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ABSTRACT: We consider a simple extension of the minimal left-right symmetric model
(LRSM) in order to explain the PeV neutrino events seen at the IceCube experiment from
a heavy decaying dark matter. The dark matter sector is composed of two fermions: one
at PeV scale and the other at TeV scale such that the heavier one can decay into the
lighter one and two neutrinos. The gauge annihilation cross sections of PeV dark matter
are not large enough to generate its relic abundance within the observed limit. We include
a pair of real scalar triplets 27, g which can bring the thermally overproduced PeV dark
matter abundance into the observed range through late time decay and consequent entropy
release thereby providing a consistent way to obtain the correct relic abundance without
violating the unitarity bound on dark matter mass. Another scalar field, a bitriplet under
left-right gauge group is added to assist the heavier dark matter decay. The presence of
an approximate global U(1)x symmetry can naturally explain the origin of tiny couplings
required for long-lived nature of these decaying particles. We also show, how such an
extended LRSM can be incorporated within a non-supersymmetric SO(10) model where
the gauge coupling unification at a very high scale naturally accommodate a PeV scale
intermediate symmetry, required to explain the PeV events at IceCube.
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1 Introduction

There have been several irrefutable experimental observations suggesting the presence of
dark matter (DM) in the Universe, starting from the galaxy cluster observations by Fritz
Zwicky [1] back in 1933, observations of galaxy rotation curves in 1970’s [2], the more recent
observation of the bullet cluster [3] to the latest cosmology data provided by the Planck
satellite [4]. The latest Planck data suggest that around 26% of the present Universe’s
energy density consist of non-baryonic or dark matter. In terms of density parameter
and h = (Hubble Parameter)/100, the present dark matter abundance is conventionally
reported as [4]

Qpmh? = 0.1187 4+ 0.0017. (1.1)

Even though there are enough evidences from astrophysics and cosmology confirming the
presence of dark matter in the Universe, no experiment has so far been able to probe it di-
rectly. The most recent dark matter direct detection experiments like LUX, PandaX-IT have
also reported their null results [5-7]. There have been many efforts to look for indirect dark
matter signatures at different experiments with the hope that even though dark matter may
not scatter off nuclei significantly in order to be consistent with null results at direct detec-
tion experiments, but they may decay or annihilate into the standard model (SM) particles
on cosmological scales and leave some indirect signatures. The IceCube experiment at the
south pole is one such place where such indirect dark matter signatures can be looked for.

The IceCube collaboration has in fact reported 54 ultra-high energy (UHE) neutrino
events corresponding to deposited energy in the range 20TeV to 2PeV in their 4 year
dataset [8-10], with a 6.40 excess over the atmospheric background. Recently, IceCube has
observed a track-like event which extends its deposited energy to ~ 3PeV [11]. With no
significant evidence for astrophysical sources [12, 13], this observation has led to several be-
yond standard model (BSM) proposals as possible interpretation of these high energy neu-
trino events. Among them, probably the simplest BSM interpretation of these high energy



events is in terms of a PeV scale long-lived dark matter candidate that can decay into neutri-
nos [14-38]. Among these, we are particularly interested in the framework adopted by [27,
37]. The authors in both of these works considered a type of Left-Right Symmetric Model
with relevant field content to generate the high energy IceCube events from the decay of a
PeV dark matter candidate. The LRSM is one of most highly motivated BSM frameworks
which in its generic form [39-43], not only explains the origin of parity violation in weak in-
teractions but also explains the origin of tiny neutrino masses naturally. The gauge symme-
try group and the field content of the generic LRSM can also be embedded within grand uni-
fied theory (GUT) symmetry groups like SO(10) providing a non-supersymmetric route to
gauge coupling unification. The right handed fermions of the SM forms doublet under a new
SU(2) g group in LRSM such that the theory remains parity symmetric at high energy. This
necessitates the inclusion of the right handed neutrino as a part of the right handed lepton
doublet. Both the works [27, 37] considered the lightest right handed neutrino as the PeV
dark matter candidate. However, in generic LRSM, such a PeV right handed neutrino will
be extremely short lived compared to the age of the Universe, due to its decay into the SM
fermions mediated by the SU(2)g vector bosons. Therefore the authors of [27, 37] consid-
ered two different types of LRSM which can explain the IceCube result well but not as moti-
vating as the generic LRSM from grand unification point of view. For example, the work [27]
considered the charged isospin partner of the right handed neutrino to be a super-heavy
fermion instead of the usual right handed charged lepton, in order to prevent the fast decay
of dark matter into the SM particles. On the other hand, the authors of [37] considered a
hadrophobic SU(2)r to prevent the Wx mediated fast decay of the dark matter candidate.

Instead of pursuing this non-conventional LRSM route taken in [27, 37], here we con-
sider a simple extension of the minimal LRSM to incorporate the IceCube observation
while retaining other generic features of LRSM including the possibility of embedding it
within SO(10) GUT. The possibility of dark matter within GUT has been explored quite
extensively within supersymmetric frameworks. Within non-supersymmetric SO(10) GUT
also, similar studies have appeared in some recent works including [44, 45]. The interesting
feature of these scenarios is the natural origin of the symmetry stabilising the dark matter
candidate within a UV complete theory that can achieve gauge coupling unification and
can also predict the proton decay lifetime. While we do not follow a general top-down
approach here similar to [44, 45], we start with a left-right symmetric model having nec-
essary particle content to produce the correct dark matter relic abundance along with the
IceCube high energy neutrino events and then consider the possible embedding of these
particles within SO(10) multiplets. This approach is similar to the bottom-up approach
followed in LRSM dark matter studies with gauge coupling unification discussed in the re-
cent works [46-48]. In our model, the neutral components of two fermion triplets are dark
matter candidates with the heavier of them having PeV scale mass and the lighter one
having mass at TeV scale. Although the abundance of TeV scale DM can be kept within
the observed DM abundance in the usual thermal freeze-out mechanism, the PeV scale DM
becomes over-abundant due to insufficient annihilations or the unitarity bound [49, 50]. We
introduce two different types of scalar multiplets: a pair of triplet and one bi-triplet which
serve two purposes. One of them can be long lived and decay after the freeze-out of PeV



DM so that its abundance can be diluted by the release of entropy [51] while the other can
assist the PeV DM decay into the lighter one and a pair of high energy neutrinos. The
long-lived nature of such scalars as well as the heavier DM requires arbitrary fine-tuning of
different parameters of the model. However, the presence of an approximate global U(1) x
symmetry can naturally explain the origin of such tiny couplings required for long-lived
nature of these decaying particles.

We show that the additional fields included to the minimal LRSM in order to accom-
modate a heavy long lived dark matter decaying into the high energy neutrinos observed
at the IceCube experiment also assist in achieving successful gauge coupling unification at
a high scale. Apart from the usual LRSM particles, the additional fields included in this
work also can be accommodated within different SO(10) multiplets. The gauge coupling
unification at a high energy scale is consistent with an intermediate scale around PeV scale.
Although this could well be a coincidence, but it could also be an indication suggesting
a more fundamental origin of a dark matter candidate having mass around a few PeV.
Interestingly, the intermediate Pati-Salam symmetry in generic SO(10) GUT models has
a lower bound from phenomenological considerations of rare meson decays, which lie near
the PeV scale [52]. Also, such PeV scale intermediate left-right symmetry has other cosmo-
logical motivations [53]. Therefore, the PeV dark matter in our model is not just motivated
from phenomenological considerations, but it could also have a deeper theoretical origin as
this PeV intermediate scale arises naturally from the demand of successful gauge coupling
unification and consistent cosmology.

