PHYSICAL REVIEW D 89, 095001 (2014)
Neutrino mass and dark matter in light of recent AMS-02 results
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We study a simple extension of the Standard Model supplemented by an electroweak triplet scalar field
to accommodate small neutrino masses by the type-II seesaw mechanism, while an additional singlet scalar
field can play the role of cold dark matter (DM) in our Universe. This DM candidate is leptophilic for a
wide range of model parameter space, and the lepton flux due to its annihilation carries information about
the neutrino mass hierarchy. Using the recently released high-precision data on positron fraction and flux
from the AMS-02 experiment, we examine the DM interpretation of the observed positron excess in our
model for two kinematically distinct scenarios with the DM and triplet scalar masses (a) nondegenerate
(mpy > my) and (b) quasidegenerate (mpy = m,). We find that a good fit to the AMS-02 data
can be obtained in both cases (a) and (b) with a normal hierarchy of neutrino masses, while the inverted
hierarchy case is somewhat disfavored. Although we require a larger boost factor for the normal hierarchy
case, this is still consistent with the current upper limits derived from Fermi-LAT and IceCube data
for case (a). Moreover, the absence of an excess antiproton flux as suggested by PAMELA data sets
an indirect upper limit on the DM-nucleon spin-independent elastic scattering cross section, which
is stronger than the existing DM direct detection bound from LUX in the AMS-02 preferred DM

mass range.
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I. INTRODUCTION

Recently the AMS-02 collaboration has reported a
significant excess in the cosmic-ray positron fraction over
the expected background in the energy range 10-350 GeV
[1,2]. This high precision measurement of the positron
fraction confirms its steady rise in this energy range as
previously observed by PAMELA [3.4] (recently updated
in [5]) and Fermi-LAT [6] (for earlier experiments, see, €.g.,
TS93 [7], WIZARDS/CAPRICE [8], HEAT [9,10] and
AMS-01 [11]). Such a rise cannot be explained in the
standard astrophysical picture where cosmic-ray positrons
and antiprotons are mostly produced as secondary particles
due to nuclear interactions of high energy cosmic-ray
protons with the interstellar medium (ISM), and no
corresponding increase in the antiproton flux has been
observed [12—14]. Moreover, the observed energy spectrum
of positron fraction shows no fine structure, and the
positron to electron ratio shows no observable anisotropy
[2] (which would have been induced by primary sources of
cosmic-ray positrons and electrons). These observations,
together with the excess in total electron or positron flux
observed by ATIC [15] (also PPB-BETS [16]), HESS
[17,18], Fermi-LAT [6,19,20], PAMELA [21], and more
recently by AMS-02 [2] in the energy range 1-700 GeV,
suggest the existence of some new relatively local primary
source(s) of high energy electrons or positrons, from either
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a particle physics or an astrophysical origin (for reviews,
see, e.g., [22,23]).l

A possible particle physics interpretation of the positron
excess observed by AMS-02 is the annihilation/decay of
TeV-scale dark matter (DM) particle(s) [27—38].2 This
scenario usually requires much larger annihilation cross
section than that required to explain the DM relic abun-
dance in the Universe through thermal freeze-out. In
addition, since the PAMELA antiproton flux shows no
excess over expected cosmic-ray background [13,14], any
DM model attempting to explain the positron excess should
be leptophilic, i.e., predominantly producing leptonic final
states rather than hadrons. These models are also subject to
strong constraints due to radio flux via synchrotron
emission [40,41] and diffuse y-ray flux via bremsstrahlung
and inverse Compton scattering [40-45]. Besides these
cosmic-ray signals, a large DM annihilation rate could also
affect the light element abundances in the Big Bang
Nucleosynthesis (BBN) epoch [46,47], and also affect
the ionization history, thereby distorting the Cosmic
Microwave Background (CMB) spectrum [48-52]. Using

"Yet another possibility to explain the excess positron fraction
without invoking a new primary source is to modify the galactic
cosmic-ray propagation models (see, e.g., [24-26]).

*For earlier studies in the context of PAMELA and Fermi-LAT
results, see, e.g., [23,39] and references therein.
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the precision positron excess data from AMS-02, stringent
upper limits on the DM annihilation rate have been derived
[53,54] for DM masses below ~300 GeV, annihilating to
leptonic final states.

Astrophysical accelerators like pulsars (fast rotating
magnetized neutron stars) and pulsar wind nebulae are
also known to be powerful sources of energetic electron-
positron pairs within our Galaxy, and provide an alternative
explanation of the AMS-02 result [37,38,55,56], though
plagued by large inherent astrophysical uncertainties, e.g.,
the number and energy distribution of electron-positron
pairs injected into the ISM. Although currently we cannot
discriminate between a DM and pulsar origin of the
observed positron excess, the future precision data from
AMS-02, especially on secondary-to-primary ratios of
cosmic-ray nuclei species, may be able to solve this
longstanding issue [57-60]. Note that if the observed
positron excess has a particle physics origin, it is expected
to be isotropic in nature. The recent updates from AMS-02
[2] indicate such an isotropy in the fluctuation of the
positron ratio, with an upper limit on the amplitude of
dipole anisotropy, ¢ < 0.030 at 95% CL for any axis in
galactic coordinates in the energy range of 16-350 GeV.
However, this cannot yet be taken as an evidence against an
astrophysical origin of the positron excess due to the
inherent uncertainties associated with source and propa-
gation effects (see, e.g., [60]).

In this paper we provide a particle physics interpretation
of the AMS-02 results in a simple extension of the
SM accommodating nonzero neutrino masses as well
as a cold DM candidate. The particle content of the
SM is supplemented by an SU(2),-triplet scalar field
A= (AT, A%, A%, thus leading to nonzero neutrino
masses via type-II seesaw mechanism [61-65]. Apart from
explaining neutrino masses, some other nice features of
type-II seesaw models are: (a) restoration of the electro-
weak vacuum stability up to the Planck scale for a large
range of model parameter space [66—73], and (b) rich LHC
phenomenology for a low seesaw scale [74—77] since the
SU(2), -triplet scalars directly couple to the SM gauge
bosons and leptons. In addition, light triplet scalars can
significantly modify the Higgs-to-diphoton [77-79] and
Higgs-to-Z + photon [80-82] decay rates which are corre-
lated in the type-II seesaw model for most of the allowed
parameter space [72,83]. In fact, for an observable (= 10%)
enhancement in the Higgs-to-diphoton rate over its SM
expectation, there exists an upper bound on the triplet mass
(<450 GeV) from vacuum stability requirements [72], thus
making these triplet scalars completely accessible at the
LHC. It may be noted here that the latest ATLAS results
still show a persistent excess in the 4 — yy signal strength:
PATEAS = 1.551033 [84], whereas the corresponding CMS
best-fit value is much lower: go > MVA = 0.78793% from
MVA analysis, whereas their cut-based analysis gives

S = 1.114032 [85]. More data on precision Higgs
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measurements in future should be able to resolve this
discrepancy between the two experiments.

The required DM content of the Universe [86] can be
easily accommodated in a nonsupersymmetric scenario by
adding a SM singlet scalar field (D) [87-91] whose
stability can be guaranteed by assigning it an odd Z,-
parity. When embedded in the type-II seesaw, the lepto-
philic nature of D, as required to fit the AMS-02 data, can
be attributed to its interactions with the SU(2), -triplet
scalar field A which dominantly decays to leptonic final
states for a small triplet vacuum expectation value (VEV)
va < 0.1 MeV. An important distinguishing feature of this
model is that the final-state lepton flavor due to DM
annihilation is intimately connected to the neutrino mass
hierarchy through the Dirac Yukawa coupling in the model.
Thus the amount of electron or positron flux produced from
the DM annihilation, and hence, the goodness of fit to the
AMS-02 data, which now offer an unprecedented accuracy,
can provide a new probe of the neutrino mass hierarchy in
this class of models.’

In its minimal version, this model requires a large “boost
factor" of order 10°-10* in the DM annihilation rate to
explain the observed positron excess. Such a boost factor
could have either an astrophysical origin due to small-scale
inhomogeneities in the DM density distribution which
cannot be excluded even with the highest resolution
numerical simulations available at present [99], or a particle
physics origin due to the Breit-Wigner enhancement
mechanism [100-102] which can be easily implemented
in our model, for instance, by introducing another Z,-even
singlet real scalar field S coupling to both D and A [92]. We
find that such large boost factors, as required to explain the
AMS-02 positron data, are still consistent with the current
upper limits on DM annihilation to neutrinos and gamma-
rays derived from IceCube [103,104] and Fermi-LAT [105]
data respectively, except for the case in which the DM
and triplet masses are quasidegenerate. We perform a
x>-minimization taking into account the AMS-02 positron
fraction data to find the 3¢ allowed ranges of the DM mass
and boost factor in our model. It turns out that the goodness
of fit for the normal hierarchy (NH) case is somewhat better
than for the inverted hierarchy (IH) case, thus implying that
this model prefers a NH of neutrino masses. This is one of
the main results of our paper.

After fixing the model parameters to fit the AMS-02
positron excess, we calculate the model predictions for total
electron plus positron flux and find that it is consistent for
the NH case with the recently released AMS-02 flux [2],
while the IH case is again disfavored as it gives a larger flux
in the high energy part of the spectrum. The predictions for

3For some earlier analyses explaining nonzero neutrino masses
as well as the positron excess in the context of PAMELA results,
see, e.g., [92-95]. For another class of naturally leptophilic DM
scenarios, see [96-98].
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the diffuse photon flux in this model are also consistent
with the latest Fermi-LAT results [106]. Finally, we justify
the leptophilic nature of the DM candidate in our model, as
required to explain the AMS-02 positron excess and the
absence of a corresponding excess in the observed anti-
proton flux from PAMELA [13,14], which leads an upper
limit on the DM-Higgs scalar quartic coupling, 44 < 0.06.
This implies an indirect upper limit on the DM-nucleon
spin-independent scattering cross section of about
107%6 c¢m? (for a DM mass of 1 TeV) which is roughly
two orders of magnitude stronger than the current direct
detection experimental bound from LUX [107].

