in
this scenario are the observations of gamma rays from the
dwarf spheroidal galaxies and the antiproton ratio. The
annihilation cross section value that we obtained is below
the upper bound from the dwarf spheroidal galaxies
for a non-self-conjugate DM, 5.2 x 1072 cm?s~! around

m,, = 125 GeV, assuming that the dominant annihilation

process is yr — bb [47]. For the four-body final states,
i.e., yyw — bbbb, the authors of Ref. [16] extracted rough
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Diagrams for yy — h;h; annihilation processes. i, j, k =1, 2.

bounds, but they tend to be less constrained than the
two-body case. Therefore, the best-fit parameter in our
analysis is safe from the gamma-ray bound from the dwarf
spheroidal galaxies. On the other hand, the 45 final state
has been included in the analysis of Ref. [17] in light of the
search results on the antiproton excess combined from
BESS [58], CAPRICE [59], and PAMELA [44]. The value
of the annihilation cross section for m,, = 125 GeV that
we obtained is below this bound if the uncertainties of the
propagation models are included.

C. yyw — hyhy/hih,/h,h, annihilations
in the mass-degenerate case

Another interesting possibility that is closely related to
the ik, channel in the previous subsection arises if two
Higgses h; and h, are almost degenerate in mass. Then,
all the annihilation modes yy — hy, = hyhy/hyhy/hyh,
have no differences in the phase space and provide the same
spectral shape for the photon energy spectrum.

We find the parameter choice giving one of the best fits
for the galactic gamma-ray excess at m,, = 127.5 GeV is
A0=0.13,4,=112.49GeV, 1, = —0.20, 13 = —898.97 GeV,

10° - .
{ GCE spectrum with stat. errors -- J=0.19
correlated syst. errors -- J=1.0
-- J=20
-- J=3.0

100 — J=40

107

E? dN/dE, [GeV cm™ 57! sr7']

10°®

10° 10t 102
E, [GeV]

FIG. 6. Photon energy spectra for m, = 127.5 GeV with
different 7 values. The DM annihilation is dominated
by the wy — hih; process (96%). The Higgs masses are
my, =1249 GeV, my;, =2135GeV, and Qhi? =0.12,
(ov) = 2.11 x 10726 cm?®s™!. x> = 31.32 (p-value = 0.09) in
the best-fit parameter point with 7 = 4.0.
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10% :
{  GCE spectrum with stat. errors -- J=0.19
correlated syst. errors -- J=1.0
-- J=20
-- J=3.0
106 — J=4.822

2 -2 =1 op-1
E; dN/dE7 [GeVcm™ s sr7']

E, [GeV]

FIG. 7. Photon energy spectra for m, = 127.5 GeV with
different J values. The DM annihilation is dominated by
Wy — hh; (i,j=1,2) process (=100%). The Higgs masses
are my, =1255GeV, my,, = 1257 GeV, and Qh? =0.12,
(ov) = 1.71 x 10726 cm®s7!. 42 = 30.8 (p-value = 0.1) in the
best-fit parameter point with J = 4.822.

Ay =597, v, =277.01 GeV, and ¢g=0.085, which
gives m;, =125.5GeV, m;,, =125.7GeV, sinf; = —0.11,
Cyn = 705.8 GeV, and c;,, = —177.8 GeV. In this case,
the process yy — hy, — hyh, is the most dominant since
the amplitude is not suppressed by the smallness of the
mixing angle sin 6, and the magnitude of ¢,,, is much larger
than that of c,,. Note that the values of ¢,y, (and ¢y5,) can
be arbitrarily given without affecting the scalar masses
and mixing angle. The annihilation cross section for yiy —
hy, — hyh, is given by

2
g_g . 4mj, 35, cos? O, (22)

oV = .
s (s— m%lz)2 + miZF%

327

With those parameters, we obtain the DM relic density
Qh?> =0.12 and the total annihilation cross section
(ov) = 1.71 x 10726 cm?® s~!. The fraction of the DM
annihilation rate to h,h, is 88.2%, while that to hh, is
11.6%. The annihilation cross section value is in the
allowed region for the constraints from the dwarf spheroi-
dal galaxies [16] and also from the antiproton measure-
ments [17], but J = 4.822 is required to explain the Fermi
gamma-ray excess. We obtain an acceptable fit (y> = 30.8,
p-value = 0.1) with this large 7 factor. The corresponding
gamma-ray spectrum is shown in Fig. 7.