This paper is organised as follows. In section 2, we discuss our model in details.
We discuss the gauge coupling unification along with SO(10) embedding in section 3. In
section 4, we discuss the details of dark matter relic abundance calculation and constraints
on the parameter space from the requirement of satisfying the relic density bound. In
section 5, we discuss the way the IceCube high energy neutrino events can be explained
from PeV dark matter decay in our model. We finally conclude in section 6.

2 The model

The left-right symmetric model [39-43] is one of the most widely studied BSM framework
that can simultaneously explain the origin of tiny neutrino masses and parity violation at
weak interactions. The gauge symmetry of the standard model namely, SU(3). x SU(2), x
U(1)y is upgraded to SU(3). x SU(2);, x SU(2)g x U(1)p_r, such that the right handed
fermions transform as doublets under SU(2) g, making the theory left-right symmetric. The
model also has an in-built discrete Zs symmetry or D-parity which ensures the equality
of couplings in SU(2) 1, r sectors. The effective parity violating electroweak physics at low
energy arises as a result of spontaneous breaking of the SU(2)r x U(1)p_r, x D to U(1)y
of the SM.

In the manifest left-right symmetric model SU(3). x SU(2);, x SU(2)g x U(1)p_1, the
scale of SU(2)r gauge symmetry breaking and parity breaking are identical which is not
necessary. The original idea of D-parity invariance in left-right symmetric models is pro-
posed in [54-56] where the discrete parity symmetry gets broken much before the SU(2) g



gauge symmetry breaking. The key difference between Lorentz parity and D-parity is that
Lorentz parity acts on the Lorentz group and interchanges left-handed fermions with the
right-handed ones but the bosonic fields remain the same whereas D-parity acts on the
gauge groups SU(2); x SU(2)g interchanging the SU(2). scalar fields with the SU(2)g
scalar fields in addition to the interchange of fermions. The effect of the spontaneous
breaking of D-parity results in an asymmetry between left and right-handed scalar fields
making the coupling constants of SU(2)r and SU(2), evolve separately under the renor-
malization group leading to unequal SU(2);, and SU(2)g gauge couplings. To illustrate the
idea, consider the scalar sector of the left-right model with spontaneous D-parity breaking
mechanism consists of a SU(2) singlet scalar field o which is odd under discrete D-parity,
two scalar triplets Ay, Agr and a bidoublet ®. After assigning a non-zero vacuum expecta-
tion value (vev), (o) to D-parity odd scalar singlet o, the left-right symmetry with D-parity
SU(3).xSU(2)r x SU(2)r x U(1) g1, x D is spontaneously broken but the gauge symmetry
SU(3). x SU(2)1, x SU(2)r x U(1)p_r remains unbroken resulting in

MR, = ik = Aalo)M (2.1a)
MR, = WA +Aa(o)M, (2.1b)

where pa is the mass term for triplets i.e, ,uQATr (ATLAL + AEAR> and A is the trilinear

coupling in the term MoTr (ATLAL — AEA R). With a large parity breaking vev to the
D-parity odd scalar singlet; (o) ~ Mpj, the model yields all the left-handed (LH) scalars to
have heavy masses i.e., O(Mp;) while those of the right-handed (RH) scalars can have much
lighter masses near the TeV scale with MiR ~ (pA — Aa(o) M) where pa ~ M ~ O(Mp).
In fact Ma, can have any value below Mp; depending on the degree of fine-tuning in
the scalar coupling Aa. Thus, the spontaneous D-parity breaking is not only gives mass
splitting between left and right handed scalar fields, but the asymmetry in the scalar sector
at the energy scales below D-parity breaking scale Mp; creates an asymmetry in the gauge
couplings, g;, # gr for the surviving left-right gauge group. We implement this nice idea
in the present model to provide required mass splitting between Dark matter fermions as
well as scalars.

The usual fermion content of the LRSM along with the dark matter candidates ¥ g
added in the present model are shown in table 1. The scalar content of the minimal LRSM
consist of a bidoublet ® responsible for generating Dirac mass terms of all fermions and
also for breaking the electroweak gauge symmetry spontaneously. The minimal model also
has a pair of complex triplet scalars A, g in order to break the LRSM gauge symmetry
spontaneously to that of the SM and also to generate Majorana mass terms of light and
heavy neutrinos. The scalar content of the present model with the addition of a pair of
real triplets, one bitriplet and one D-parity odd singlet, is shown in table 2. The parity
odd scalar not only helps in gauge coupling unification as we will discuss later, but also
splits the masses of left and right handed dark matter candidates.

At a very high energy scale, the parity odd singlet ¢ can acquire a vev to break D-
parity spontaneously while the neutral component of Ag acquires a non-zero vev at a later
stage to break the gauge symmetry of the LRSM into that of the SM which then finally



Particles | SU(3). x SU(2)r, x SU(2)r x U(1)p—1
Qr (3,2,1,3)
Qr (3,1,2,3)
59 (1,2,1,-1)
lr (1,1,2,-1)
3 (1,3,1,0)
YR (1,1,3,0)

Table 1. Fermion content of the model.

Particles | SU(3). x SU(2)r x SU(2)g x U(1)p—1

P (1,2,2,0)
Ar (1,3,1,2)
AR (1,1,3,2)
Qr, (1,3,1,0)
Qr (1,1,3,0)

(1,3,3,0)
o (1,1,1,0)

Table 2. Scalar content of the model.

gets broken down to the U(1)em of electromagnetism by the vev of the neutral component
of Higgs bidoublet ®. Thus, the symmetry breaking chain is

SU(Q)LXSU(Q)RXU(DB,LXD @ SU(?)LXSU(Q)RXU(UB,L <AR SU(Q)L XU(l)y

SU LXU JU

Denoting the vev of the neutral components of the bidoublet as ki » and that of triplet Ag
as vR, the gauge boson masses after spontaneous symmetry breaking can be written as

2 92 2 2 92 2

MWL = Zkl? MWR = 5UR7
s _ g*k? B cos? 20, lﬁ 2o g*v% cos? 0y,
2L 4cos2 0, 2cost 0, 0%, ) 2R cos20,

where 0, is the Weinberg angle. The neutral components of the other scalar fields 1, Q, r
do not acquire any vev. However, the neutral component of the scalar triplet Ay can
acquire a tiny but non-zero induced vev after the electroweak symmetry breaking as

M2

v =7 UVI:L , (2.2)

with My, ~ 80.4GeV being the weak boson mass and < is a function of various cou-
plings in the scalar potential. The bidoublet also gives rise to non-zero Wi — Wgr mixing



parameterised by £ as

2k ko
tan 2£ = m 5 (23)

which is constrained to be & < 7.7 x 10™* [57, 58]. Such tiny left-right mixing simplifies
the calculation of dark matter relic abundance as we discuss in detail later.
The relevant Yukawa couplings for the standard model fermion masses can be written as

LM = il R + yi; LR + YijQin®Qir + Y;Qin®Qjr
1 . 1 .
+§UmﬂﬁCU@Aﬂﬂ+§UMM%CM@AMm+H@ (2.4)
where ® = 75®* 1, C is the charge conjugation operator and the indices i, j = 1, 2, 3 corre-

spond to the three generations of fermions. The light neutrino mass after the spontaneous
symmetry breaking can be written as

(M,)i; = (fr)ijor — (Mp)ir(Mg) i (MD)y; (2.5)

where (Mp)ij = yijk1 +yz’-j ko are the elements of Dirac neutrino mass matrix and (Mpg);; =
(fr)ijvr are the right handed neutrino mass matrix elements.