The rest of the paper is organized as follows: In Sec. Il
we briefly discuss the relevant features of the model and
obtain a fit to the neutrino oscillation data for both normal
and inverted hierarchies, in Sec. II A we summarize the
current experimental constraints in the triplet scalar sector,
and in Sec. II B we calculate the DM annihilation rate in
this model. In Sec. Il we perform a y>-fit to the AMS-02
positron fraction data for both NH and IH cases in two
distinct kinematic regimes. In Sec. IV we compare our
model predictions for various fluxes: total electron +
positron flux, photon flux and neutrino flux with the
corresponding experimental results. In Sec. V we comment
on the effect of a large DM-Higgs quartic coupling 14 on

|

A

V(@A) = —m3 (210) + 3 (870) + MITr(A'A)

+ £ [Tr(ATA)]? +
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our model predictions. Finally, our conclusions are given
in Sec. VL

II. THE MODEL

In the minimal type-II seesaw model, in addition to the
SM fields, a triplet scalar field A is introduced, which
transforms as (3,2) under the SU(2), x U(1), gauge group,

A+
), D

A =
A —AT/V2

where ;s are the usual 2 x2 Pauli matrices, and
Ay = (AT A% /2, Ay =i(ATT =A%) /2, Ay = AT
The Yukawa Lagrangian for this model is given by

L
V2

where C is the Dirac charge conjugation matrix with respect
to the Lorentz group, (Y, );; denotes the Yukawa couplings
in the lepton sector, and L; = (v;,7;)] (with i = e, u, 7) is
the SU(2), lepton doublet.

Following the notation used in [72], the scalar potential
relevant for the minimal type-II seesaw can be written as

Ly =LM—-—(Y,),L]CiorAL; +Hec.,  (2)

A N

5 ([Tr(ATA)P = Tr[(AA)])

A
+ 24(TD)Tr(ATA) + AsDF[AT, A]® + <7% ®Tic, AT D + H.c.> , 3)

where ® = (¢*,¢")T is the SM Higgs doublet. The
coupling constants 4; can be chosen to be real through a
phase redefinition of the field A. Also, we have chosen
m% >0 in order to ensure the spontaneous symmetry
breaking of the SU(2), x U(1)y gauge group to U(1),
by a nonzero VEV of the neutral component of the SM
Higgs doublet ®, (¢°) = v/v/2 with v =246.2 GeV,
while M3 can be of either sign.

Note that the Ag term in Eq. (3) is the only source of
lepton number violation at the Lagrangian level before the
spontaneous symmetry breaking. A nonzero VEV for the
Higgs doublet field ¢ induces a tadpole term for the scalar
triplet field A via this term in Eq. (3), thereby generating a
nonzero VEV for its neutral component, (6°) = v,/v/2,
and breaking lepton number by two units. This results in
the following Majorana mass matrix for the neutrinos:

|

C12€13
_ is
U= | —s12023 — c12823513€

is
S12823 — C12€23513€

$12€13
i5
C12€23 — §12523513€

is
—C12823 — §12€23513€

|
(M,);; = va(¥Ya)- 4)

In order to satisfy the low-energy neutrino oscillation data
[108], we fix the structure of the Yukawa coupling matrix
YA using Eq. (4):

M, 1
YA = — = —
UA N

MU, Q)

where M3 = diag(m,,m,.m;) is the diagonal neutrino
mass eigenvalue matrix, and U is the standard Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) mixing matrix which is
usually parametrized in terms of the three mixing angles
015, 053,013, and one Dirac (5) and two Majorana (a;, @,)
CP phases:

s13e710

$23C13 X diag(ei"l/z, eiaz/Z’ 1)’

€23C13
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where ¢;; = cos 0;;, s;; = sin 0;;. For our illustration purposes, we assume the Majorana phases in the PMNS matrix to be
zero, and use the central values of a recent global analysis of the 3-neutrino oscillation data [109]:

Am2, =7.62 x 107 eV2,
9]2 — 34.40, 923 — 40.80,

Am2,, = 2.55 x 1073 eV2,
0, =9.0° =08, (6)

to obtain the following structure of the Yukawa coupling matrix from Eq. (5):

0.31-0.12i —-0.09+0.32i —0.72+ 0.37i
-0.09+0.32i 2.53+0.04; 2.1940.01i (normal hierarchy)
Y, = 1072 eV y -0.724+037i 2.19+0.01i 3.07 - 0.03: ™
Ua 495+ 0i 044 +030i 0.464 0.35i
0.44 +0.30i 294 +0.05i —2.50+ 0.06i (inverted hierarchy)
0.46 +0.35i —-2.50+40.06i 2.20 4 0.06i

Here we have chosen the lightest neutrino mass to be zero
so that the other two mass eigenvalues in Eq. (5) are
completely fixed by the solar and atmospheric mass-
squared differences. However, our final results will not
depend on the absolute value of the lightest neutrino mass,
unless it is close to the degenerate limit, m; 2 0.1 eV, in
which case, we have democratic Yukawa couplings of the
triplet scalar to all the charged-leptons. We do not consider
this special case in our analysis, since this is in conflict
with the most stringent upper limit on the sum of light
neutrino masses from Planck data: ) ,m; < 0.23 eV at
95% CL [86].

For the scalar sector of the minimal type-II seesaw
model, after the neutral fields ¢° and A° acquire VEVs, we
have seven physical mass eigenstates H**, H*, h, H, A°,
with the following eigenvalues:

1 1
mi.. = M3 +§(/14 + 4s5)0? +§</11 + )y, (8)

1 1 212
mi. = (Mg +§x41;2 +§mg> (1 +%> )

2 2 1 2 1 2 4U2A
mAOZ MA—|—§(A4—AS)’U +EAIUA 1+7 5 (10)

5 1
mHo ZE(A—FC"'

mﬁz%(A+C—\/(A—C)2+4Bz), (12)

(A=C)* +4B%), (11)

with

1 3
C = Mi +5(ﬂ,4 —/15)’[72 +§/11U2A

In the limit v, < v, the mixing between the doublet and
triplet scalars is usually small (unless the CP-even scalars h
and HO are close to being mass-degenerate). In this limit,
the mass of the (dominantly doublet) lightest CP-even
scalar is simply given by mj = Av? (as in the SM)
independent of the mass scale M,, whereas the other
(dominantly triplet) scalars have M ,-dependent mass.

A. Experimental Constraints

The triplet VEV contributes to the SM W- and Z-boson
masses at the tree-level thereby affecting the p-parameter.
The constraints on the p-parameter from the electroweak
precision data [108] require the triplet VEV to be very small
compared to the electroweak VEV: v, <2 GeV [110]. On
the other hand, the singly and doubly charged scalars in the
type-II seesaw model contribute to the lepton flavor
violating (LFV) processes such as ¢;7 — fjfy and
£; = ¢7¢;¢;, and also to the muon anomalous magnetic
moment. The current experimental limits on LFV put a
stringent lower bound [111,112]

vaM, 2 150eV GeV. (13)

There also exist strong lower limits on the type-1I seesaw
scale from collider searches for doubly charged Higgs
bosons decaying to pairs of prompt, isolated, high-p;
electrons or muons with the same electric charge
[113,114]. The masses of doubly charged Higgs bosons
are constrained depending on the branching ratio into these
leptonic final states. Assuming 100% branching ratio for
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leptonic final states, which is true for large Yukawas or
small v, < 0.1 MeV, the current lower limits are in the
range of 375-409 GeV depending on the flavor of the final-
state lepton-pair [114]. These limits are significantly
weakened for v, > 0.1 MeV as the leptonic branching
ratio becomes small, and could be as low as 100 GeV in
certain cases [77].

B. Dark matter

The minimal type-1I seesaw model can be extended to
accommodate a cold DM candidate by simply adding a SM
singlet real scalar field D [92]. Its stability can be ensured
by assigning it an odd Z, parity, whereas the SM lepton and
Higgs doublets as well as the complex scalar triplet are
assigned an even Z, parity. This is summarized in Table 1.
The scalar potential relevant for the DM physics is given by

1
Vom(®, A, D) = EngZ + ApD* + A D?* (@1 D)
+ A2 DTr(ATA), (14)

which can be rewritten in terms of the physical scalar mass
eigenstates as follows,

1
VDM = Em%)MDZ + /1DD4 + lq,UDzh
1
+ E/LI,DW + A D? <H++H—— +HH

w4 a0+ H) (s)

N[ =

assuming negligible mixing between the doublet and triplet
scalars. Here my, = m3 + Agv? + A,v% is the physical
mass of the DM candidate in this model.

Thus for mpy larger than the doublet and triplet masses,
the DM candidate in this model can directly annihilate into
a pair of scalars through the quartic couplings 1, and A in
Eq. (15). In the nonrelativistic (cold DM) limit v? < 1, the

annihilation rate is given by

1 m? m>
ov) = ———— 1|1 -+ 6434 /1 - A], (16)
(ov) 167””2DM { ® mlz)M 4 m123M

TABLE 1. The relevant particle content of the minimal type-II
seesaw + DM model.

Field SU(2), U(l), Z,
A 3 2 +
P 2 1 +
l/fL 2 1 -+
‘, 2 -1 +
D 1 0 -
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which should match the thermal annihilation rate (ov),, =
1 pb in order to reproduce the observed cold DM relic
density of Qepyh? = 0.1199 =+ 0.0027 [86].* Note that m,
in Eq. (16) generically represents the triplet scalar masses
given by Eqgs. (8)—(11), which we have assumed here to be
degenerate, and hence, the factor of 6 in the second term
of Eq. (16).

For A, > Ag, the DM pair dominantly annihilates to
scalar triplets:

DD — H'*TH—, H'H-, H°H°, A°A°. (17)
These scalar triplets subsequently decay to leptonic final
states: HtT — 7t¢+, HY — ¢*v,, and H°, A° — vv with
almost 100% branching ratio provided v, < 0.1 MeV. The
final-state lepton flavor depends on the structure of the
Yukawa coupling matrix in Eq. (7). Thus the DM candidate
in our model is leptophilic for a wide range of model
parameter space, and hence can give rise to a positron
excess without a corresponding antiproton excess.

On the other hand, for a large quartic coupling A4, the
DM-pair annihilates to SM Higgs bosons, DD — hh, and
each Higgs boson subsequently decays mostly to bottom
quarks and gauge bosons (with branching ratios of about
58% and 22%, respectively, for m;, = 125 GeV). This
would give an excess of antiproton flux over cosmic-ray
background which is incompatible with the observed
antiproton flux from PAMELA [14]. Moreover, a large
value of Ag would also lead to a large direct detection cross
section through elastic scattering of D off nuclei mediated
by a SM Higgs boson in the ¢ channel, and would be in
conflict with the observed lower limits from LUX [107].
For these reasons, we assume Ag < 4, in Eq. (16) for our
subsequent analysis. We will comment on the implications
of a large Ag on our results for positron fraction fit and the
antiproton flux in Sec. V.

It is worth mentioning here that the model we have
considered here is the minimal extension of the type-II
seesaw to accommodate a DM candidate, while maintain-
ing a connection with the neutrino mass spectrum. One can
also consider a model with fermionic DM y, instead of a
scalar DM in Eq. (14), to explain the AMS-02 positron data
within this setup. However, in the fermionic DM case, one
needs to have an additional field, e.g., a scalar singlet S,
which couples to y as well as to the triplets, or a dimension-
five operator with the direct 7yATA coupling, in order to
allow for the DM annihilation to the triplets, whose further
decay to leptons carry the information on the Yukawa
couplings. Apart from this basic difference, our subsequent
analysis should also apply to the fermionic DM case.