D. yay — h,h, annihilation channel

One of the interesting features of the SFDM model is that
there is a mediator /,, which is an important new particle
for realizing what is called the secluded WIMP scenario in
our setup [42,60]. Various mediator particles have been
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introduced in several model independent studies to explain
the Fermi gamma-ray excess from the production of a pair
of the light mediator particle with its subsequent cascade
decay into SM fermions [16-18,20,21,38,61]. In the model
independent study of Ref. [16], it was shown that the DM
annihilation into a pair of new particles (¢»¢) with subsequent
¢ decay to bb gives a good fit (y*> = 23.1) if mpy =
65 GeV, my=mpy/2, and (ov) =2.45x10"20cm’s™! for
a self-conjugate DM. In this subsection, we consider the
corresponding channel in our model and find the best-fit
parameters by varying the masses.

The fraction of the DM annihilation rate for yy — hyh,
with m,, =70 GeV and m;, < m,, can easily become as
large as 100% by taking suitable parameter values of the
model. We also found that the best-fit spectrum is obtained
if my, ~m, /2, as pointed out in the model independent
study [16]. Finding parameters for the good fits, we further
consider the bound from the search of exotic Higgs decays
[48] due to the decay mode iy — hyh, — 4b. Our choice
of model parameters for the best fit is as follows: m,, =
69.2 GeV, g¢=0.056, m; =125.1GeV, m;, = 35.7 GeV,
sinf;, = 0.025, and ¢y =215.1 GeV from Ay =0.13,
A1 =4.5GeV, 1,=-0.0055, 13=—391.51GeV, 4, = 2.20,
and v, = 276.21 GeV. With these parameters, the dominant
contribution for the DM annihilation comes from the
Wy — hy, — hyh, process. See Eq. (22) for the correspond-
ing annihilation cross section formula. Here, the relic density
Qh* = 0.121 and (ov) =226 x 10726 cm®s~!. We find
that a good value of y*> = 23.19 (p-value = 0.39) can be
obtained with a moderate J factor value, J = 2.2. The
corresponding gamma-ray spectrum is shown in Fig. 8.

10° - ,
{  GCE spectrum with stat. errors -- J=0.19
correlated syst. errors -- J=10
-- J=20
- J=3.0

10 — J=22

107}

E,f dN/dE, [GeV cm~2 57! gr1]

10°®

10° 10t 102

FIG. 8. Photon energy spectra for m, = 69.2 GeV with
different J values. The DM annihilation is dominated by
the wi — hyh, process (=100%). The Higgs masses are
my, =125.1 GeV, my,, =357 GeV, and Qh*=0.121,
(ov) = 2.26 x 10726 cm?®s™!. x> =23.19 (p-value = 0.39) in
the best-fit parameter point with 7 = 2.2.
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The astrophysical bounds can be important like the
previous scenarios. The analysis results on the gamma-
ray search coming from the dwarf spheroidal galaxies in
Ref. [16] show that the upper bound of the annihilation
rate of yy — hyh, — 4b is expected to be at least 3.3 x
10726 em?s™" with m,, = 70 GeV for a non-self-conjugate
DM. Therefore, our (6v) value from the best-fit parameters
is below the current upper bound. Following the antiproton
bound for the 45 final state analyzed in [17], as commented
in previous subsections, {ov) =2.26 x 1072 cm®s~! at
m,, =70 GeV is below the bound if the uncertainties in the

propagation models are taken into consideration.

IV. CONCLUSIONS

In this paper, we considered a model with the SFDM, in
which the mechanism of the thermal freeze-out is secluded
from its observations in the direct detection and collider
experiments. In addition to suppressing the mixing angle
between the SM Higgs boson and the singlet scalar, we
introduced a pseudoscalar interaction at the singlet sector to
amplify the secludedness. In this type of model, the DM
search is generically difficult in the direct detection and
collider experiments due to the secludedness. Nonetheless,
various indirect detection results can shed light on the
parameter space to be probed. As an observational guide,
we applied the model to the recent results on a few GeV
level gamma-ray excess at the GC revealed by the analyses
on the Fermi-LAT data, which has been a hot issue on both
the theoretical and experimental sides to date.