The fermion triplets ¥, r shown in table 1 can be written in the component form as
the following matrix representation

L — 3

V2s, -9
DIRVE) s

o ZhOVER) (26)
V2Ey -3

where the neutral component of the each fermion triplet can be a stable dark matter
candidate whose stability is ensured by either high SU(2) dimensions forbidding any decay
at tree level or due to remnant discrete symmetry arising after spontaneous symmetry
breaking of LRSM [59]. There exists a parity odd singlet scalar o that can introduce a
mass splitting between ¥ and Y. The terms involving ¥ g and o can be written as

LY = MXTCYp + MREECSR + Moo (ZRrER — B121). (2.7)
A non-zero vev of the parity odd singlet scalar o lead to the masses of fermion triplets as
Mp = Ms + )\g<0'>, My = My, — )\U<J> .

This generates a mass splitting of 2\, (o) between the two dark matter particles. Since
we want our heavier dark matter candidate ¥ i to decay into the lighter one and other
standard model particles, we introduce a scalar bitriplet into the model which can mediate
such decays. Such a scalar bitriplet field ¥ ~ (1,3,3,0) can be written in matrix form as

CO* et C++

N 28)

C++* —et® CO



The relevant interaction Lagrangian is given by
s Joe—
L= %’ELwZR (2.9)

where the contribution of the parity odd singlet in the desired mass splitting Mg # My is
already taken into account. A pair of scalar triplets {27, r is introduced in order to achieve
the desired relic abundance of the heavier dark matter candidate as we discuss below.
These scalar triplets couple to the fermion dark matter triplets as

L =22Tcryp + A2ECORYR . (2.10)
The complete Yukawa Lagrangian of the model therefore, can be written as
Ly = LM + 237 + 237 + £39 (2.11)

where £LYM | £37, /le,w, L3 can be read from egs. (2.4), (2.7), (2.9) and (2.10) respectively.
For the sake of completeness we also write down the scalar potential of the model by
dividing it into two parts: one for minimal LRSM and the other for the relevant part of
the additional scalar content (Qr, g, 1, o). The scalar potential for the minimal LRSM is

V(®,AL,AR) =V, + Vo +Va + Voar + Vaoar, ap, (2.12)
where the bilinear terms in Higgs fields are
V, = — 2T [@Tcp} ATy [qﬂé + é*@} 2T [ATLAL +ALA R} . (2.13)
The self-interaction terms of ® are:
Vo =i |Tr [qﬂ@”z + o [Tr [@@HQ + o [Tr [&M”Q
+ A3Tr [@Tqﬁ] Tr [ciﬂcp} + AT [@ch] Tr [qﬂ@ + &ﬂq)} . (2.14)
and the Ay g self- and cross-couplings are as follows:
Va = p1 <[Tr [ATLALW + [ [A;ARH?) + paTr [ALAL] Tr [AfAR]
+p2 (Tr[ALAL Tr [ALA}] + Tr[ArAR) Tr [ARAL])
+pa (Tr[ALAL Tr [ARAL] + T (Al Al Triaras). (2.15)
In addition, there are also ® — A;, and ® — A interactions present in the model,
Voa = aiTr [@10] Tr [A] A, + AhAR| + asTr [00tALA] + @loagA]]
+ {aoe® T [@10] Tr [A]AL] + age®™ T [870] Tt [AfAR| + He ]  (216)
with 6o = 0 making CP conservation explicit, and the ® — Ay — Ag couplings are
Voaan = BiTr [0TA]0AR + Af@TAL®] + 4 Tr [0TA] DAL + AfTA 0]

+ B3 Tr [@NL@AR + A%@TALé} . (2.17)



The scalar potential involving the newly introduced scalar fields beyond the minimal LRSM
is

Vaew = Vo + Vi + Vo + Vo + Vaa + V. (2.18)
The details of different terms on the right-hand side of the above equation can be written
as follows,

Vo = pdTr [Q70, + QRQR] + ps([Tr [QFQL]]° + [Tr [050%]])
(2%

+ ps [Tr [Q1QL]] [Tr [QRQR]] (2.19)
Vo = uiTr [WT¢] + pr [Tr [0T9]]%, (2.20)
v, = “2“ o2 + psot + pgac(Tr {AEAR - ATLAL}) + poqo(Tr [0, — 00, ])
+ poo?Tr [qﬂ@} + proo?(Tr [AEAR + NLAL}) + pno(Tr [Q505 + 970, )
+ pr2o®Tr [7 9] (2.21)
Vaq = piaTr [@TQch} + s Tr [qﬂ QRcb] ¥ fusTr [qﬂ @} Tr [0 0]
+ fuTr [010] T [QF Q] + fisTr [@10] Tr [2024] (2.22)

Vao = fouTr [ALAL T [0F01] + fosTr [ALAL] Tr [0FQ5] + foaTr [AfAR| Tr [0 0]
+ fasTr [ AR AR| T [QF Q] + fosssTr AL Ag| Tr [0 0] (2.23)
Voo = i Tr [0700] + pasoTr [AL6AR] + pasoTr [QT Q] + fioTr [@7] T [07y]
+ fogTr :NLAL} Te [070] + foeTr [A;A R] Te [T + foseTr [ATLA R} Tr [T ]

+ fagTr [Q%QL] Tr [le/J] + fs6Tr [QgQR] Tr [T/JTw] + faseTr [Q%QR] Tr [wTw]
+ pa7Tr [y (2.24)

It should be noted in the scalar potential terms involving the scalar bitriplet, both the two
and three dimensional representations of SU(2) generators have to be used at appropriate
places in order to construct an invariant term. The details of this is skipped as these terms
are shown for the sake of completeness here and are not relevant for subsequent discussions.
The complete scalar potential of the model is, therefore

V=V(®,AL,AR) + Vo + Vi + Vo + Vaa + Vaq + Via. (2.25)
On the other hand, the kinetic Lagrangian of the model can be written as
Lign = L5+ L3, + Lialar (2.26)

where

,B—L
ng Z X" (la +9L WL;Hrg 5 BN> XL
x=£,Q

,B—L
+ > xm” (18 +gR Wry+9 — B >XR; (2.27)
x=4,Q



5 =[5 (19,50 4[] o5
+ Tr [imﬂ (iaqu +9gr [; - Wap, ER] )] , (2.28)
alar _ y [(DMQJ)T(D“@)] +Tr [(DMAL)T(DMAL)} +Tr [(D“QL)T(DﬂQL)}
+Te [(Du) ! (D#9)] + Tr [(D,AR) (D#Ag)| + T [(D,28) (D"02p)|

+ %(6#0)(8“0). (2.29)

In Eﬁfflar the covariant derivatives D, for the scalars can be written in a way similar to
that of the fermions.

3 Gauge coupling unification

In the previous discussion, we demonstrated that PeV scale decaying dark matter has
a potential to explain the recently observed IceCube data. We intend here to examine
whether such a framework under consideration can be embedded in a non-SUSY SO(10)
GUT theory leading to successful gauge coupling unification. The symmetry breaking
pattern of SO(10) such that it has the Pati-Salam gauge group as its intermediate symmetry
breaking step as follows

SO(IO) @) G224D ﬂ) G224 <ﬂ>> GSM @) U(l)Q X SU(3>C. (3.1)
At first, SO(10) breaks down to the Pati-Salam group and D-parity invariance i.e, SO(10) —
G224p which can be achieved by giving a non-zero vev to Gaa4 singlet contained in a {54} g-
plet Higgs of SO(10) (see refs. [54-56] for detailed discussion on SO(10) GUT breaking and
D-parity invariance). This singlet scalar 7 is even under D-parity. The subsequent stage of
symmetry breaking Gaoap — Ga24 is done with another singlet scalar odd under D-parity.
The G4 multiplet o = (1,1,1) C {210}y, being odd under D-parity, is responsible for
Goo4p — G994 symmetry breaking. Here we denote this scale of D-parity invariance as Mp
ensuring equal value of g7, and gg.