“This correlation between the annihilation rate (ov) and relic
density QA? is only valid for a thermal DM candidate. If the DM
has a nonthermal evolution history, its final relic abundance can
be completely set by initial conditions, irrespective of the value of
(ov) (see, e.g., [115-117]).
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III. FITTING THE AMS-02 DATA

In our model, the DM pair-annihilation into a pair of
doubly (singly) charged SU(2), -triplet scalars and their
subsequent decay produces leptonic final states with four
(two) charged leptons. The flavor of the final-state lepton is
determined by the structure of the Yukawa coupling as
given in Eq. (7). For a normal hierarchy of neutrino masses,
the triplets will decay dominantly to muon and tau final
states, whereas for inverted hierarchy, they more often
decay to an electron final state. If the triplets decay mainly
to electron or positron final states, the positron flux due to
the DM annihilation will sharply rise above the cosmic-ray
background as we go to higher energies, and will eventually
drop to the background level before E = mpy,. On the other
hand, if they mostly decay to muons and taus (which
subsequently decay to electrons with their SM branching
ratio), the final positron flux will have a much softer energy
spectrum, before eventually dropping to the background
level for some E < mpy. Thus for a given DM mass, we
would expect the positron fraction for a normal hierarchy of
neutrino masses to be softer towards the higher energy end
as compared to that for an inverted hierarchy in our model.
Since the AMS-02 positron data [1] indeed exhibits a softer
energy spectrum in the high energy regime,5 as compared to
PAMELA [3-5] and Fermi-LAT [6] results, the fit to the
AMS-02 data is expected to be much better for a normal
hierarchy of neutrinos, as we show later explicitly.

Before we discuss our fit results, it is important to
mention here that we still need a DM annihilation cross
section much larger than the thermal cross section of
(ov)y, =1 pb, in order to fit the AMS-02 data. This
difference can be reconciled by the so-called ‘boost-factor’
which could have an astrophysical origin due to small-scale
inhomogeneities of the DM density distribution in the
galactic halo. Note that even the highest resolution numeri-
cal simulations can only resolve a fraction of this small-
scale substructure, and it depends sensitively on subhalo
properties orders of magnitude below the current resolution
limit of numerical simulations (for a review of the current
state of the art, see Ref. [99]). Since the DM annihilation
rates are proportional to the square of its density, any
unresolved small-scale clumpiness will significantly
enhance the annihilation rate. Alternatively, one could also
have a particle physics origin of the boost factor due to the
Breit-Wigner enhancement of DM annihilation [100-102].
In this mechanism, the DM particles in the present Universe
pair-annihilate efficiently through an s-channel process
mediated by a particle with mass very close to but slightly
smaller than twice the DM mass, while the same process
can be relatively suppressed in the early Universe due to a
large relative velocity between the DM particles at freeze-
out which pushes their total energy away from the

The slope of the AMS-02 positron fraction spectrum de-
creases by an order of magnitude from 20 GeV to 250 GeV [2].

PHYSICAL REVIEW D 89, 095001 (2014)

s-channel resonance pole. This mechanism can easily be
implemented in our model by introducing another Z,-even
singlet real scalar field S coupling to both D and A such
that the DM annihilation can proceed via an s-channel
resonance: DD — S — ATA for a suitable range of masses
for S [92]. For our purposes, we can just parametrize this
enhancement by a boost factor B = (6v)/(ov), such that
we reproduce the thermal annihilation cross section, and
hence, the observed DM relic density, irrespective of the
actual origin of the boost factor.

A. Positron Fraction

We implement our model Lagrangian in CALCHEP3.4
[118], and calculate the positron flux due to DM annihi-
lation (®PM) using MICROMEGAS3.2 [119]. For the DM
density distribution in the galactic halo, we have used the
Navarro-Frenk-White (NFW) density profile [120,121].
The galactic propagation of charged particles and the
modulation effects due to solar wind are taken into
account using the default global parameters of the indirect
detection module in MICROMEGAS3.2 [119,122]. The
excess positron fraction is then computed by comparing
this positron flux with the known cosmic-ray primary
electron and secondary electron plus positron background.
These background fluxes are obtained by solving the
diffusion equation for cosmic-ray particles using a widely
used galactic cosmic-ray propagation model due to
Moskalenko and Strong [123,124] which assumes a
homogeneous source distribution with cylindrical sym-
metry. To take into account the electron energy losses
by ionization, Coulomb interactions, bremsstrahlung,
inverse Compton scattering and synchrotron radiation,
we use GALPROPVS54 [125] for which the most relevant
input parameters used in our analysis were chosen as
follows [20]: an electron injection index of 2.5 for E >
4 GeV and 1.6 for E < 4 GeV with a modulation potential
of 550 MV, a spatial Kolmogorov diffusion with diffusion
coefficient of 5.75 x 10?® cm?s~! and spectral index of
0.33, a diffusive reacceleration characterized by an Alfvén
speed of 30 km s7! and a halo radius of 8.5 kpc. The
background fluxes obtained for these GALPROP input
parameters are roughly consistent with the following
parametrization [126] in the energy range 10—-1000 GeV:

0.16E~11

P () = TR £ 32T GeV!lem™2s7lsr !,
(18)
q)gs_ec)(E) _ - 0.70150-729 _
1 4+ 110E"~ 4 600E=° 4 580E*
x GeV~'em™2s!sr!, (19)
7
(IDES,“)(E) =1 650;'2'53E—(; 50052 GeV!'em™2s7lsr!,

(20)
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(where E is in units of GeV). The total electron plus
positron flux and the positron fraction in our model are
respectively given by

By = DK+ O = (D 4 (™) 1 )
+ (PN + DM, @1)

o, POM 4 )

P k(@™ 4 @) 4 1) - (DM - PM)

(22)

where the scaling factor « is a free parameter which takes
into account the uncertainty in the normalization of the
astrophysical background.

For a given DM mass (mpy) and triplet scalar masses
(mpy+, my==), the scalar coupling 4, can be fixed using
Eq. (16) (and assuming 13 < 13) to reproduce the
observed DM thermal relic abundance. For instance, for
mpy = 1 TeV and m3,, > m3, we require 1, = 0.15 to
obtain (6v) =3 x 10726 ¢cm?s~!. Then we vary the free
parameter x in Eq. (22) and perform a y’-minimization
taking into account the AMS-02 positron fraction data [1]
to determine the best-fit value of the boost factor for the
corresponding model parameters. Note that the positron
fraction f,+~ in Eq. (22) is independent of x in the sense that
for a different value of «, the boost factor (and hence <I>]3+M)
can be chosen accordingly to give the same f,+ without
changing the goodness of the fit for a given set of model
parameters. However, the choice of k will affect the model
predictions for the total positron flux (<I>E+M + @iiec)) and
the total electron+positron flux (®,,) which are also
required to be consistent with the updated AMS-02 results
[2]. We find that this requirement in our model favors
values of x in the range 0.8-0.9 with the best-fit value
around « = 0.85 which we will use in our subsequent
analysis unless otherwise specified.

For our illustration purposes, we choose two kinemat-
ically distinct scenarios: (a) the nondegenerate case
(m#y > m?%) where the triplet scalars produced by DM
annihilation are highly boosted and the final-state leptons
produced from A decay have a continuous energy spectrum
and (b) the degenerate case (mpy; = m,) where the triplets
produced by DM annihilation are almost at rest, and hence,
the leptons coming from their decay have a monochromatic
energy spectrum. For numerical purposes in case (a), we
have chosen a common value of 450 GeV for the doubly
and singly charged scalars, keeping in mind the current
lower limits on the doubly charged scalars which are in the
range of 375-409 GeV [114] depending on the final-state
lepton flavor. For case (b), we choose Am = mpy — my =
10 GeV (smaller values of Am could lead to computational
complications in CALCHEP). For normal and inverted
hierarchies of neutrino masses, we use the corresponding

PHYSICAL REVIEW D 89, 095001 (2014)

Yukawa couplings given by Eq. (7) to satisfy the neutrino
oscillation data. For numerical purposes, we have chosen
vp = 1 eV so that the LFV constraints given by Eq. (13)
can be satisfied even for a low seesaw scale; however, our
results are independent of the exact value of v, as long as
va < 0.1 MeV so that the leptonic branching ratio for the
A’s is almost 100%.

The best-fit values of the boost factor from our y?
minimization are given in Table II for different DM masses.
The y? value is defined as

model _ £AMS\2

where f;’s are the relevant observables (positron fraction in
this case), of;’s are the corresponding experimental errors
(stat + syst) taken from [1], and i runs over all the available
data points. We have used the AMS-02 data points for
E > 15 GeV (36 in total) in our y>-analysis. Including the
low-energy data points (below 15 GeV) gives a poor fit, but
we note that the discrepancies in the low-energy region

TABLEII. The best-fit values of the boost factor along with the
corresponding minimum x> and y? per degrees of freedom
(d.o.f. = 34) for both NH and IH cases, and in two kinematic
regimes: Case (a) mi < md,, and (b) mpy —ms = 10 GeV.
Here we have chosen x = 0.85 in Eq. (22).

Case mpy (TeV) Boost factor  x2. 2. /d.o.f.
0.8 3320.23 78.41 2.31
0.9 4031.68 52.43 1.54
1.0 4801.81 36.87 1.08
NH Case (a) 1.1 5632.09 27.79 0.82
1.2 6513.54 22.79 0.67
1.3 7452.6 20.87 0.61
1.4 8440.56 20.76 0.61
1.5 9488.91 22.36 0.66
0.8 3134.62 86.99 2.56
0.9 3774.12 55.68 1.64
1.0 4467.27 37.95 1.12
NH Case (b) 1.1 5214.3 2791 0.82
1.2 6023.57 22.45 0.66
1.3 6870.72 21.58 0.63
1.4 7769.48 23.07 0.68
1.5 8724.95 25.88 0.76
0.5 976.37 114.49 3.37
0.6 1368.43 113.57 3.34
0.7 1823.37 123.48 3.63
IH Case (a) 0.8 2481.02 135.82 3.99
0.9 2915.16 148.15 4.36
1.0 3755.20 159.64 4.69
0.5 1031.94 129.33 3.50
0.6 1374.9 119.42 351
0.7 1817.25 141.08 4.15
IH Case (b) 0.8 2354.59 155.81 4.58
0.9 2842.86 175.11 5.15
1.0 3365.19 192.76 5.67
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could be accounted for by uncertainties caused by solar
modulation [127], as well as due to background flux
uncertainties. We have not used any other previous data
sets for positron fraction from Fermi-LAT, PAMELA, etc.,
since the precision of the AMS-02 data set is much better.
We also neglect the finite energy resolution effect of the
electromagnetic calorimeter since it is very small for the
AMS-02 detector [1] (less than 3% for E > 15 GeV). It is
clear from Table II that the y> values, and hence, the
goodness of fit for NH are much better than those for IH in
both cases (a) and (b). Also for NH, higher DM masses are
preferred with the y? value decreasing at higher masses,
whereas for IH, lower DM masses are preferred with the y?
value increasing with DM mass. In both cases, the boost
factor increases with increase in the DM mass in order to be
able to fit the AMS-02 data in the low-energy bins which
have much smaller error bars.

