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We present the Sommerfeld enhanced Dark Matter (DM) annihilation into gamma ray for a class of
three-loop radiative neutrino mass models with large electroweak multiplets where the DM mass is in
O(TeV) range. We show that in this model, the DM annihilation rate becomes more prominent for larger
multiplets and it is already within the reach of currently operating Imaging Atmospheric Cherenkov
telescopes (IACTs), High Energy Stereoscopic System (H.E.S.S.). Furthermore, Cherenkov Telescope Array

(CTA), which will begin operating in 2030, will improve this sensitivity by a factor of O(10) and may
exclude a large portion of parameter space of this radiative neutrino mass model with larger electroweak
multiplet. This implies that the only viable option is the model with lowest electroweak multiplets i.e.
singlets of SU(2); where the DM annihilation rate is not Sommerfeld enhanced and hence it is not yet
constrained by the indirect detection limits from H.E.S.S. or future CTA.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

We are yet to identify the mass and particle nature of the Dark
Matter (DM) of the universe despite having extensive astrophysical
and cosmological observations supporting its existence. Recently
the DM, having quantum numbers under the Standard Model (SM)
gauge group SU(2); x U(1)y and with mass in the TeV range, has
come under the focus of Imaging Atmospheric Cherenkov Tele-
scopes (IACT) as gamma ray produced in the DM annihilation at
the central region of the Milky Way galaxy is within the detection
reach of IACTs [1-4].

The flux of the gamma ray photons from cosmic sources rapidly
falls when their energies reach E X O(TeV). For this reason, the
satellite which has the detection area of sub-m?, is not very sensi-
tive for the very high energetic (VHE) gamma ray of the energy
range, 100 GeV-100 TeV. On the other hand, such high energy
gamma ray interacts with the upper region of the atmosphere
and creates a shower of very energetic secondary charged parti-
cles which reaches at about 10 km height. These particles move
faster than the speed of light in the air and therefore emit the
faint blue Cherenkov light. This Cherenkov light is beamed around
the direction of the incident primary photon and it illuminates the
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ground of about 50,000m?, which is often referred as Cherenkov
light pool. Only 100 photons per m? on the ground can be seen
for a primary photon of TeV energy. So if a telescope is somewhere
within the light pool and has large mirror area to collect enough
photons, it will observe the air shower. Therefore, the effective de-
tection area of a Cherenkov telescope is approximately given by
the area of the light pool which is much larger than that of a
satellite. The prominent IACTs like MAGIC [5], VERITAS [6], CAN-
GAROO [7] and H.ES.S. [8] have revealed intriguing astrophysical
VHE gamma ray sources of our universe. In [9,10] H.E.S.S. collabo-
ration presented search result for gamma signal coming from DM
annihilation in the inner region of Milky Way and put upper limits
on the annihilation cross section (o v) for the DM in the TeV mass
range that is not within the reach of collider searches or direct
detection experiments.

In addition, the non-relativistic (NR) DM which has O(TeV) mass
and electroweak charge, receives the non-perturbative Sommerfeld
enhancement [11-34] which increases the DM annihilation rate
into gauge bosons, i.e. DM DM — WW, ZZ, yy, y Z, significantly.
As a consequence, this class of NR DM with TeV mass range, has
better prospects of being detected in currently operating H.E.S.S. or
future CTA [35,36] which will begin operation in about 2030.

Apart from the DM nature of the universe, the origin and small-
ness of the neutrino mass is yet to be concluded. The Krauss—
Nasri-Trodden (KNT) model [37] ties these two issues together by
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radiatively generating neutrino mass' at three-loop with DM parti-
cle running in the loop. The Beyond Standard Model (BSM) content
of the model consists of two single charged singlet scalars, ST, S;
and three singlet RH neutrinos, Ng,, i =1,2,3 under SM gauge
group with masses lie in the GeV-TeV range. Here, the lightest
singlet RH neutrino Ng, plays the role of DM. Subsequently, KNT
model can be generalized [39] by replacing S;r with @ having in-
teger isospin and hypercharge, Y =1 and Ng, with F; that has
integer isospin and Y = 0 under SM gauge group. In the gener-
alized KNT model, the lightest neutral fermion component, F? is
the viable DM candidate. Such replacement in KNT model with
large electroweak multiplets have been studied for triplet [40],
5-plet [41] and 7-plet [42] cases. In [43], we have investigated the
charged lepton flavor violating processes in the generalized KNT
model. In this work we focus on 5-plet and 7-plet cases because
the Z, symmetry, {S*, Ng;} — {—S; —Npg,} needed to prevent the
Dirac neutrino mass term in the Lagrangian, is not required any-
more for larger multiplets like in 5-plet and 7-plet cases.

The article is organized as follows. In section 2, we present
the generalized KNT model. Section 3 describes the formalism to
calculate Sommerfeld enhanced DM annihilation processes in gen-
eralized KNT model. In section 4, we present the relic densities
of the DM candidate, including the correction due to SE, in 5-plet
and 7-plet cases via thermal freeze-out process and also via non-
thermal out-of-equilibrium decay. The DM annihilation cross sec-
tions into electroweak bosons at the galactic center are presented
in section 5. Finally we conclude in section 6.