The important stage of symmetry breaking Gooy — Gsnm is happened when right-
handed Higgs field Qr(1, 3, 15) gets its non-zero vev. This symmetry breaking scale is fixed
at few PeV scale such that decaying dark matter ¥ g, right-handed charged gauge boson Wg
and relevant scalars playing an important role in dark matter phenomenology and IceCube
explanation — all lie around that scale. The last stage of symmetry breaking Gy —
U(1)em x SU(3)¢ is done via SM Higgs doublet reproducing fermion masses and mixing.

Here both manifest left-right theory with gauge group SU(2)r x SU(2)r x U(1)p_r X
SU(3)¢ and Pati-Salam symmetry SU(2); x SU(2)r x SU(4)¢ occur at same scale and
hence, we only talk about Pati-Salam symmetry now onwards and its embedding in a non-
SUSY SO(10) GUT. The usual quarks and leptons are contained in Pati-Salam multiplet
as (2,1,4)p +(2,1,4)p C 16p. The fermion dark matter components transforming isospin
triplet under SU(2)y, r are contained in Pati-Salam multiplet as ¥,(3,1,1) + X(1,3,1) C



Group Gr Fermions Scalars
Qr(2,1/6,3)
Ga13 1
ur(1,2/3,3), dr(1, —1/3,3) 6(2,11)
(MZ < MR)
00(2,-1/2,1), er(1, —1,1)
a Qr(2,1, 1/3 3),Qr(1,2,1/3,3) | ©(2,2,0,1)
2213 02,1, -1,1),£5(1,2, ~1,1) Ar(1,3,2,1), Qr(1,3,0,1)
(MR < MWR)
ZL( ,1,0 )723(1,3,071) ’(/J(3,3,0,1)
_ ®(2,2,1),
Ga24 Ur(2,1,4),¥p(1,2,4) ( )—
(Miwg ¢ Mp) PR RS $(3,3,1),5(1,1,15)
0(2,2,1)
_ Ar(1,3,10),A7(3,1.10
Ga24D U, (2,1,4), Ur(1,2,7) r(1,3,10), AL(3,1,10)
(MD — MU) L\95 1, 1), ~R\1,9, 2(1,1715)70(1’1,1)
¥(3,3,1)

Table 3. Fermions and Scalars at different stages of symmetry breaking scales i.e, in the mass range
Mz — Mg, Mr — Mw,, Mw, — Mp and Mp — My. Here Mz is the SM Z boson mass, Mg is the
scale at which left-right symmetry breaks and My, is the scale at which Pati-Salam symmetry is
broken down. In our numerical analysis, we consider both left-right symmetry breaking scale is very
close to Pati-Salam symmetry breaking scale and thus, its effect in RG analysis is not accounted for
simplicity. We also kept left-handed fermion triplet at few TeV scale while right-handed fermion
triplet at few PeV scale. The one-loop beta coefficients derived in the mass range My, — Mp as
b; = {-2/3,33/3,—13/3} and for Mp — My as b; = {33/3,33/3,2/3} by taking (3,3,1), (3,1, 15)
and (1,3,15) as real representations.

45p. The complete spectrum of particles in the mass range Mz — Mg, Mg — My,
My, — Mp and Mp — My is given in table 3. From phenomenological point of view, the
left-handed fermion triplet kept at TeV scale and the corresponding right-handed fermion
triplet is considered at Pati-Salam symmetry breaking scale i.e, at 10 GeV in order to
explain the PeV IceCube events.

The one-loop renormalisation group equations (RGEs) for gauge couplings g; for dif-
ferent stages of symmetry breaking scales is given by

agi . b; 3

where the classic formula for one-loop beta-coefficients' b; are given by

bi:—lgic2 ZT Rp) [ di(Ry) + ZT R [[di(Rs)- (3.3)

JFi JF#i

The study of RG evolution of gauge couplings along with derivation for one-loop beta coefficients in
a non-supersymmetric SO(10) GUT with left-right symmetry and/or Pati-Salam intermediate symmetry
breaking steps have been recently done in refs. [47, 48, 60-68].
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Figure 1. Gauge coupling unification for a PeV scale left-right symmetric framework explaining
IceCube data via decaying dark matter. The gauge couplings unify at My = 10685 GeV whereas
other intermediate mass scales are Mp ~ 10156 GeV (D-parity breaking scale), Mp ~ 10° GeV
(Wg mass at the Pati-Salam symmetry breaking scale).

The parameters used in the above formula for one-loop beta coefficients have their

usual meaning as follows

e C3(@G): quadratic Casimir operator for gauge bosons which belong to their adjoint

(N i SU),
CQ(G):{O it U(1). (34

representation,

e T(Ry) and T(R,): traces of the irreducible representation for a fermion and scalar

Ry, respectively,

1/2 if Ry is fundamental,
T(Rys) = N if Ry is adjoint, (3.5)
0 if U(1).

e d(Rjs): dimension of a given fermion or scalar representation Ry, under non-abelian
gauge group SU(N) except the considered i-th gauge group.

e Extra factor of 1/2 should be multiplied if the Higgs belongs to a real representation.

The RG evolution of gauge couplings is carried out for SM to Pati-Salam (or left-right
symmetric theory) symmetry breaking scale, Pati-Salam scale with g7, # gr to Pati-Salam
scale with D-Parity (g7, = gr) and finally from Pati-Salam with D-Parity invariance scale
to unification scale My. In figure 1, we show that gauge couplings successfully unify at
101645 GeV with intermediate scales as Mp ~ 10 GeV and Mp = 101%6 GeV.
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Figure 2. The annihilation and coannihilation diagrams for fermion triplet dark matter relevant
for relic density computation within the framework of minimal left-right dark matter [59].

4 Dark matter

In this model, we have two dark matter candidates namely the neutral components of
fermion triplets ¥ gr. We consider the right handed DM to be at PeV scale while the
left handed one can be as light as a TeV. Usually, the relic density of Cold Dark Matter
(CDM) in the Weakly Interacting Massive Particle (WIMP) scenario is calculated using
the formalism discussed in ref. [69] which can be generalised to our present case as already
discussed in [46, 59, 70] as

Qomh? = Qe h? + Qo A2, (4.1)

However, for generic thermal relic dark matter there exists an upper bound on the dark
matter mass (Mpy < O(100) TeV) coming from the unitarity limit on the annihilation
cross section [49]. However, such a limit on dark matter mass can be relaxed if dark matter
annihilation receives a Breit-Wigner enhancement [49, 71]. As we will see below, the usual
gauge interactions of the right handed fermion dark matter are not sufficient to give such
an enhancement. Even if we include a separate scalar mediated annihilation channel, it is
not sufficient the avoid the unitarity bound as we discuss below.