We compare our fit results for the positron fraction with
the AMS-02 data in Fig. 1 for both NH (left panels) and
IH (right panels) and for both cases (a) and (b). We also
show the background positron fraction due to secondary

Back:ground
AMS-02 ——
0.8 TeV ——

T
NH case (a)

Positron Fraction

E (GeV)

Background
AMS-02 ——
0.8 TeV ——

1TeV -

NH case (b)

Positron Fraction

E (GeV)

FIG. 1 (color online).
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cosmic-ray positron flux as in Eq. (20). Thus we find that
the observed positron excess over expected cosmic-ray
background can be explained in our model for £ > 15 GeV
for both cases (a) and (b). The discrepancy between the
AMS-02 data and our fit values below 15 GeV could be
accounted for by solar modulation effects which are at the
level of a few percent at 10 GeV, increasing to about 30% at
1 GeV [27]. From Table II as well as from Fig. 1, it is clear
that the NH fits are much better compared to the IH fits.
This is due to the fact that the positron energy spectrum is
harder for the IH case since it comes directly from the A
decay, whereas in the NH case, the spectrum is softer as it
comes from muon and tau decays. Since the rise in the
AMS-02 positron fraction becomes softer toward higher
energies, it is more difficult to fit both low- and high-energy
bins for the IH case, as compared to the NH case. Also note
that for case (b) with almost degenerate DM and triplet
masses, the positron energy spectrum rises sharply with a
sudden cutoff at high energy due to the fact that they are
produced from A’s which are almost at rest. This feature is
more prominent for the IH case again due to the fact that the

Backémund
AMS-02 ——
0.6 TeV ——

T
IH case (a)

Positron Fraction

E (GeV)

Backéround
AMS-02 ——

IH case (b)

Positron Fraction

E (GeV)

The positron fraction in our model as a function of the positron energy for various DM masses (in TeV). The left

(right) panels are for NH (IH) of neutrino masses, whereas the top and bottom panels show the results for case (a) with mi < mlz)M
and for case (b) with mpy; — m, = 10 GeV respectively. Also shown are the AMS-02 data [1] (with error bars) and the secondary

cosmic-ray positron background (shaded region) for comparison.
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positrons are directly produced from the A decay. Note that
the fall-off behavior of the positron fraction at some higher
energy is a generic feature of the single-component DM
interpretation, and can be tested with more data at higher
energies.

B. Allowed Parameter Space

Using the y-fit results from Sec. Il A, we obtain the 1o,
20, and 30 allowed ranges of the DM mass and boost factor
in our model to explain the AMS-02 positron excess. This
is shown in Fig. 2 for both NH and IH cases, and also for
both cases (a) and (b). For each case, we also show the best-
fit point with minimum y? value. We find that the NH case
prefers slightly higher values of the DM mass and boost
factor, compared to the IH case.

The large boost factors as shown in Fig. 2 to explain the
AMS-02 data will also lead to an associated large gamma-
ray flux due to inverse Compton scattering and brems-
strahlung effects caused by the relativistic leptonic final
states. Moreover, our model Lagrangian [cf. Eq. (2)] being

14000 T T T
3c mmm—
13000 %G — ]
c
Best Fit
12000 4
11000 - 4
g
S 10000 (- 4
5
2
g 9000 4
)
8000 - i
7000 - 4
6000 - 4
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mp); (GeV)
10°
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= IceCubel -------
S IeeCube2 .
3 Ferm:LATx( ,,,,,,,, T
= Fermi-LAT gt —.cc SR
o 4 =
2 10" F _ 250 68‘10 38) e ]
a W/
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mpy (GeV)

FIG. 2 (color online).
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SU(2), invariant, will also give rise to a large neutrino flux
along with an excess positron flux in the DM annihilation.
It is however important to observe that we have four-body
final states due to the DM-pair annihilating to a pair of
triplet scalars each of which then decay to a pair of leptons.
Hence, it is in general difficult to translate the experimental
upper bounds on the boost factor, derived from observa-
tions of gamma-ray flux and neutrino flux, since these
bounds are usually obtained assuming the DM annihilation
directly into two-body final states. We can make a rough
comparison only in the limiting case (b) with DM and
triplets are close to being mass degenerate, such that the
intermediate scalar triplets are produced almost at rest, and
then decay to the leptonic final states. Due to the SU(2), -
invariance, the branching ratio to charged lepton and
neutrino final states will be 50% each, as can also be
verified from Eq. (15) for degenerate triplet scalars. Using
this information, the annihilation cross section limits for
neutrino final states, as given by IceCube from searches for
DM annihilation in the galactic center [104] (IceCubel)

1800 . ‘
3c
2¢ mmm——
lo
1600 | Best Fit |
5 1400 |
2
=
2
g
m 1200f IH case (a) |
1000 |
800 w ‘ ‘ ‘
450 500 550 600 650 700
mp (GeV)
50x10*
Best Fit
IceCubel --------
8 4[| IceCube2 |
3 107F| Fermi-LAT -+
5
2 ]
(=]
o
@
e (550, \202-22)
H CHM
10° ‘ ‘
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mpy (GeV)

The best-fit values and the 1o, 26 and 3¢ preferred ranges of the DM mass and the boost factor in our model to

explain the AMS-02 positron excess. The results are shown for both NH and IH, and for both cases (a) and (b). Our estimated upper
limits on the boost factor derived from the IceCube limits on the DM annihilation rate in the galactic center [104] (IceCubel) and
galactic halo [103] (IceCube?2) as well as from the Fermi-LAT combined limit on the DM annihilation into leptonic final states in nearby
dwarf galaxies [105] are also shown for comparison in case (b) (lower panels).
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and in the galactic halo [103] (IceCube2), have been
translated to upper limits on boost factor in Fig. 2 (lower
panels). Here we have taken the thermal relic abundance to
be (o), = 2.2 x 1072 cm? s~! [128], and have assumed
the same boost factor for the annihilation into positrons and
neutrinos. We do not show the corresponding IceCube
limits due to other final states since these are weaker
compared to that from the neutrino final states. Also we do
not show here the IceCube limit from DM annihilation in
nearby galaxy clusters [129] although it is slightly stronger
than the corresponding limit from galactic halo [103]. The
reason is that the limit for neutrino final states quoted in
[129] was derived for Virgo cluster with sub-halos, and
may not be a generic bound applicable to local (galactic)
isotropic sources of DM.

Similar limits on the boost factor can be derived from the
searches for gamma-rays due to DM annihilation. Here we
use the Fermi-LAT combined limits on the DM annihilation
rate from the diffuse gamma-ray search in nearby dwarf
spheroidal galaxies [105], and translate them into the upper
limits on the boost factor for our case (b), as shown in Fig. 2
(lower panels). For the NH case, we expect mostly muon
and tau final states, each occurring with roughly 50%
branching ratio, whereas for the IH case, we expect mostly
electron final states. Hence, we have used the correspond-
ing Fermi-LAT limits for muon and tau final states in the
NH case, and for electron final state in the IH case.

From Fig. 2 we conclude that the boost factors required
to explain the AMS-02 data in our model are still consistent
with the experimental limits from observations of neutrino
and gamma-ray fluxes, except for the NH case (b), which is
ruled out by the Fermi-LAT limit on the zt7~ channel.
However, we must keep in mind that there are some
inherent astrophysical uncertainties in our derived boost
factor limits, e.g., halo uncertainties in the DM density
profile. Also the boost factor depends on the distance from
the halo center, and a positron boost factor may not be the
same as that for neutrinos or gamma rays, as their
propagation is not the same. For instance, a nearby DM
clump would tend to increase the positron flux as positrons
have much shorter emission range (of order of 100 kpc) due
to their rapid energy loss [123], whereas the neutrino or
gamma-ray flux could also get contributions from distant
sources. Hence, our comparison of the positron boost
factors with the experimental limits derived from neutrino
and gamma-ray fluxes is just a rough estimate, and we
could easily gain up to an order of magnitude due to these
inherent astrophysical uncertainties. Moreover, these limits
are in general not applicable to our case (a) when the triplets
are highly boosted, and the leptonic energy spectrum due to
our four-body final state will be different from that of the
two-body final state for a given DM-mass. Nevertheless,
improved limits from future IceCube and Fermi-LAT data
should be able to completely rule out this model in the
absence of a DM signal.

PHYSICAL REVIEW D 89, 095001 (2014)

It is important to mention here that the large boost factors
considered in Fig. 2 could also lead to observable effects in
the BBN and CMB precision measurements. Although our
boost factors are well within the upper limit derived from
the BBN data on light element abundances [47], the
corresponding limits derived from the CMB power spec-
trum [52,130] are potentially in conflict with our best-fit
values. In particular, the CMB bounds are only sensitive to
the total electromagnetic energy injected to the primordial
plasma due to DM annihilation after recombination (cor-
responding to a redshift z =~ 1100), and hence, equally
applicable to both two-body and four-body leptonic final
states. However, one should note that these CMB limits on
the DM annihilation rate become weaker at lower redshift
values, as the fraction of energy absorbed by the CMB
plasma is small for z < 100 [130]. Thus, if the large boost
factors, as required today (z = 0) to explain the AMS-02
data, are partly/entirely due to a clumpy DM substructure in
the galactic halo, which grows at lower redshifts (z < 100)
for typical halo mass functions [49], one can successfully
avoid the CMB limits. On the other hand, for an entirely
particle physics origin, in which case the large boost factors
must be present even at larger redshifts, it is difficult to
avoid the stringent limits from CMB. It is however possible
that the Breit-Wigner mechanism mentioned earlier in
Sec. III could still account for a fraction of the enhancement
in the boost factor, as much as allowed by the CMB
constraint, with the remaining enhancement coming from
an astrophysical origin. In addition, it might be possible to
fit the AMS-02 positron rise with a smaller (or even no)
boost factor, if the DM candidate had a nonthermal
cosmological history, so that the annihilation rate could
be larger than the thermal annihilation rate, while still
satisfying the relic density constraint (see, e.g., [115,116]).