2. The model

Apart from the SM field content, we add the following BSM
fields in the generalized KNT model which are charged under SM
gauge group, SU(3): x SU(2)L x U(1)y as

Complex scalars: S]L ~(0,0,1), ®~ (0, jg, 1), and
Real fermions: Fy 23 ~ (0, jF, 0) (1)

where jy and jf are integer isospin of SU(2);.

In this comparative study, we focus on two set of models in
this class; 5-plet model: ® ~ (0,2,1) & F1 2.3 ~ (0,2,0) and 7-plet
model: ® ~(0,3,1) & F; 23~ (0,3,0).

The SM Lagrangian is augmented in the following way,

LD Lsm + {fapl-LpST + giaFi®.eq, +h.c.}

— %FiCMpiij—V(H,<I>,Sl)+h.c., (2)
where, ¢ denotes the charge conjugation and dot sign, in short-
hand, refers to appropriate SU(2) contractions. Also L, and eg,
are the LH lepton doublet and RH charged leptons respectively and
Greek alphabet o« stands for generation index. Moreover, [Flypg =
fap and [Gliq = giq are 3 x 3 complex antisymmetric and gen-
eral complex matrices respectively. Finally, H denotes the SM Higgs
doublet.
The scalar potential is given by,

V(H,®,51)=V(H) + V(®)+ V(S1) + Vi(H, ®) + Va(H, S1)
+ V3(®, 51) (3)

The three-loop neutrino mass generation and the DM stability de-
pend on the V3 term of Eq. (3). Explicitly the relevant terms of V3
for 5-plet and 7-plet models are,

T For a review of radiative neutrino mass generation models, please see [38].

A
V;S) ») TS(51_)2q’abcdq)efgheaeebfecgedh
+AST @ PP o B! + huc (4)
A o
7 S _
V; ) D) T(Sl )zq)abcdefq)ghijkléagébheaédjéekéfl +h.c. (5)

Here the A term in Eq. (4) is not invariant under Z, and even-
tually induce the decay of F? where the width is Tpy ~ A2. But,
as pointed out in [41], the bound on DM mean life-time sets A
to be very small, and in the limit when A — 0, the Z; symme-
try emerges. On the other hand, the A term is absent in Eq. (5)
because js ® js contains symmetric (antisymmetric) irreducible
representation with same isospin Ty for even (odd) integer isospin
which is further contracted with @ to obtain a singlet. So, for two
identical scalar multiplets, the antisymmetric combination is zero
and hence no A term for jg = 3.

As pointed out in [43], the mass splittings among component
fields of the scalar multiplet is controlled by g2 (®7.H).(HT.®) C
V, term after electroweak symmetry breaking and allowed split-
tings only lead to Amizj/M% ~ 1073 for invariant mass of the
scalar multiplet, Mo = 10 TeV and the ratio becomes smaller for
Mjp > 10 TeV. On the other hand, the mass splittings in fermionic
component fields are zero at tree-level and only receive O (100)
MeV splittings due to radiative correction after electroweak sym-
metry breaking. Therefore such scenario is can be considered as
near-degenerate case.

3. Sommerfeld enhanced dark matter annihilation
3.1. DM candidate

In the generalized KNT model, the lightest neutral compo-
nent of the fermion multiplet, F? is the viable DM candidate. In
comparison, the neutral component of the scalar multiplet, ¢° =
\%(S + iA) could have provided S to be DM but it is ruled out
as it induces Z-mediated dark matter nucleon scattering of the or-
der 1073° cm? which is much larger than the exclusion limit set
by the direct detection experiments [55]. One can avoid this DM-
nucleon scattering channel if the splitting between S and A is large
enough to make this scattering kinematically forbidden but there is
no renormalizable term in the Lagrangian which can induce such
splitting in a generic way. Still, higher dimensional operator can
split the S and A component [45] but then it is needed to address
the UV completion of the model. Therefore, we restrict ourselves
only to the renormalizable Lagrangian, and therefore the DM can-
didate is set to F.

3.2. SE annihilation cross-sections

When the DM is non-relativistic, vpm < ¢ and my,z < mppm,
the exchange of massive W and Z gauge bosons between DM
components will induce Yukawa potential and y exchange will in-
duce Coulomb potential which in turn significantly modifies the
wavefunction of the incoming DM states and enhances the anni-
hilation cross-sections. This phenomenon is known as Sommerfeld
Enhancement (SE). The calculation of Sommerfeld enhanced DM
annihilation cross section is well studied subject so here we fol-
low the prescriptions given in [34,45]. In the following we briefly
review them to set up our notation.

As the Sommerfeld enhancement is considered for 2 — 2 pro-
cesses, we first define 2-particle states which consist of incoming
component fields of fermion multiplet. Sommerfeld enhancement
takes place in DM (co)annihilation processes with final states W=,
Z and y bosons so we only consider the 2-particle states which
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