The total abundance is constrained by the observed number mentioned in eq. (1.1)
given by the observations from the Planck experiment [4]. We can calculate the relic
abundance of both the DM candidates independently in the limit of negligible left-right
mixing of gauge bosons and negligible coannihilations between the two DM candidates
mediated by the bitriplet scalar. The assumption of negligible coannihilation is justified
in the limit of large mass splitting between the two DM candidates as we discuss below.
In this decoupled limit, the individual relic abundance can be calculated by solving the
corresponding Boltzmann equation

dn,

- T 3Hn, = —(Uv>(ni - (n;qb)z) (4.2)
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where n, is the dark matter number density and niqb is the corresponding equilibrium
number density. H is the Hubble expansion rate of the Universe and (ov) is the thermally
averaged annihilation cross section of the dark matter particle x. The approximate analyt-
ical solution of the above Boltzmann equation leads to the following expression for density
parameter [72, 73]

1.04 x 10%p

Qxh2 ~
Mp1\/9:(a + 3b/xF)

(4.3)

where xp = m, /Tr, my is the mass of dark matter particle, T is the freeze-out tem-
perature, g, is the number of relativistic degrees of freedom at the time of freeze-out and
Mp; ~ 10! GeV is the Planck mass. Here a, b are the coefficients of partial wave expansion
(ov) = a + bv?. The freeze-out temperature or x5 can be calculated iteratively from the
following relation

0.038g Mpym, (o)
zp=In ( 5 12 (4.4)
g« Tp

which follows from equating the interaction rate with the Hubble expansion rate of the
Universe. The thermal averaged annihilation cross section (ov) is given by [74]

1 o0
TV = TR (my/T) /m ds ols = 4my)VSE (V/T) (45)

where K;’s are modified Bessel functions of order i. Although we are assuming negligible
coannihilations between the two DM candidates justified by their large mass splitting,
there can be sizeable coannihilations within each DM multiplet, between the neutral and
the charged components. At the classical level, the mass splitting between the charged and
the neutral components of each DM multiplet is zero. However, a non-zero mass splitting
can arise at one loop level given by [59, 70],

My+ — Myg =~ asMyy sin? (0w /2) + O(My, /M2) (4.6)
2
a2 g
Mg+ — My =~ EﬁM [f(rw,) = e f (rz,) = siysia f(rz,) = Gysief ()], (A7)
L

where sy = sinfy; = tan Oy, rx = Mx /M and

1
f(r)= 2/0 dz(1+ z)log [z* + (1 — z)z?] .

Here the one loop self-energy corrections through mediations of gauge bosons are presented
within the square bracket of the second expression. For example, the mass splitting with
the approximation My, > My, goes as oo (MWR — C%\/[MZR) /2. Due to such tiny one
loop mass splitting, the next to lightest component of each DM multiplet can be thermally
accessible during the dark matter freeze-out. In such a situation, the dark matter can
coannihilate with the heavier components which then affects the relic abundance of dark

~13 -



matter. In the presence of coannihilations, the effective cross section is given by [75]

N

Oeff = Z<aijv)n~rj

i?j

N
=3 (00} P (1 + 22 (1 + 2))P 2 exp (- xp(A; + Ay))

ij Yetr

m mg;—m
where, zp = T—}: and A; = ———% and
X

N
Jeff = Z gi(l + Ai)S/Q exp(—xFAi). (4.8)

i=1

The thermally averaged cross section can be written as

TF
(oijv) = 3

8mzmimy Ka((mi/my)xr) Ka((mj/my)zr)

X / ds Uij(s—2(m?+m§))\/§Kl(\/§xF/mX).
(mit+m;)?

Since the effective degrees of freedom g.g decreases exponentially with increasing mass
splitting between DM and heavier components, one can ignore such coannihilation effects
for scenarios with large mass splitting. The effective annihilation cross-section for the
fermion triplet can be written as

2
9y 950 gyt
(0v)s, = =2 0(BY%Y) + 42 "A6(2455) (1 4+ Ax)Y2 exp(—zA4)
Yot e
g;i — o )
+ g2A [20(X35%) +20(2455)] (1 + Aa)”exp(—2zA )
eff

where Ay = (sz _ME%)/MZ% is the mass splitting ratio and x = MZ%/T. Here A=L,R
denotes the dark matter candidates.

Considering the heavier dark matter £% to be in the PeV regime we calculate its relic
abundance by considering only gauge interactions. The gauge boson mediated annihilation
and coannihilation channels are shown in figure 2. However, it was found for PeV right
handed fermion dark matter that the gauge boson mediated channels were not sufficient to
provide the resonance enhancement necessary to produce correct relic abundance of such
superheavy dark matter candidates, as clearly seen from figure 3. We then incorporate the
presence of scalar triplet Qp through which the dark matter can (co)annihilate into a pair of
light scalars from the bidoublet ®. One such possible process is the coannihilation of E%, Zfz
into ®°, ®* with s-channel mediation of Qﬁ. Taking degenerate masses of EOR, Zﬁ as well
as ®Y, ®F for illustrative purposes , the corresponding annihilation cross section is given by

2 2\1/2,2
V2 f2N2 (Mz%—Mh) 12y

OV )50 v+ 0&Ht —
( )ERER%’ @ 647 Mso (4M2, —m?2.)2 +m?2, T2,
R Dy 1953 Qn Qn

(4.9)
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Figure 4. Annihilation cross section of heavy dark matter (red line) in comparison to the cross
section required to generate correct thermal relic abundance (black line) and the unitarity limit
(blue line).
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where A, fg are dimensionless couplings of Qg with Xz and scalar bidoublet ® respectively.
As seen from the scalar potential in eq. (2.22), fg can be identified with fi5. vg is the vev
of the neutral component of )i which is taken to be similar to vg. My, M;, are the masses

of Qj%, ® respectively. Since (2p does not couple directly to the SM fermions, it may be
possible to tune its decay width I'+ in such a way to give the required resonance enhance-
ment to dark matter annihilations. This possibility was utilised in the previous work [27]
to bring the dark matter abundance into the observed range. However, as pointed out by
the same authors later [76, 77], one can not tune the decay width arbitrarily to enhance
the cross section and hence the unitarity bound on the dark matter mass still prevails, in
agreement with an earlier work [50]. This can be understood by approximating the above
annihilation cross section for the resonance just above the threshold as

F 0 :l:F 0 pt
nonE T 00,0 ~ 4m
(4M2, —m2,)2+m2, T2, M2,
by 955 Oy QO by

ov & 167 BRE%ZfﬁBRCDO,‘Pi (410)

where FZ%E? [go g+ are the partial decay widths of Qﬁ into E%Eﬁ, PO d* respectively

with BRE% s BRgo ¢+ being the corresponding branching ratios. Therefore, even if we
adjust the resonance, the annihilation cross section decreases with the mass of dark matter
and hence it again leads to a unitarity bound My < 100 TeV [49]. The authors of [50]
found a slightly stronger bound ME% < 20 TeV from the unitarity requirement. Thus
for PeV scale heavy dark matter, we will overproduce it at least by a factor of around
106, if the unitarity bound on the annihilation cross section is respected. This problem of
producing the correct thermal relic abundance of PeV DM is also summarised in the plot
shown in figure 4. It shows that even near the resonance, the annihilation cross section
remains much below the required one for producing the correct abundance. On the other
hand, the required annihilation for correct relic abundance also lies above the maximum
allowed cross section of DM from unitarity arguments.