IV. PREDICTIONS FOR FLUXES

Apart from explaining the AMS-02 positron fraction
data, the model predictions for the positron flux and the
total electron + positron flux are also compatible with
the recent AMS-02 flux measurements [2]. Our results
for the total electron + positron flux obtained from Eq. (21)
are shown in Fig. 3 for two benchmark values of x = 0.8
and 0.85. We show our results for both cases (a) and (b) and
for both NH and IH scenarios. The slight excess above the
background flux at higher energies can be explained by our
DM signal for « = 0.80 — 0.85 for NH case (a), while the
fluxes for NH case (b), and for IH both cases (a) and (b),
are much larger than the observed values, and hence,
disfavored.

For comparison, we also show the total cosmic
electron + positron flux obtained by Fermi-LAT [20] in
the energy range of 10 GeV—-1 TeV and by HESS [18] in the
high energy regime. The systematic errors in the Fermi-
LAT data are shown by the gray band, while those in the
HESS data are shown by the orange band. Note that for
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E > 100 GeV, the AMS-02 flux values are lower com-
pared to the Fermi-LAT and HESS values. Thus, in a
generic DM annihilation model, where the excess
electron + positron flux is expected to show a drop in
the spectrum, along with the excess positron fraction, at
higher energies, as we approach the DM mass, a fit to the
AMS-02 data alone will prefer a lower value of the DM
mass, whereas a global fit including Fermi-LAT and/or
HESS data sets, which show a fall-off behavior at much
higher energies, will prefer a larger DM mass. This
apparent tension between the AMS-02 spectrum and other
data sets makes a simultaneous fit rather difficult [27].
To illustrate this discrepancy between different exper-
imental results, we perform a combined y? fit to the AMS-
02 positron fraction and the Fermi-LAT e~ + e spectrum.
The results are shown in Fig. 4 for both NH and IH. Here
we have chosen m% < m3,, [case (a)] and x = 0.85 in
Eq. (21) for the same background model as chosen for
Figs. 1 and 3. We have considered two benchmark values of
mpy = 2 and 2.5 TeV for illustration. Lower values of DM
mass will lead to a better fit to the AMS-02 positron
fraction data (cf. Fig. 1), but worsen the fit to the Fermi
e” + e" spectrum (cf. Fig. 3). On the other hand, higher

values of DM mass give a better fit to the Fermi spectrum,
whereas the AMS-02 positron fraction fit becomes unac-
ceptable, as can already be seen from Fig. 4. For com-
pleteness, we present in Table III the numerical values of
the boost factor and y?/d.o.f. for the benchmark points
shown in Fig. 4. The corresponding fits for case (b) will be
worse, and hence are not shown here. Also, including the
HESS e~ + e spectrum in the analysis will lead to a larger
x*-value. From Fig. 4 and Table III, it is clear that although
it is possible to accommodate the Fermi-LAT (and also

TABLE III. The best-fit values of the boost factor along with
the corresponding y? per degrees of freedom (d.o.f. = 48) for a
combined y? analysis of AMS-02 positron fraction and Fermi-
LAT e~ + et spectrum. Here we have chosen x = 0.85 in
Eq. (22) and have only shown the results for case (a) m% < my.

Case mpy (TeV) Boost factor Xain/d.o.f.

NH 2 8822.35 84.79
25 12167.8 88.3

IH 2 3225.75 112.71
2.5 7275.12 116.45
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The predictions for photon spectrum ((energy)? x flux) in our model for both NH and IH in two distinct

kinematic cases (a) and (b) with various DM masses (in TeV). The diffuse gamma ray background produced by cosmic rays (shaded
region) and the Fermi-LAT measurements of the inclusive photon spectrum [106] are also shown. The gray band in the Fermi-LAT data

shows the systematic error due to uncertainty in the effective area.

HESS) e~ + e spectrum with a heavier DM, it becomes
increasingly difficult to explain the AMS-02 positron
fraction data. Of course, it might be possible to improve
the fit significantly with a different background model than
that considered here, especially due to the fact that the
Fermi-LAT measured flux in the low-energy regime (for
E < 100 GeV) is slightly below the predicted background
flux. However, in our opinion, the flux discrepancy can
be best resolved only after AMS-02 releases the high-
precision flux measurements, which will be crucial to test
the viability of a generic DM interpretation of the positron
excess. With this note, we will not consider the combined
x? fit in our subsequent discussion.

We also compute the photon flux due to DM annihilation
in our model using MICROMEGAS, and compare it with the
diffuse background gamma-ray radiation produced by
cosmic rays using GALPROP and the Fermi-LAT observed
inclusive continuum photon spectrum [106]. The results are
shown in Fig. 5. For the background gamma-ray radiation,
we have included three sources: inverse Compton scatter-
ing, bremsstrahlung and pion decay, averaged over the

full sky. The gray band in the Fermi-LAT data shows
the systematic error due to uncertainty in the effective area.
The Fermi-LAT spectrum is for all sky minus
(galactic plane + galacticcenter) and for high latitude
region (|b| > 10°).° We note that while the gamma-ray
limits are severe for DM annihilation into two-body final
states [27,40—45,53,54], the four-body final states (as in our
case) are relatively less constrained [43]. In our model,
photons can be emitted from external lepton legs, final-state
radiation or in a subsequent decay of the pair of leptons
directly produced from A decay. As can be seen from
Fig. 5, the NH case produces more photon flux compared
to the IH case at higher energies. This is mainly due
to the photons coming from tau decays in the NH case.

SThe bulk of galactic plane was not considered since the
diffuse emission from interactions of cosmic rays with interstellar
gas is strong in this region. The galactic center region was not
considered since the DM signal from this region is strongly
dependent on the uncertainty in the DM density, and only cuspy
profiles lead to strong limits.
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The photon energy spectrum for the NH case agrees well
with the excess photon flux at high energies observed by
Fermi-LAT, but eventually falls off to the background level
as we approach the DM mass. More precise measurements
of the photon flux at higher energies (beyond TeV) should
be able to (in)validate this feature, and hence, provide a test
of this model.

Note that since the DM candidate in our model interacts
with charged SU(2), -triplet scalars which directly couple
to SM photons, the DM can pair-annihilate to photons:
DD — yy (and also DD — Zy) via one-loop diagrams
mediated by charged scalars. This process can lead to a
monochromatic gamma-ray line spectrum with energy
E, =mpy for DD —yy, and for DD — Zy, with
photon-energy E, = mpy (1 — m%/4m,,). For a relatively
light DM, this mechanism was invoked in [131] to explain
the 130 GeV y-ray line spectrum feature recently reported
[132-135] in the publicly available Fermi-LAT data
[136,137]. However, we find that our best-fit DM mass
values explaining the AMS-02 positron excess are too high
to account for the £, = 130 GeV line signal, either directly
from DM annihilation or from internal bremsstrahlung.
Thus we conclude that it is very hard to simultaneously
explain both the AMS-02 positron excess and the Fermi-
LAT 130 GeV gamma-ray line signal in our model (as
generically the case for any single-component DM model).

V. EFFECTS OF LARGE 14

So far we have considered the case A3 > 12, in Eq. (16).
In this case, there is no significant excess in the antiproton
flux as the DM annihilation is dominantly to leptonic final
states. In this section we justify this choice of parameters by
noting that if we switch on a large 14 coupling, the DM pair
can annihilate to a SM Higgs pair which subsequently

NHc‘asc(a)
Fis IIIII

B ackéround
PAMELA +———

@5 (GeV' m? s s
>
o
T

E (GeV)

FIG. 6 (color online).
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decays to mostly bottom quarks (58% branching ratio for
my, = 125 GeV) and WW* (22% branching ratio). This has
two adverse effects on the model: First, the hadronic final
states will produce a sizable antiproton flux. This is
illustrated in Fig. 6 for A4 = A, and for NH. Also shown
for comparison are the PAMELA data taken from [14], and
the expected background antiproton flux from cosmic rays,
obtained using GALPROP with the same input parameters
as given in Sec. III for the AMS-02 data fitting. It is clear
that for any non-negligible value of A4, the antiproton
excess will be inconsistent with the observed flux from
PAMELA [14] which is in good agreement with the
cosmic-ray antiproton background. In fact, using this
information, one can derive an upper limit on 44 < 0.06,
to be consistent with the PAMELA data, although, although
this limit is subject to the propagation model uncertainties.
A large 15 will also lead to a large DM-nucleon spin-
independent scattering cross section through a -channel
Higgs exchange. For instance, for m;, = 125 GeV, we have

2
o6 = (2 % 1074 cm?) <’1¢’> (1 TCV>2. (24)

0.1 mMpm

Thus an upper limit on 4 < 0.06 from the antiproton flux
implies an upper limit on &g <7 x 107 cm? (for
mpy = 1 TeV) in our model. Note that this indirect limit
derived from antiproton flux constraints is about two orders
of magnitude stronger than the current direct detection limit
of 107* c¢m? from LUX [107] for a TeV-scale DM.
Secondly, for a given DM mass the bb final states from
the Higgs decay will lead to more positron flux in the lower
energy regime due to the fact that the Higgs produced due
to DM annihilation is highly boosted to start with, and
moreover, the positrons coming from b-decay lead to a
further widening of their energy spectrum. Thus, we would

NH case (a)
III IIIII

B ackéround
PAMELA +———

2k Ap=003 —— |
10 Ag=0.06 -

<I>}5 (Gf:V'1 m?2s! sr'l)
S
T

E (GeV)

The antiproton flux in our model for a nonzero A¢ in the NH case (a). The left panel shows the variation with

respect to different DM mass with a fixed ¢ = 45 = 0.15, whereas the right panel shows the variation with respect to different values to
Agp for a fixed DM mass mpy; = 1 TeV. The cosmic-ray antiproton background (shaded region) as well as the PAMELA data (with
error bars) [14] are also shown for comparison. The boost factors for different DM masses are of the same order as those for NH case (a)

in Table II.
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FIG. 7 (color online). The positron fraction as a function of the
positron energy for different DM masses in our model for a large
Ap = Ap. Also shown are the AMS-02 data [1] and the cosmic-ray
background for comparison. The boost factors for different DM
masses are of the same order as those for NH case (a) in Table II.
This plot justifies our choice of A, > Ag in Secs. III and IV.

expect more positron fraction at lower energies than at
higher energies in this case. This significantly worsens the
fitting with AMS-02 data which has very precise fraction
values in the low-energy bins. This effect is demonstrated
in Fig. 7 for NH case (a) which had given us the
best-fit scenario in Fig. 1. It is clear that this fit has a
bad y?/d.o.f., e.g., 9.11 for mpy = 0.8 TeV and 5.37 for
mpy = 1.4 TeV, because while trying to fit the low-energy
AMS-02 data which now requires a smaller boost factor, we
completely miss the data points in the high-energy bins.
Due to these reasons, a large value of the Higgs quartic
coupling g is disfavored in this model.