For a concrete analysis, we adopted the results by CCW
and applied the systematic uncertainties estimated by them.
Then, we categorized the annihilation processes depending
on the final states, yi — bb, hyhy, hyh,/hyhy/hyhy, or
h,h,, where the latter three channels are cascade processes
producing multiple SM fermions or gauge bosons. The
direction of our paper is not just explaining the gamma-ray
excess but finding the model parameter values preferred
by the observation and the constraints for the future study
of the SFDM model. In this regard, other astrophysical
constraints such as gamma-ray bounds from the dwarf
spheroidal galaxies (by Fermi-LAT) and searches of
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antiproton excesses (by PAMELA and AMS-02) together
with LHC bounds on the Higgs boson are taken into account
in our study. In order to satisfy these bounds, we keep the
value of the observed relic density of the DM while adopting
the large uncertainties of the DM density profile near the GC
to obtain the best-fit parameter point in each channel.
Our analysis found that the excess can be obtained with
the similar level of y* values as those in various model
independent searches, particularly for yay — h, — bb and
hyh, channels with (m,,,m;,)=(49.82GeV,99.416GeV),
(69.2 GeV, 35.7 GeV), respectively, considering the pure
pseudoscalar interaction in the dark sector. However, the
former case is again strongly constrained from astrophysical
and collider bounds commented above, so a mixture of the
singlet and pseudoscalar interaction in the dark sector is
needed.

Although it is not easy to find the signals of the secluded
SFDM model at the current level of the LHC, we may
observe those in the future high luminosity LHC or next
generation colliders. In particular, various channels by
trilinear Higgs interactions can provide interesting signals.
We will proceed with the collider analyses for the parameter
space found in this work, targeting their signatures at the
LHC and future colliders [62].

ACKNOWLEDGMENTS

Y.G. K. is supported by the Basic Science Research
Program through the National Research Foundation
of Korea (NRF), funded by the Korean Ministry of
Education, Science and Technology (Grant No. NRF-
2013R1A1A2012392), and by a research grant (FY
2015) of Gwangju National University of Education.
K.Y.L. is supported by Basic Science Research
Program through the NRF, funded by the Ministry of
Science, ICT, and Future Planning (Grant No. NRF-
2015R1A2A2A01004532). S.S. thanks Jong-Chul Park
for useful discussions on various astrophysical constraints.
S.S. also thanks the University of Tokyo and the Korea
Institute for Advanced Study for hospitality and support
during the completion of this work.

[1] L. Goodenough and D. Hooper, arXiv:0910.2998; D.
Hooper and L. Goodenough, Phys. Lett. B 697, 412 (2011).

[2] D. Hooper and T. Linden, Phys. Rev. D 84, 123005
(2011).

[3] K.N. Abazajian and M. Kaplinghat, Phys. Rev. D 86,
083511 (2012); 87, 129902 (2013).

[4] D. Hooper and T. R. Slatyer, Phys. Dark Univ. 2, 118 (2013).

[5] C. Gordon and O. Macias, Phys. Rev. D 88, 083521 (2013);
89, 049901 (2014).

[6] K. N. Abazajian, N. Canac, S. Horiuchi, and M. Kaplinghat,
Phys. Rev. D 90, 023526 (2014).

[7] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N.
Portillo, N. L. Rodd, and T. R. Slatyer, Phys. Dark Univ. 12,
1 (2016).

075023-9


http://arXiv.org/abs/0910.2998
http://dx.doi.org/10.1016/j.physletb.2011.02.029
http://dx.doi.org/10.1103/PhysRevD.84.123005
http://dx.doi.org/10.1103/PhysRevD.84.123005
http://dx.doi.org/10.1103/PhysRevD.86.083511
http://dx.doi.org/10.1103/PhysRevD.86.083511
http://dx.doi.org/10.1103/PhysRevD.87.129902
http://dx.doi.org/10.1016/j.dark.2013.06.003
http://dx.doi.org/10.1103/PhysRevD.88.083521
http://dx.doi.org/10.1103/PhysRevD.89.049901
http://dx.doi.org/10.1103/PhysRevD.90.023526
http://dx.doi.org/10.1016/j.dark.2015.12.005
http://dx.doi.org/10.1016/j.dark.2015.12.005

KIM, LEE, PARK, and SHIN

[8] F. Calore, I. Cholis, and C. Weniger, J. Cosmol. Astropart.
Phys. 03 (2015) 038.