The thermally overproduced PeV dark matter in our model can be reconciled with the
observed dark matter relic abundance if there exists a long lived particle that decays into
the standard model particles after the PeV dark matter freezes out. Such a decay should
however occur before the big bang nucleosynthesis (BBN) temperature Tgpn ~ O(MeV)
in order to be consistent with successful BBN predictions. Such late decay of long lived
particles can release extra entropy and dilute the abundance of PeV dark matter to bring
it into the observed limit [51]. The dilution factor due to the decay of such a heavy long
lived particle N is given by [51]

L Safter _1/4VENMp
- = ——— = 0.58|g«(T; —_ 4.11
d Sbhefore [g ( T)] MNYN ( )

where I'y is the decay width of the heavy particle with mass My and Yy = % is the initial
abundance of the particle N before it started to decay. Also, ¢.(7,) is the relativistic
degrees of freedom at a temperature T, just after the decay of N. This temperature to
which the Universe cools down to following the release of entropy due to the decay of N
can be approximated as

T, ~ 0.78[g.(T,)]"*/*\/T n Mp . (4.12)
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Although there can be several different possibilities of long lived particle in our model, we
consider the late decay of Qg into the standard model particles.

We can now find the decay diagrams through which the lightest component of 2 can
decay. If the neutral component of (g does not acquire any vev, and Mq, < MEOR , then
the lightest component of 2z can decay only at one-loop into the standard model particles.
We consider the lightest component of 2 to be the neutral particle which can decay into
a pair of photons through leé in loop. The Decay of the neutral component of the triplet
Qpr to two photons are given as

et M2 9
r = |7 I| = 4|A R(A*B 4.13
Gy 327rm9| R 21 = 3561 (MAF+ RAB)), (4.13)
iMs, KL kY 2% — 1. [2t—1+/T—4t)°
T — pv o 2271 =1 | 4.14
1672 (Ag * m2, ) A=1+73 n[ 2t (1)

B —<1O+4m1n[2t_1+tm]—2t1n[2t_1+m]) (4.15)

2 2t

where t = M% /m% and A is the dimensionless couplings of Qr with Y g appearing in
eq. (2.10). We consider the initial abundance of the decaying particle

_non _ 45 CB)

Yo. = — =S\
T s T g (Trap)

using no, = %(ZS)TS, s = %g* (Tf7QR)T3. Here T, is the freeze-out temperature of {1x

which is assumed to take place much before it starts decaying so that between freeze-out
and decay, the Qg particles are neither being created nor destroyed. If we assume the
freeze-out to be above the electroweak scale, then g.(7,n,) = 106.75 corresponding to all
the SM degrees of freedom. It should be noted that here we are assuming equality between
J«s appearing in entropy density expression and g, here which is valid at high temperatures
where all species are in equilibrium with each other. We also take g.(7;) = 10.75, assuming
that the decay is taking place very late, towards the end of QCD phase transition. This also
automatically satisfies the criteria that the decay should take place after PeV dark matter
freezes out. We now demand the dilution factor to be around 10~7 — 1072, the decay of the
heavy particle to take place before BBN that corresponds to approximately 1 second after
the big bang. These criteria constrain the parameter space in terms of 2z mass and its
coupling to dark matter, i.e. A, as seen from the plot shown in figure 5. The upper limit of
Q) r mass comes from the requirement of forbidding tree level decay into 23}% pairs. It can
be seen from the plot in figure 5 that the requirement of producing such a large entropy at
late epochs, requires very long lifetime or equivalently, small decay width of the decaying
particle forcing the coupling A to be very small in spite of one-loop suppression. Such
fine-tunings can be relaxed to some extent if we consider Qj_% as the lightest component of
Q) r which can decay into a photon and an off-shell W}%

Naturalness of parameters: in the above calculation, we have seen that the coupling
between fermion dark matter candidates X g and the scalar triplets {1, r has to be very
small in order to have the correct entropy dilution mechanism at work or equivalently to
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Figure 5. Allowed parameter space from the requirement of producing correct dilution factor along
with BBN constraints on lifetime.

make sure that Qg is long lived enough to release the required entropy during late epochs.
Apart from this, one also requires additional fine tunings in order to make the heavier dark
matter long lived and its decay into leptons plus the lighter dark matter more dominant
over other decay channels. The additional scalar multiplets €27z, do not couple to the
SM fermions, but they can still decay fast into the SM Higgs by virtue of scalar couplings
shown in egs. (2.22), (2.23), (2.24) or into a pair of gauge bosons, if their neutral components
acquire non-zero vev’s. Therefore, the bitriplet scalar which mediates the heavier DM decay
into lighter one plus leptons (as discussed below), can also open up decay modes into other
standard model particles. All such decays can be forbidden by considering an approximate
U(1)x global symmetry under which the particles shown in table 4 transform non-trivially.
Such a symmetry prevents the fast decay of Q%, Z%, both of which we have considered to
be long-lived in this work. Clearly, such an approximate global symmetry can naturally
suppress the Yukawa couplings like fy, A appearing in equations (2.9), (2.10) respectively as
these trilinear terms violate the U(1)x global symmetry explicitly. Similarly, the trilinear
mass term p16 appearing in equation (2.24) can also be naturally small, preventing the fast
decay of E% — 2000,

One can also have decays like Z% — E%Wg W, or E% — EOLZLZL if the neutral
components of the scalar bitriplet acquire non-zero vev’s. However, one needs to keep the
vev of the bitriplet scalar small as the constraints on the electroweak p parameter restricts
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Particles | U(1)x
YL nx
YR nx
Qr nx
Qr nx

(g nx

Table 4. Fields having non-trivial transformation under U(1) x global symmetry.

it to vy, < 2GeV [78]. In the standard model, the p parameter is unity at tree level, given by

_ My,
P=u %L cos? Oy
where Ay is the Weinberg angle. Any contribution to the masses of electroweak gauge
bosons from scalar multiplets apart from the scalar doublet will give rise to deviation from
the above tree level expression and hence will be constrained from electroweak precision
measurements. The tiny vev of the neutral components of 1 can be guaranteed if 1 also
transforms non-trivially under the approximate global symmetry U(1)x, as shown in the
table 4. Such symmetry will naturally explain the vanishingly small trilinear mass term
f16 in eq. (2.24) which can automatically guarantee a tiny vev to the neutral component
of bitriplet scalar . From the minimisation of the scalar potential with respect to v, it is
straightforward to find the induced vev to be

. le(®)?
<¢> ~ :ui

where ,u?/) > 0 is the bare mass squared term of the bitriplet scalar. Therefore, a tiny mass
term g1 will naturally ensure the smallness of the vev. Such an approximate symmetry
will also give rise to a small trilinear term pasg eq. (2.24) which will appear in the decay
of heavier DM to lighter DM as we discuss in the next section. Therefore, an approximate
global U(1)x symmetry can suppress the fast decay of heavier DM into the lighter one and
a pair of ® or Wf or Zy, bosons.

Similarly, one can also have fast decay of Q% into the standard model fields if it
acquires a non-zero vev. In the discussion on thermal abundance of heavier dark matter,
we considered non-zero vev of Q% in order to allow the s-channel coannihilation into light
scalars. However, since that was not sufficient to produce the correct thermal abundance,
we abandon that setup and have moved on to discussing the decay of Q% as mentioned
above. In fact, a non-zero vev of Q% will allow it to decay very fast into the SM fermions
mediated by Wg bosons. Even if we assume a zero vev of Q% by assuming its bare mass
squared term to be positive definite, it can still acquire a non-zero induced vev by virtue of
its coupling with the scalar bidoublet shown in eq. (2.22). This induced vev can be found
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Figure 6. The relic abundance of left fermion triplet dark matter as a function of its mass. The
black horizontal band correspond to Qpnmh? = 0.1187 4 0.0017.

from the minimisation of the scalar potential as

0\ M15<‘I’>2
<QR> ~ /'L?]

where ,u?) > 0 is the bare mass squared term of the triplet scalar 2. The same trilinear
interaction involving p15 also induces the decay of Q% into a pair of SM Higgs bosons. In
order to prevent Q% from acquiring a non-zero vev and from decaying into a pair of SM
Higgs bosons we need to prevent its trilinear interactions with the bidoublet or make those
interactions very small. This is possible by virtue of the non-trivial charge of Q0 r under
the approximate global symmetry, as shown in table 4. In particular, the trilinear mass
terms fi14, 15 in eq. (2.22) can be vanishingly small as they explicitly break the U(1)x
global symmetry, in accordance with the naturalness criteria.