VI. CONCLUSION

We have discussed a simple extension of the SM by
adding an electroweak scalar triplet field to take into
account the nonzero neutrino masses by a low-scale
type-II seesaw mechanism, and in addition, a real scalar
DM candidate satisfying the observed cold DM thermal
relic density. This DM candidate has leptophilic annihila-
tions for a wide range of the model parameter space, with
the final-state lepton flavors intimately connected to the
neutrino mass hierarchy. Using the recently released AMS-
02 data on the positron fraction and flux, we find that a DM

PHYSICAL REVIEW D 89, 095001 (2014)

interpretation of the AMS-02 data in this model prefers a
normal hierarchy of neutrino masses over an inverted
hierarchy. The large boost factors required in the normal
hierarchy case to explain the AMS-02 data are still
consistent with the latest experimental limits derived from
Fermi-LAT and IceCube data, except when the DM and
triplet scalars are close to being mass-degenerate. The
CMB constraints on the thermal DM annihilation rate can
be avoided if the required boost factor has an astrophysical
origin. We also find that the absence of an excess in the
antiproton flux as suggested by PAMELA requires the DM
coupling to the SM Higgs boson in this model to be quite
small. This in turn puts an indirect upper bound on the DM-
nucleon scattering cross section which is about two orders
of magnitude stronger than the current direct detection
upper limit from LUX. With more precise data from the
ongoing AMS-02, Fermi-LAT and IceCube experiments,
especially in the high-energy regime, in combination with
the DM direct detection searches as well as future neutrino
oscillation experiments capable of resolving the neutrino
mass hierarchy, this simple model can be tested unambig-
uously. This information, in combination with the LHC
searches for the doubly charged scalars and more precise
data on the Higgs-to-diphoton signal strength, might be
able to completely probe the allowed parameter space of the
minimal low-scale type-II seesaw model as a single viable
extension of the SM.

ACKNOWLEDGMENTS

We thank M. Chakraborti, U. Chattopadhyay,
P. Majumdar, A. Pukhov, and S. Rao for useful discussions.
We also thank the anonymous referee for many constructive
comments which helped improve the manuscript. D. K. G.
would like to acknowledge the hospitality provided by the
University of Helsinki and the Helsinki Institute of Physics
where part of this work was done. N.O. would like to
thank the Particle Theory Groups at the Maryland Center
for Fundamental Physics, University of Maryland, and
the Bartol Research Institute, University of Delaware,
for hospitality during his visits. The work of P.S.B.D.
is supported by the Lancaster-Manchester-Sheffield
Consortium for Fundamental Physics under STFC Grant
No. ST/J000418/1. The work of N. O. is supported in part
by the DOE Grant No. DE-FG02-10ER41714.

[1] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.
110, 141102 (2013).

[2] http://www.ams02.org/. See also AMS talks at ICRC 2013,
July 2013, Rio de Janeiro, Brazil.

[3] O. Adriani et al. (PAMELA Collaboration), Nature
(London) 458, 607 (2009).

[4] O. Adriani et al. (PAMELA Collaboration), Astropart.
Phys. 34, 1 (2010).

095001-15


http://dx.doi.org/10.1103/PhysRevLett.110.141102
http://dx.doi.org/10.1103/PhysRevLett.110.141102
http://www.ams02.org/
http://www.ams02.org/
http://www.ams02.org/
http://dx.doi.org/10.1038/nature07942
http://dx.doi.org/10.1038/nature07942
http://dx.doi.org/10.1016/j.astropartphys.2010.04.007
http://dx.doi.org/10.1016/j.astropartphys.2010.04.007

DEV et al.

[5] O. Adriani et al. (PAMELA Collaboration), Phys. Rev.
Lett. 111, 081102 (2013).
[6] M. Ackermann et al. (Fermi LAT Collaboration), Phys.
Rev. Lett. 108, 011103 (2012).
[7] R. L. Golden et al. (WIZARDS Collaboration), Astrophys.
J. 457, 1103 (1996).
[8] M. Boezio et al. (WIZARDS Collaboration), Astrophys. J.
532, 653 (2000).
[9]1 M. A. DuVernois et al. (HEAT Collaboration), Astrophys.
J. 559, 296 (2001).
[10] J.J. Beatty et al. (HEAT Collaboration), Phys. Rev. Lett.
93, 241102 (2004).
[11] M. Aguilar et al. (AMS-01 Collaboration), Phys. Lett. B
646, 145 (2007).
[12] A.S. Beach et al. (HEAT Collaboration), Phys. Rev. Lett.
87, 271101 (2001).
[13] O. Adriani et al. (PAMELA Collaboration), Phys. Rev.
Lett. 102, 051101 (2009).
[14] O. Adriani et al. (PAMELA Collaboration), Phys. Rev.
Lett. 105, 121101 (2010).
[15] J. Chang et al. (ATIC Collaboration), Nature (London)
456, 362 (2008).
[16] S. Torii et al.
arXiv:0809.0760.
[17] F. Aharonian et al. (HESS Collaboration), Phys. Rev. Lett.
101, 261104 (2008).
[18] E. Aharonian et al. (HESS Collaboration), Astron.
Astrophys. 508, 561 (2009).
[19] A. A. Abdo et al. (Fermi LAT Collaboration), Phys. Rev.
Lett. 102, 181101 (2009).
[20] M. Ackermann et al. (Fermi LAT Collaboration), Phys.
Rev. D 82, 092004 (2010).
[21] O. Adriani et al. (PAMELA Collaboration), Phys. Rev.
Lett. 106, 201101 (2011).
[22] Y.-Z. Fan, B. Zhang, and J. Chang, Int. J. Mod. Phys. D 19,
2011 (2010).
[23] P.D. Serpico, Astropart. Phys. 39—40, 2 (2012).
[24] N.J. Shaviv, E. Nakar, and T. Piran, Phys. Rev. Lett. 103,
111302 (2009).
[25] R. Cowsik, B. Burch, and T. Madziwa-Nussinov,
arXiv:1305.1242.
[26] K. Blum, B. Katz, and E. Waxman, Phys. Rev. Lett. 111,
211101 (2013).
[27] M. Cirelli, M. Kadastik, M. Raidal, and A. Strumia, Nucl.
Phys. B873, 530 (2013).
[28] A. De Simone, A. Riotto, and W. Xue, J. Cosmol.
Astropart. Phys. 05 (2013) 003.
[29] H.-B. Jin, Y.-L. Wu, and Y.-F. Zhou, J. Cosmol. Astropart.
Phys. 11 (2013) 026.
[30] Y. Kajiyama, H. Okada, and T. Toma, Eur. Phys. J. C 74,
2722 (2014).
[31] L. Feng and Z. Kang, arXiv:1304.7492.
[32] M. Ibe, S. Matsumoto, S. Shirai, and T.T. Yanagida,
J. High Energy Phys. 07 (2013) 063.
[33] A. Fowlie, K. Kowalska, L. Roszkowski, E. M. Sessolo,
and Y.-L. S. Tsai, Phys. Rev. D 88, 055012 (2013).
[34] K. R. Dienes, J. Kumar, and B. Thomas, Phys. Rev. D 88,
103509 (2013).
[35] K. Kohri and N. Sahu, Phys. Rev. D 88, 103001 (2013).

(PPB-BETS  Collaboration),

PHYSICAL REVIEW D 89, 095001 (2014)

[36] A. Hektor, M. Raidal, A. Strumia, and E. Tempel, Phys.
Lett. B 728, 58 (2014).

[37] Q. Yuan, X.-J. Bi, G.-M. Chen, Y.-Q. Guo, S.-J. Lin, and
X. Zhang, arXiv:1304.1482.

[38] I. Cholis and D. Hooper, Phys. Rev. D 88, 023013 (2013).

[39] X.-G. He, Mod. Phys. Lett. A 24, 2139 (2009).

[40] G. Bertone, M. Cirelli, A. Strumia, and M. Taoso,
J. Cosmol. Astropart. Phys. 03 (2009) 009.

[41] R. M. Crocker, N. F. Bell, C. Balazs, and D. I. Jones, Phys.
Rev. D 81, 063516 (2010).

[42] M. Cirelli, P. Panci, and P. D. Serpico, Nucl. Phys. B840,
284 (2010).

[43] M. Papucci and A. Strumia, J. Cosmol. Astropart. Phys. 03
(2010) 014.

[44] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. Lett. 107, 241302 (2011).

[45] D. Hooper, C. Kelso, and F. S. Queiroz, Astropart. Phys.
46, 55 (2013).

[46] K. Jedamzik, Phys. Rev. D 74, 103509 (2006).

[47] J. Hisano, M. Kawasaki, K. Kohri, T. Moroi, and
K. Nakayama, Phys. Rev. D 79, 083522 (2009).

[48] T.R. Slatyer, N. Padmanabhan, and D. P. Finkbeiner, Phys.
Rev. D 80, 043526 (2009).

[49] G. Huetsi, A. Hektor, and M. Raidal, Astron. Astrophys.
505, 999 (2009).

[50] M. Cirelli, F. Tocco, and P. Panci, J. Cosmol. Astropart.
Phys. 10 (2009) 009.

[51] S. Galli, F. Iocco, G. Bertone, and A. Melchiorri, Phys.
Rev. D 84, 027302 (2011).

[52] J.M. Cline and P. Scott, J. Cosmol. Astropart. Phys. 03
(2013) 044; 05 (2013) EO1.

[53] J. Kopp, Phys. Rev. D 88, 076013 (2013).

[54] L. Bergstrom, T. Bringmann, I. Cholis, D. Hooper, and
C. Weniger, Phys. Rev. Lett. 111, 171101 (2013).

[55] T. Linden and S. Profumo, Astrophys. J. 772, 18 (2013).

[56] P.-F. Yin, Z.-H. Yu, Q. Yuan, and X.-J. Bi, Phys. Rev. D 88,
023001 (2013).

[57] J. Hall and D. Hooper, Phys. Lett. B 681, 220 (2009).

[58] D. Malyshev, I. Cholis, and J. Gelfand, Phys. Rev. D 80,
063005 (2009).

[59] D. Grasso et al. (FERMI-LAT Collaboration), Astropart.
Phys. 32, 140 (2009).

[60] M. Pato, M. Lattanzi, and G. Bertone, J. Cosmol.
Astropart. Phys. 12 (2010) 020.

[61] M. Magg and C. Wetterich, Phys. Lett. 94B, 61 (1980).

[62] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227
(1980).

[63] T.P. Cheng and L.-F. Li, Phys. Rev. D 22, 2860 (1980).

[64] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys.
B181, 287 (1981).

[65] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165
(1981).

[66] I. Gogoladze, N. Okada, and Q. Shafi, Phys. Rev. D 78,
085005 (2008).