[9] F. Calore, 1. Cholis, C. McCabe, and C. Weniger, Phys. Rev.
D 91, 063003 (2015).

[10] M. Ajello et al. (Fermi-LAT Collaboration), Astrophys. J.
819, 44 (2016).

[11] K. N. Abazajian, J. Cosmol. Astropart. Phys. 03 (2011) 010;
Q. Yuan and B. Zhang, J. High Energy Astrophys. 3-4, 1
(2014).

[12] R. Bartels, S. Krishnamurthy, and C. Weniger, Phys. Rev.
Lett. 116, 051102 (2016).

[13] S.K. Lee, M. Lisanti, B. R. Safdi, T. R. Slatyer, and W. Xue,
Phys. Rev. Lett. 116, 051103 (2016).

[14] T. Lacroix, C. Boehm, and J. Silk, Phys. Rev. D 90, 043508
(2014).

[15] P. Agrawal, B. Batell, P.J. Fox, and R. Harnik, J. Cosmol.
Astropart. Phys. 05 (2015) O11.

[16] B. Dutta, Y. Gao, T. Ghosh, and L. E. Strigari, Phys. Rev. D
92, 075019 (2015).

[17] J. M. Cline, G. Dupuis, Z. Liu, and W. Xue, Phys. Rev. D
91, 115010 (2015).

[18] A. Rajaraman, J. Smolinsky, and P. Tanedo, arXiv:
1503.05919.

[19] P. Ko and Y. Tang, arXiv:1504.03908.

[20] M. Abdullah, A. DiFranzo, A. Rajaraman, T. M. P. Tait, P.
Tanedo, and A. M. Wijangco, Phys. Rev. D 90, 035004
(2014).

[21] G. Elor, N.L. Rodd, and T.R. Slatyer, Phys. Rev. D 91,
103531 (2015).

[22] D. Kim and J. C. Park, Phys. Dark Univ. 11, 74 (2016).

[23] J. D. Ruiz-Alvarez, C.A. de S.Pires, F.S. Queiroz, D.
Restrepo, and P.S. Rodrigues da Silva, Phys. Rev. D 86,
075011 (2012).

[24] N. Okada and O. Seto, Phys. Rev. D 89, 043525 (2014).

[25] K. P. Modak, D. Majumdar, and S. Rakshit, J. Cosmol.
Astropart. Phys. 03 (2015) O11.

[26] A. Alves, S. Profumo, F.S. Queiroz, and W. Shepherd,
Phys. Rev. D 90, 115003 (2014).

[27] S. Ipek, D. McKeen, and A. E. Nelson, Phys. Rev. D 90,
055021 (2014).

[28] T. Mondal and T. Basak, Phys. Lett. B 744, 208 (2015).

[29] L. Wang and X.F. Han, Phys. Lett. B 739, 416 (2014).

[30] K. Ghorbani, J. Cosmol. Astropart. Phys. 01 (2015) 015.

[31] J. Cao, L. Shang, P. Wu, J. M. Yang, and Y. Zhang, Phys.
Rev. D 91, 055005 (2015).

[32] K. Ghorbani and H. Ghorbani, Phys. Rev. D93, 055012
(2016).

[33] K. Ghorbani and H. Ghorbani, Phys. Rev. D 91, 123541
(2015).

[34] M. Duerr, P.F. Perez, and J. Smirnov, arXiv:1510.07562.

[35] B. Kyae and J. C. Park, Phys. Lett. B 732, 373 (2014).

[36] J.C. Park, S.C. Park, and J. Kim, Phys. Lett. B 752, 59
(2016).

PHYSICAL REVIEW D 93, 075023 (2016)

[37] C. Boehm, M. J. Dolan, and C. McCabe, Phys. Rev. D 90,
023531 (2014).

[38] A. Berlin, P. Gratia, D. Hooper, and S.D. McDermott,
Phys. Rev. D 90, 015032 (2014).