Therefore, the presence of an approximate global symmetry U(1) x can naturally give
rise to long lived heavier DM, long lived Q% required to release entropy at late epochs.
Although such an approximate symmetry can naturally explain the long life of these two
particles, it however can not explain the dominance of leptonic final state decay mode of
heavier dark matter over other decay modes with non-leptonic final states like a pair of
® or ch or Z, bosons in the final state. Since such approximate global symmetries are
likely to originate from an ultraviolet complete theory, we leave this question to the details
of such a theory at high energy scale.

We also calculate the relic abundance of left fermion triplet dark matter. Since the
mass splitting between different components of the left fermion triplet is a function of
electroweak gauge boson mass, the only free parameter in this case is the mass of dark
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Figure 7. Feynman diagrams for next to lightest dark matter particle decaying into lightest dark
matter particle and two light neutrinos.

matter. We show the variation of its relic abundance with mass in figure 6. It can be seen
from the figure that correct relic abundance can be generated for left fermion triplet mass
around 2.5 TeV. For heavier masses, the relic is overproduced whereas it is under-abundant
for lower masses. Since the left fermion triplet is the lighter dark matter candidate in our
model and hence cosmologically stable, it is important to make sure that it does not get
overproduced. In our subsequent analysis, we will assume the heavier dark matter to be the
most dominant component which restricts the left triplet dark matter masses to be smaller
than 2.5 TeV. Such TeV-scale mass for left fermion triplet is also taken into account in the
RGE analysis discussed in the previous section.

Apart from the total relic abundance criteria to be satisfied by the two dark matter
candidates together, the heavier dark matter decay should be consistent with the observed
neutrino flux at IceCube experiment. The amplitude of the heavier dark matter decay

diagram 7 is given as,
21(1 — Z1)

(1—2 — r%)Z’

where z; = 2p.p1/M§% = 2E2L/ME%, rg = MS/ME% with fy, fr being Yukawa couplings

IM? =2|fy fr6]? (4.16)

appearing in egs. (2.9), (2.4) respectively, 6 being the scalar mixing parameter, and Mg
being the mass of the neutral physical scalar as mediator. The mixing between the scalars
¥, Ar can be given by the angle 0 as

v
tan 20 = %
my — ma,

where pa36 is the trilinear mass term appearing in eq. (2.24). After doing further calcula-
tion, we get the following differential decay width,

012 M. 2(1 2 2 _
W:M<—1+T%—22+M+(1—2T§)ln I:TS z2:|>7 (4_17)

0z 25673 r% — 2 7"%

where zo = 2F, /ME% . Integrating the differential decay width over the neutrino energy
gives the following decay width of dark matter,

RS

25673

5 2 2 4 r% -1
S
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Figure 8. Normalised energy distribution of the primary neutrinos coming from the DM decay
% — X9 71, for various masses of £%.

Assuming Mg > ME% , we get the neutrino energy distribution (for massless final states),

1o 24 E? 4 FE
= =——|1---—""*]. (4.19)
ToE, 5 M3, 3 My

R R

The normalised energy distribution of the primary neutrinos is shown in figure 8 for three
different values of heavier dark matter masses. From figure 8 it is clear that PeV events at
IceCube can be described by DM decay with its mass of about 5 PeV.

5 IceCube PeV events

The 1347-day IceCube high energy starting events (HESE) neutrino data shows 54 events
with deposited energies ranging between 30 TeV to 2.1 PeV [8, 10, 79]. That the origin of the
events above a few tens of TeV is non-atmospheric and extra-terrestrial in nature has been
established with a high level of significance [8]. The three highest energy events of deposited
energies 1.04 PeV, 1.14 PeV and 2.0 PeV are all shower events [9]. In addition, recently a
track-like event with deposited energy ~ 3 PeV is reported by IceCube [11]. Its explanation
as a signal from a new astrophysial neutrino flux is explored in [80], suggesting a window
into astrophysical neutrinos at F, ~ 100 PeV. Moreover, the highly sought after Glashow
resonance, with the energy around 6.3 PeV, has not yet been observed.? A single power-law
fit to the IceCube flux in the expected E~2 spectrum, coming from Fermi shock acceleration
considerations, predicts more number of multi-PeV events, it is thus disfavoured.

It has been shown that the scenarios with superheavy decaying dark matter can ame-
liorate some of the previously mentioned tensions [14-25, 27, 28]. In the present model that
we are considering we have a two-components (X9 and £%) DM scenario. The mass of the
heavier one among these two species, the E% is in PeV range. We want to test its feasibility
as a possible candidate which can explain the IceCube PeV events through its three-body

2The absence of the Glashow resonance is discussed in details in refs. [81-83].
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decay as E% — E%Ww, where ¢ = e, u, 7. Clearly, the primary production of neutrinos
will contribute in the incoming neutrino flux. The other decay channels of Z% includes
E% — Z%Zﬁ, where ¢ = e, u, 7. It is clear that in this model, the secondary production of
neutrinos is possible through the decays of primary leptons (x4 and 7) which contributes in
the lower energy range of the event distribution at IceCube. It is important to mention that
the astrophysical contribution provides a good fit to the low-energy data and any additional
contribution is tightly constrained from IceCube data [10]. In our considered model, by
suppressing the decay of Z% into quarks and bosons, it is possible to avoid these constraints.

The neutrino flux coming from the heavy DM decay has two components, namely
the galactic and extra-galactic components. In the subsequent, we briefly elaborate the
standard method to calculate this flux following the procedure prescribed in [15, 19, 84].

The galactic component comes from the decay of DM in the Milky Way halo and the
differential flux corresponding to this is given by,

des 1 dN(E,

) /OOO ds pz%(r(s,l,b)), (5.1)

where myo and 7y denote the mass and lifetime of the DM particle ¥% and dN(E,)/dE,
is the energy spectrum of neutrinos produced in the decay of the DM. We compute
dN(E,)/dE, for primary as well as secondary neutrinos using the methods outlined in
refs. [85, 86]. For the considered spectrum we implicitly assumed the sum over all neu-
trino and anti-neutrino flavors. The quantity Ps0, (r) is the density profile of DM particles
in our galaxy as a function of distance from the galactic centre. In our calculations we
take the density profile to be of the NFW form [87] pso (r) = po(ro/r)/(1 + r/ro)? with
po = 0.33GeV ecm ™3 and ry = 20 kpc. The integral over the parameter s is basically the
line-of-sight integral to obtain the flux at the Earth and s is related to r via the relation
r(s,l,b) = \/32 + R2 — 2sRg cosbcosl, where Rg ~ 8.5 kpc is the distance of the Sun from
the galactic centre; [ and b represent the longitude and latitude in galactic coordinates.