[67] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka, M. C.
Peyranere, L. Rahili, and J. Ramadan, Phys. Rev. D 84,
095005 (2011).

[68] E.J. Chun, H.M. Lee, and P. Sharma, J. High Energy
Phys. 11 (2012) 106.

095001-16


http://dx.doi.org/10.1103/PhysRevLett.111.081102
http://dx.doi.org/10.1103/PhysRevLett.111.081102
http://dx.doi.org/10.1103/PhysRevLett.108.011103
http://dx.doi.org/10.1103/PhysRevLett.108.011103
http://dx.doi.org/10.1086/309896
http://dx.doi.org/10.1086/309896
http://dx.doi.org/10.1086/308545
http://dx.doi.org/10.1086/308545
http://dx.doi.org/10.1086/322324
http://dx.doi.org/10.1086/322324
http://dx.doi.org/10.1103/PhysRevLett.93.241102
http://dx.doi.org/10.1103/PhysRevLett.93.241102
http://dx.doi.org/10.1016/j.physletb.2007.01.024
http://dx.doi.org/10.1016/j.physletb.2007.01.024
http://dx.doi.org/10.1103/PhysRevLett.87.271101
http://dx.doi.org/10.1103/PhysRevLett.87.271101
http://dx.doi.org/10.1103/PhysRevLett.102.051101
http://dx.doi.org/10.1103/PhysRevLett.102.051101
http://dx.doi.org/10.1103/PhysRevLett.105.121101
http://dx.doi.org/10.1103/PhysRevLett.105.121101
http://dx.doi.org/10.1038/nature07477
http://dx.doi.org/10.1038/nature07477
http://arXiv.org/abs/0809.0760
http://dx.doi.org/10.1103/PhysRevLett.101.261104
http://dx.doi.org/10.1103/PhysRevLett.101.261104
http://dx.doi.org/10.1051/0004-6361/200913323
http://dx.doi.org/10.1051/0004-6361/200913323
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://dx.doi.org/10.1103/PhysRevD.82.092004
http://dx.doi.org/10.1103/PhysRevD.82.092004
http://dx.doi.org/10.1103/PhysRevLett.106.201101
http://dx.doi.org/10.1103/PhysRevLett.106.201101
http://dx.doi.org/10.1142/S0218271810018268
http://dx.doi.org/10.1142/S0218271810018268
http://dx.doi.org/10.1016/j.astropartphys.2011.08.007
http://dx.doi.org/10.1103/PhysRevLett.103.111302
http://dx.doi.org/10.1103/PhysRevLett.103.111302
http://arXiv.org/abs/1305.1242
http://dx.doi.org/10.1103/PhysRevLett.111.211101
http://dx.doi.org/10.1103/PhysRevLett.111.211101
http://dx.doi.org/10.1016/j.nuclphysb.2013.05.002
http://dx.doi.org/10.1016/j.nuclphysb.2013.05.002
http://dx.doi.org/10.1088/1475-7516/2013/05/003
http://dx.doi.org/10.1088/1475-7516/2013/05/003
http://dx.doi.org/10.1088/1475-7516/2013/11/026
http://dx.doi.org/10.1088/1475-7516/2013/11/026
http://dx.doi.org/10.1140/epjc/s10052-014-2722-9
http://dx.doi.org/10.1140/epjc/s10052-014-2722-9
http://arXiv.org/abs/1304.7492
http://dx.doi.org/10.1007/JHEP07(2013)063
http://dx.doi.org/10.1103/PhysRevD.88.055012
http://dx.doi.org/10.1103/PhysRevD.88.103509
http://dx.doi.org/10.1103/PhysRevD.88.103509
http://dx.doi.org/10.1103/PhysRevD.88.103001
http://dx.doi.org/10.1016/j.physletb.2013.11.017
http://dx.doi.org/10.1016/j.physletb.2013.11.017
http://arXiv.org/abs/1304.1482
http://dx.doi.org/10.1103/PhysRevD.88.023013
http://dx.doi.org/10.1142/S0217732309031740
http://dx.doi.org/10.1088/1475-7516/2009/03/009
http://dx.doi.org/10.1103/PhysRevD.81.063516
http://dx.doi.org/10.1103/PhysRevD.81.063516
http://dx.doi.org/10.1016/j.nuclphysb.2010.07.010
http://dx.doi.org/10.1016/j.nuclphysb.2010.07.010
http://dx.doi.org/10.1088/1475-7516/2010/03/014
http://dx.doi.org/10.1088/1475-7516/2010/03/014
http://dx.doi.org/10.1103/PhysRevLett.107.241302
http://dx.doi.org/10.1103/PhysRevLett.107.241302
http://dx.doi.org/10.1016/j.astropartphys.2013.04.007
http://dx.doi.org/10.1016/j.astropartphys.2013.04.007
http://dx.doi.org/10.1103/PhysRevD.74.103509
http://dx.doi.org/10.1103/PhysRevD.79.083522
http://dx.doi.org/10.1103/PhysRevD.80.043526
http://dx.doi.org/10.1103/PhysRevD.80.043526
http://dx.doi.org/10.1051/0004-6361/200912760
http://dx.doi.org/10.1051/0004-6361/200912760
http://dx.doi.org/10.1088/1475-7516/2009/10/009
http://dx.doi.org/10.1088/1475-7516/2009/10/009
http://dx.doi.org/10.1103/PhysRevD.84.027302
http://dx.doi.org/10.1103/PhysRevD.84.027302
http://dx.doi.org/10.1088/1475-7516/2013/03/044
http://dx.doi.org/10.1088/1475-7516/2013/03/044
http://dx.doi.org/10.1088/1475-7516/2013/05/E01
http://dx.doi.org/10.1103/PhysRevD.88.076013
http://dx.doi.org/10.1103/PhysRevLett.111.171101
http://dx.doi.org/10.1088/0004-637X/772/1/18
http://dx.doi.org/10.1103/PhysRevD.88.023001
http://dx.doi.org/10.1103/PhysRevD.88.023001
http://dx.doi.org/10.1016/j.physletb.2009.10.020
http://dx.doi.org/10.1103/PhysRevD.80.063005
http://dx.doi.org/10.1103/PhysRevD.80.063005
http://dx.doi.org/10.1016/j.astropartphys.2009.07.003
http://dx.doi.org/10.1016/j.astropartphys.2009.07.003
http://dx.doi.org/10.1088/1475-7516/2010/12/020
http://dx.doi.org/10.1088/1475-7516/2010/12/020
http://dx.doi.org/10.1016/0370-2693(80)90825-4
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2860
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1103/PhysRevD.23.165
http://dx.doi.org/10.1103/PhysRevD.23.165
http://dx.doi.org/10.1103/PhysRevD.78.085005
http://dx.doi.org/10.1103/PhysRevD.78.085005
http://dx.doi.org/10.1103/PhysRevD.84.095005
http://dx.doi.org/10.1103/PhysRevD.84.095005
http://dx.doi.org/10.1007/JHEP11(2012)106
http://dx.doi.org/10.1007/JHEP11(2012)106

NEUTRINO MASS AND DARK MATTER IN LIGHT OF ...

[69] W. Chao, M. Gonderinger and M.J. Ramsey-Musolf,
Phys. Rev. D 86, 113017 (2012).

[70] M. Aoki, S. Kanemura, M. Kikuchi, and K. Yagyu, Phys.
Rev. D 87, 015012 (2013).

[71] F. Arbabifar, S. Bahrami, and M. Frank, Phys. Rev. D 87,
015020 (2013).

[72] P.S. B. Dev, D. K. Ghosh, N. Okada, and I. Saha, J. High
Energy Phys. 03 (2013) 150; 05 (2013) 049(E).

[73] A. Kobakhidze and A. Spencer-Smith, J. High Energy
Phys. 08 (2013) 036.

[74] A.G. Akeroyd, M. Aoki, and H. Sugiyama, Phys. Rev. D
77, 075010 (2008).

[75] P. Fileviez Perez, T. Han, G.-y. Huang, T. Li, and K. Wang,
Phys. Rev. D 78, 015018 (2008).

[76] F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys.
B813, 22 (2009).

[77] A. Melfo, M. Nemevsek, F. Nesti, G. Senjanovic, and Y.
Zhang, Phys. Rev. D 85, 055018 (2012).

[78] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka, and L.
Rahili, J. High Energy Phys. 04 (2012) 136.

[79] A.G. Akeroyd and S. Moretti, Phys. Rev. D 86, 035015
(2012).

[80] A. Djouadi, V. Driesen, W. Hollik, and A. Kraft, Eur. Phys.
J. C 1, 163 (1998).

[81] M. Carena, 1. Low, and C. E. M. Wagner, J. High Energy
Phys. 08 (2012) 060.

[82] C.-S. Chen, C.-Q. Geng, D. Huang, and L.-H. Tsai, Phys.
Rev. D 87, 075019 (2013).

[83] C.-S. Chen, C.-Q. Geng, D. Huang, and L.-H. Tsai, Phys.
Lett. B 723, 156 (2013).

[84] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 726,
88 (2013).

[85] CMS Collaboration, Report No. CMS-PAS-HIG-13-001.

[86] P.A.R. Ade et al. (Planck Collaboration), arXiv:
1303.5076.

[87] V. Silveira and A. Zee, Phys. Lett. 161B, 136 (1985).

[88] J. McDonald, Phys. Rev. D 50, 3637 (1994).

[89] C.P. Burgess, M. Pospelov, and T. ter Veldhuis, Nucl.
Phys. B619, 709 (2001).

[90] H. Davoudiasl, R. Kitano, T. Li, and H. Murayama, Phys.
Lett. B 609, 117 (2005).

[91] D. O’Connell, M.J. Ramsey-Musolf, and M. B. Wise,
Phys. Rev. D 75, 037701 (2007).

[92] 1. Gogoladze, N. Okada, and Q. Shafi, Phys. Lett. B 679,
237 (2009).

[93] X.-J. Bi, P-H. Gu, T. Li, and X. Zhang, J. High Energy
Phys. 04 (2009) 103.

[94] S.-L. Chen, R. N. Mohapatra, S. Nussinov, and Y. Zhang,
Phys. Lett. B 677, 311 (2009).

[95] B. Bajc, T. Enkhbat, D. K. Ghosh, G. Senjanovic, and
Y. Zhang, J. High Energy Phys. 05 (2010) 048.

[96] Y.B. Zeldovich, A.A. Klypin, M.Y. Khlopov, and
V.M. Chechetkin, Sov. J. Nucl. Phys. 31, 664 (1980).

[97] D.Fargion, Y. A. Golubkov, M. Y. Khlopov, R. V. Konoplich
and R. Mignani, JETP Lett. 69, 434 (1999).