[39] D. G. Cerdeno, M. Peiro, and S. Robles, Phys. Rev. D 91,
123530 (2015).

[40] J. Cao, L. Shang, P. Wu, J. M. Yang, and Y. Zhang, J. High
Energy Phys. 10 (2015) 030.

[41] Y. G. Kim, K. Y. Lee, and S. Shin, J. High Energy Phys. 05
(2008) 100; arXiv:0809.2745.

[42] Y. G. Kim and S. Shin, J. High Energy Phys. 05 (2009)
036.

[43] K.J. Bae, H. D. Kim, and S. Shin, Phys. Rev. D 82, 115014
(2010); S. Shin, Proc. Sci., IDM2010 (2011) 094.

[44] O. Adriani et al. (PAMELA Collaboration), Phys. Rev. Lett.
105, 121101 (2010).

[45] S. Ting, Proc. Sci., ICRC2015 (2015) 036; A. Kounine,
Proc. Sci., ICRC2015 (2015) 300.

[46] G. Giesen, M. Boudaud, Y. Genolini, V. Poulin, M. Cirelli,
P. Salati, and P. D. Serpico, J. Cosmol. Astropart. Phys. 09
(2015) 023.

[47] M. Ackermann et al. (Fermi-LAT Collaboration),
Phys. Rev. Lett. 115, 231301 (2015).

[48] ATLAS and CMS Collaborations, Report No. ATLAS-
CONF-2015-044; CMS Collaboration, Report No. CMS-
PAS-HIG-15-002.

[49] Y. G. Kim and K. Y. Lee, Phys. Rev. D 75, 115012 (2007).

[50] M. A. Fedderke, J. Y. Chen, E. W. Kolb, and L. T. Wang,
J. High Energy Phys. 08 (2014) 122.

[51] L. Lopez-Honorez, T. Schwetz, and J. Zupan, Phys. Lett. B
716, 179 (2012).

[52] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys. J.
462, 563 (1996).

[53] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys. J.
490, 493 (1997).

[54] A. Semenov, Comput. Phys. Commun. 180, 431 (2009);
A. Semenov, arXiv:1412.5016.

[55] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov,
Comput. Phys. Commun. 192, 322 (2015).

[56] P.A.R. Ade et al. (Planck Collaboration),
1502.01589.

[57] K. Kong and J. C. Park, Nucl. Phys. B888, 154 (2014).

[58] S. Orito et al. (BESS Collaboration), Phys. Rev. Lett. 84,
1078 (2000); Y. Asaoka et al., Phys. Rev. Lett. 88, 051101
(2002).

[59] M. Boezio et al. (WiZard/CAPRICE Collaboration),
Astrophys. J. 561, 787 (2001).

[60] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B
662, 53 (2008).

[61] E.C.FE.S. Fortes, V. Pleitez, and F. W. Stecker, Astropart.
Phys. 74, 87 (2016).

[62] Y. G. Kim, K. Y. Lee, C. B. Park, and S. Shin (unpublished).

arXiv:

075023-10


http://dx.doi.org/10.1088/1475-7516/2015/03/038
http://dx.doi.org/10.1088/1475-7516/2015/03/038
http://dx.doi.org/10.1103/PhysRevD.91.063003
http://dx.doi.org/10.1103/PhysRevD.91.063003
http://dx.doi.org/10.3847/0004-637X/819/1/44
http://dx.doi.org/10.3847/0004-637X/819/1/44
http://dx.doi.org/10.1088/1475-7516/2011/03/010
http://dx.doi.org/10.1016/j.jheap.2014.06.001
http://dx.doi.org/10.1016/j.jheap.2014.06.001
http://dx.doi.org/10.1103/PhysRevLett.116.051102
http://dx.doi.org/10.1103/PhysRevLett.116.051102
http://dx.doi.org/10.1103/PhysRevLett.116.051103
http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1088/1475-7516/2015/05/011
http://dx.doi.org/10.1088/1475-7516/2015/05/011
http://dx.doi.org/10.1103/PhysRevD.92.075019
http://dx.doi.org/10.1103/PhysRevD.92.075019
http://dx.doi.org/10.1103/PhysRevD.91.115010
http://dx.doi.org/10.1103/PhysRevD.91.115010
http://arXiv.org/abs/1503.05919
http://arXiv.org/abs/1503.05919
http://arXiv.org/abs/1504.03908
http://dx.doi.org/10.1103/PhysRevD.90.035004
http://dx.doi.org/10.1103/PhysRevD.90.035004
http://dx.doi.org/10.1103/PhysRevD.91.103531
http://dx.doi.org/10.1103/PhysRevD.91.103531
http://dx.doi.org/10.1016/j.dark.2016.01.001
http://dx.doi.org/10.1103/PhysRevD.86.075011
http://dx.doi.org/10.1103/PhysRevD.86.075011
http://dx.doi.org/10.1103/PhysRevD.89.043525
http://dx.doi.org/10.1088/1475-7516/2015/03/011
http://dx.doi.org/10.1088/1475-7516/2015/03/011
http://dx.doi.org/10.1103/PhysRevD.90.115003
http://dx.doi.org/10.1103/PhysRevD.90.055021
http://dx.doi.org/10.1103/PhysRevD.90.055021
http://dx.doi.org/10.1016/j.physletb.2015.03.055
http://dx.doi.org/10.1016/j.physletb.2014.11.016
http://dx.doi.org/10.1088/1475-7516/2015/01/015
http://dx.doi.org/10.1103/PhysRevD.91.055005
http://dx.doi.org/10.1103/PhysRevD.91.055005
http://dx.doi.org/10.1103/PhysRevD.93.055012
http://dx.doi.org/10.1103/PhysRevD.93.055012
http://dx.doi.org/10.1103/PhysRevD.91.123541
http://dx.doi.org/10.1103/PhysRevD.91.123541
http://arXiv.org/abs/1510.07562
http://dx.doi.org/10.1016/j.physletb.2014.04.003
http://dx.doi.org/10.1016/j.physletb.2015.11.035
http://dx.doi.org/10.1016/j.physletb.2015.11.035
http://dx.doi.org/10.1103/PhysRevD.90.023531
http://dx.doi.org/10.1103/PhysRevD.90.023531
http://dx.doi.org/10.1103/PhysRevD.90.015032
http://dx.doi.org/10.1103/PhysRevD.91.123530
http://dx.doi.org/10.1103/PhysRevD.91.123530
http://dx.doi.org/10.1007/JHEP10(2015)030
http://dx.doi.org/10.1007/JHEP10(2015)030
http://dx.doi.org/10.1088/1126-6708/2008/05/100
http://dx.doi.org/10.1088/1126-6708/2008/05/100
http://arXiv.org/abs/0809.2745
http://dx.doi.org/10.1088/1126-6708/2009/05/036
http://dx.doi.org/10.1088/1126-6708/2009/05/036
http://dx.doi.org/10.1103/PhysRevD.82.115014
http://dx.doi.org/10.1103/PhysRevD.82.115014
http://dx.doi.org/10.1103/PhysRevLett.105.121101
http://dx.doi.org/10.1103/PhysRevLett.105.121101
http://dx.doi.org/10.1088/1475-7516/2015/9/023
http://dx.doi.org/10.1088/1475-7516/2015/9/023
http://dx.doi.org/10.1103/PhysRevLett.115.231301
http://dx.doi.org/10.1103/PhysRevD.75.115012
http://dx.doi.org/10.1007/JHEP08(2014)122
http://dx.doi.org/10.1016/j.physletb.2012.07.017
http://dx.doi.org/10.1016/j.physletb.2012.07.017
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1016/j.cpc.2008.10.012
http://arXiv.org/abs/1412.5016
http://dx.doi.org/10.1016/j.cpc.2015.03.003
http://arXiv.org/abs/1502.01589
http://arXiv.org/abs/1502.01589
http://dx.doi.org/10.1016/j.nuclphysb.2014.09.014
http://dx.doi.org/10.1103/PhysRevLett.84.1078
http://dx.doi.org/10.1103/PhysRevLett.84.1078
http://dx.doi.org/10.1103/PhysRevLett.88.051101
http://dx.doi.org/10.1103/PhysRevLett.88.051101
http://dx.doi.org/10.1086/323366
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.astropartphys.2015.10.010
http://dx.doi.org/10.1016/j.astropartphys.2015.10.010