The second component, i.e., the extra-galactic component comes from the DM decays
at cosmological scales and this produces an isotropic diffuse flux which in its differential
from is given by,

doFC  Qpupe /Oodz 1 dN((1+2)E)) (5.2)
i :
0

dE, Ammiso Tso (2) dE, ’

where p. = 5.5 x 1079 GeV ¢cm™3 is the critical density of the universe and the Hubble
expansion rate as a function of the redshift z is given by H(z) = Ho\/Qa + Qm (1 + 2)3.
For the considered parameters we use the results from Planck collaboration [4] which,
following the standard ACDM cosmology gives Qpy = 0.27, Q4 = 0.68, O = 0.32, and
h = Hp/100 km s~ 'Mpc~! = 0.67.

The total neutrino flux coming from DM decay is, can be written as the sum of galactic

and extra-galactic contributions and given as,

€ EG
dd 1 0 (d@ dd ) .

dE,  4n dE, + dE,

(5.3)
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Figure 9. Event distribution for 4-yr IceCube data with the contribution of decaying DM. Here
we take mass of the DM to be 5PeV with a lifetime of 1.2 x 10%9sec.

For completeness we also take into account the astrophysical neutrino flux, the contri-
butions of which comes from extragalactic supernova remnants (SNR), hypernova remnants
(HNR) [88], AGN [89, 90], and GRB [91]. In order to parametrize the astrophysical flux,
we assume a single unbroken power-law astrophysical flux:

d(pastro (El/) El/ -
B2y TV Py [ —2— A4
v dE, 0 (100 Tev> ’ (5.4)

where &5 = 2.2 x 1078 GeVem ™ 2sec™!sr~! and « = 0.58 which correspond to the best-fit
value at Icecube [10] assuming equal composition of neutrino flavor on Earth.? The total
neutrino flux will thus be the sum of the astrophysical flux and the flux coming from DM
decay and this can be written as,

ddtt dd  dox™(E,)

dE, 4B, " 4B, (5-5)

After getting the total neutrino flux, it is now straightforward to compute the number of
events and compare with the IceCube data. To this end we define the quantity N; which
gives the number of events in a given deposited energy bin [E;, E;y1] as follows,

Eiiq dPtot E,
N; = t/ dEi()A(E,,) , (5.6)
5, dE,

3The flavor composition of neutrino on the Earth depends on their flavor ratio at the source [92]. So the
contribution from the decay of DM can, in principle, alter the neutrino flavor composition on the Earth. A
comprehensive study of shower/track composition of the events can shed light on the more precise flavor
ratio. Owing to the low available statistics such a study is not feasible [93, 94]. In our analysis we assume
the canonical 1: 1 : 1 flavor ratio.
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where ¢ is the exposure time which is 1347 days, A(E,) is the neutrino effective area [8].
To compare the prediction of (5.6) with the IceCube observations, one needs to transmute
the number of events in the terms of deposited energy. But as discussed in [24] due to low
statistics collected till now, it is acceptable to assume that the two energies coincide. It
is important to mention that in the calculation of N; we have summed over all neutrino

flavors. For a characteristic benchmark point with My = 5PeV and Tso = 1.2 % 10%°

sec,
we present the event distribution at the IceCube in figure 9. From this figure it can be seen
that the contribution in the neutrino flux coming from the decay of the DM, £% can explain
the excess in the observed IceCube PeV neutrino events and the subsequent cut-off in the
distribution. The lower energy region of the distribution is, however, in agreement with
the astrophysical and atmospheric neutrino flux which constitutes the main background

events and the contribution in the flux from the DM decay is negligible in this region.

6 Summary and conclusion

Motivated by the possibility of dark matter interpretation of the IceCube high energy
neutrino events we study a non-supersymmetric left-right model that not only explains the
IceCube events from a heavy PeV dark matter decay, but also achieves gauge coupling
unification at high energy scale with SO(10) embedding. Although PeV scale heavy dark
matter does not fall in the typical weakly interacting massive particle ballpark due to
the unitarity bound on dark matter mass, our model can evade such bounds through
resonance enhancement of dark matter annihilations. Also, the particle content of the
model is chosen in such a way that predicts a PeV scale intermediate SU(2)r x U(1)p_r,
symmetry, suggesting a fundamental reason behind the origin of PeV scale dark matter,
apart from its motivation from IceCube point of view.

The model has a pair of left and right fermion triplet dark matter candidates. Their
equal masses in the limit of exact left-right symmetry acquire a large splitting due to the
breaking of discrete left-right symmetry at a very high energy scale, resulting in a PeV scale
heavy right handed fermion dark matter and a light TeV scale left handed fermion dark
matter. The PeV scale dark matter can decay into the lighter one along with a pair of neu-
trinos on cosmological scale so that the high energy IceCube events can be explained. The
large mass splitting between left and right fermion dark matter keeps their coannihilations
sub-dominant. Also, in the limit of negligible left-right mixing, the annihilation of heavier
dark matter into lighter ones can be ignored. This simplifies the dark matter relic abun-
dance calculations as it can be calculated separately for individual dark matter candidates.
The individual dark matter multiplets can however, have coannihilations within its compo-
nents due to tiny mass splittings that arise at one loop level. We first calculate the heavier
dark matter abundance by incorporating these coannihilations through right handed gauge
bosons and show that these gauge interactions are not sufficient to give the required reso-
nance enhancement to dark matter annihilations in order to bring the relic abundance down
to the observed one. We then show that even if we introduce another scalar to give further
s-channel enhancement, it is not possible to tune its decay width arbitrarily in order to gen-
erate the required annihilation cross section. The unitarity limit on the cross section forces
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us to restrict the dark matter mass to be at most 20 TeV. This overproduces the heavy
dark matter by a factor of 105 — 10% compared to the observed abundance. We then show
one possible way of diluting this abundance by late decay of a heavy scalar which releases
entropy through its decay before BBN and dilutes the thermally overproduced PeV dark
matter by appropriate amount. Here we assume the heavier dark matter to be the domi-
nant dark matter component to avoid any suppression in its decay flux into the high energy
neutrinos. The lighter dark matter relic abundance can be easily kept at a suppressed value
by choosing its mass suitably in the TeV regime. Unlike the PeV right handed dark matter,
the TeV left handed dark matter annihilation can be sufficiently enhanced to keep the relic
abundance suppressed even with electroweak scale gauge bosons as mediators.

The decay of PeV right handed dark matter to the TeV left handed dark matter with a
pair of neutrinos can explain the high energy IceCube events. Using 4-yr IceCube data set
of 54 events we show that together with astrophysical neutrino flux for lower energy events
and the contribution in neutrino flux coming from the decay of the PeV right handed dark
matter can fit the IceCube data from TeV-PeV energy range. We illustrate the fitting with
a benchmark mass of the 5 PeV and lifetime of ~ 10%° s. Clearly, future data with more
statistics and precision will put more restrictions on this model. In passing it is worth
mentioning that our benchmark evades the recent strong constraints that normally come
from the gamma ray observations. In the present scenario, PeV right handed dark matter
has a three body decay into v, p and 7 leptons which give rise to a soft spectrum for
photon in comparison to the usual two body decay. As a result, bounds from this gamma
ray observations [95] do not have one to one correspondence with the present scenario for
7 ~ 10?7 s and they can be exempted safely.

It is worth mentioning that, in order to have a long lived PeV scale dark matter can-
didate along with another long lived particle in order to generate the correct abundance of
heavier DM by the mechanism of entropy dilution, we need to fine-tune several parameters
of the model. In this minimal setup we have incorporated an approximate U(1)x global
symmetry for this purpose. Another possible way is to go beyond this minimal setup in such
a way that the decay of these long lived particles occur only at radiative level, naturally
suppressing the decay widths. We leave such a study to future works.
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