[98] K. Belotsky, D. Fargion, M. Khlopov, and R. V. Konoplich,
Phys. At. Nucl. 71, 147 (2008).

[99] M. Kuhlen, M. Vogelsberger, and R. Angulo, Phys. Dark
Univ. 1, 50 (2012).

PHYSICAL REVIEW D 89, 095001 (2014)

[100] M. Ibe, H. Murayama, and T.T. Yanagida, Phys. Rev. D
79, 095009 (2009).

[101] J. D. March-Russell and S. M. West, Phys. Lett. B 676, 133
(2009).

[102] W.-L. Guo and Y.-L. Wu, Phys. Rev. D 79, 055012 (2009).

[103] R. Abbasi et al. (IceCube Collaboration), Phys. Rev. D 84,
022004 (2011).

[104] R. Abbasi et al
1210.3557.

[105] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. D 89, 042001 (2014).

[106] M. Ackermann et al. (LAT Collaboration), Phys. Rev. D
86, 022002 (2012).

[107] D.S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
112, 091303 (2014).

[108] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,
010001 (2012).

[109] D. V. Forero, M. Tortola, and J. W. F. Valle, Phys. Rev. D
86, 073012 (2012).

[110] F. del Aguila, J. A. Aguilar-Saavedra, J. de Blas and M.
Perez-Victoria, arXiv:0806.1023.

[111] A.G. Akeroyd, M. Aoki, and H. Sugiyama, Phys. Rev. D
79, 113010 (2009).

[112] T. Fukuyama, H. Sugiyama, and K. Tsumura, J. High
Energy Phys. 03 (2010) 044.

[113] S. Chatrchyan et al. (CMS Collaboration), Eur. Phys. J. C
72, 2189 (2012).

[114] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 72,
2244 (2012).

[115] G.B. Gelmini and P. Gondolo, Phys. Rev. D 74, 023510
(2006).

[116] R. Easther, R. Galvez, O. Ozsoy, and S. Watson, Phys. Rev.
D 89, 023522 (2014).

[117] P.S.B. Dev, A. Mazumdar, and S. Qutub, arXiv:
1311.5297.

[118] A. Belyaev, N. D. Christensen, and A. Pukhov, Comput.
Phys. Commun. 184, 1729 (2013).

[119] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov,
Comput. Phys. Commun. 185, 960 (2014).

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

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

[122] G. Belanger, F. Boudjema, P. Brun, A. Pukhov, S. Rosier-
Lees, P. Salati, and A. Semenov, Comput. Phys. Commun.
182, 842 (2011).

[123] 1. V. Moskalenko and A. W. Strong, Astrophys. J. 493, 694
(1998).

[124] A.W. Strong and I. V. Moskalenko, Astrophys. J. 509, 212
(1998).

[125] http://galprop.stanford.edu/.

[126] E. A. Baltz and J. Edsjo, Phys. Rev. D 59, 023511 (1998).

[127] Y. Asaoka et al., Phys. Rev. Lett. 88, 051101 (2002).

[128] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys. Rev. D
86, 023506 (2012).

[129] M. G. Aartsen et al., Phys. Rev. D 88, 122001 (2013).

[130] M.S. Madhavacheril, N. Sehgal, and T.R. Slatyer,
arXiv:1310.3815.

[131] L. Wang and X.-F. Han, Phys. Rev. D 87, 015015 (2013).

(IceCube Collaboration), arXiv:

095001-17


http://dx.doi.org/10.1103/PhysRevD.86.113017
http://dx.doi.org/10.1103/PhysRevD.87.015012
http://dx.doi.org/10.1103/PhysRevD.87.015012
http://dx.doi.org/10.1103/PhysRevD.87.015020
http://dx.doi.org/10.1103/PhysRevD.87.015020
http://dx.doi.org/10.1007/JHEP03(2013)150
http://dx.doi.org/10.1007/JHEP03(2013)150
http://dx.doi.org/10.1007/JHEP05(2013)049
http://dx.doi.org/10.1007/JHEP08(2013)036
http://dx.doi.org/10.1007/JHEP08(2013)036
http://dx.doi.org/10.1103/PhysRevD.77.075010
http://dx.doi.org/10.1103/PhysRevD.77.075010
http://dx.doi.org/10.1103/PhysRevD.78.015018
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.029
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.029
http://dx.doi.org/10.1103/PhysRevD.85.055018
http://dx.doi.org/10.1007/JHEP04(2012)136
http://dx.doi.org/10.1103/PhysRevD.86.035015
http://dx.doi.org/10.1103/PhysRevD.86.035015
http://dx.doi.org/10.1007/BF01245806
http://dx.doi.org/10.1007/BF01245806
http://dx.doi.org/10.1007/JHEP08(2012)060
http://dx.doi.org/10.1007/JHEP08(2012)060
http://dx.doi.org/10.1103/PhysRevD.87.075019
http://dx.doi.org/10.1103/PhysRevD.87.075019
http://dx.doi.org/10.1016/j.physletb.2013.05.007
http://dx.doi.org/10.1016/j.physletb.2013.05.007
http://dx.doi.org/10.1016/j.physletb.2013.08.010
http://dx.doi.org/10.1016/j.physletb.2013.08.010
http://arXiv.org/abs/1303.5076
http://arXiv.org/abs/1303.5076
http://dx.doi.org/10.1016/0370-2693(85)90624-0
http://dx.doi.org/10.1103/PhysRevD.50.3637
http://dx.doi.org/10.1016/S0550-3213(01)00513-2
http://dx.doi.org/10.1016/S0550-3213(01)00513-2
http://dx.doi.org/10.1016/j.physletb.2005.01.026
http://dx.doi.org/10.1016/j.physletb.2005.01.026
http://dx.doi.org/10.1103/PhysRevD.75.037701
http://dx.doi.org/10.1016/j.physletb.2009.07.035
http://dx.doi.org/10.1016/j.physletb.2009.07.035
http://dx.doi.org/10.1088/1126-6708/2009/04/103
http://dx.doi.org/10.1088/1126-6708/2009/04/103
http://dx.doi.org/10.1016/j.physletb.2009.05.051
http://dx.doi.org/10.1007/JHEP05(2010)048
http://dx.doi.org/10.1134/1.568047
http://dx.doi.org/10.1134/S106377880801016X
http://dx.doi.org/10.1016/j.dark.2012.10.002
http://dx.doi.org/10.1016/j.dark.2012.10.002
http://dx.doi.org/10.1103/PhysRevD.79.095009
http://dx.doi.org/10.1103/PhysRevD.79.095009
http://dx.doi.org/10.1016/j.physletb.2009.04.010
http://dx.doi.org/10.1016/j.physletb.2009.04.010
http://dx.doi.org/10.1103/PhysRevD.79.055012
http://dx.doi.org/10.1103/PhysRevD.84.022004
http://dx.doi.org/10.1103/PhysRevD.84.022004
http://arXiv.org/abs/1210.3557
http://arXiv.org/abs/1210.3557
http://dx.doi.org/10.1103/PhysRevD.89.042001
http://dx.doi.org/10.1103/PhysRevD.89.042001
http://dx.doi.org/10.1103/PhysRevD.86.022002
http://dx.doi.org/10.1103/PhysRevD.86.022002
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.073012
http://dx.doi.org/10.1103/PhysRevD.86.073012
http://arXiv.org/abs/0806.1023
http://dx.doi.org/10.1103/PhysRevD.79.113010
http://dx.doi.org/10.1103/PhysRevD.79.113010
http://dx.doi.org/10.1007/JHEP03(2010)044
http://dx.doi.org/10.1007/JHEP03(2010)044
http://dx.doi.org/10.1140/epjc/s10052-012-2189-5
http://dx.doi.org/10.1140/epjc/s10052-012-2189-5
http://dx.doi.org/10.1140/epjc/s10052-012-2244-2
http://dx.doi.org/10.1140/epjc/s10052-012-2244-2
http://dx.doi.org/10.1103/PhysRevD.74.023510
http://dx.doi.org/10.1103/PhysRevD.74.023510
http://dx.doi.org/10.1103/PhysRevD.89.023522
http://dx.doi.org/10.1103/PhysRevD.89.023522
http://arXiv.org/abs/1311.5297
http://arXiv.org/abs/1311.5297
http://dx.doi.org/10.1016/j.cpc.2013.01.014
http://dx.doi.org/10.1016/j.cpc.2013.01.014
http://dx.doi.org/10.1016/j.cpc.2013.10.016
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.2010.11.033
http://dx.doi.org/10.1016/j.cpc.2010.11.033
http://dx.doi.org/10.1086/305152
http://dx.doi.org/10.1086/305152
http://dx.doi.org/10.1086/306470
http://dx.doi.org/10.1086/306470
http://dx.doi.org/http://galprop.stanford.edu/
http://dx.doi.org/http://galprop.stanford.edu/
http://dx.doi.org/http://galprop.stanford.edu/
http://dx.doi.org/10.1103/PhysRevD.59.023511
http://dx.doi.org/10.1103/PhysRevLett.88.051101
http://dx.doi.org/10.1103/PhysRevD.86.023506
http://dx.doi.org/10.1103/PhysRevD.86.023506
http://dx.doi.org/10.1103/PhysRevD.88.122001
http://arXiv.org/abs/1310.3815
http://dx.doi.org/10.1103/PhysRevD.87.015015

DEV et al. PHYSICAL REVIEW D 89, 095001 (2014)
[132] T. Bringmann, X. Huang, A. Ibarra, S. Vogl, and C. [135] M. Su and D. P. Finkbeiner, arXiv:1206.1616.

Weniger, J. Cosmol. Astropart. Phys. 07 (2012) 054. [136] W.B. Atwood et al. (LAT Collaboration), Astrophys. J.
[133] C. Weniger, J. Cosmol. Astropart. Phys. 08 (2012) 007. 697, 1071 (2009).
[134] E. Tempel, A. Hektor, and M. Raidal, J. Cosmol. Astropart. [137] M. Ackermann et al. (Fermi-LAT Collaboration),
Phys. 09 (2012) 032; 11 (2012) AO1. Astrophys. J. Suppl. Ser. 203, 4 (2012).

095001-18


http://dx.doi.org/10.1088/1475-7516/2012/07/054
http://dx.doi.org/10.1088/1475-7516/2012/08/007
http://dx.doi.org/10.1088/1475-7516/2012/09/032
http://dx.doi.org/10.1088/1475-7516/2012/09/032
http://dx.doi.org/10.1088/1475-7516/2012/11/A01
http://arXiv.org/abs/1206.1616
http://dx.doi.org/10.1088/0004-637X/697/2/1071
http://dx.doi.org/10.1088/0004-637X/697/2/1071
http://dx.doi.org/10.1088/0067-0049/203/1/4

