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Abstract:
matter (DM) candidate S. The spontaneous breaking of U(1)g—r leaves a residual Z> symmetry that stabilizes the

We extend the colored Zee-Babu model with a gauged U(1)p—r symmetry, and a scalar singlet dark

DM, and generates a tiny neutrino mass at the two-loop level with the color seesaw mechanism. After investigating
the DM and flavor phenomenology of this model systematically, we further focus on its imprint on two cosmic-ray
anomalies: The Fermi-LAT gamma-ray excess at the Galactic Center (GCE), and the PeV ultra-high energy (UHE)
neutrino events at the IceCube. We found that the Fermi-LAT GCE spectrum can be well-fitted by DM annihilation
into a pair of on-shell singlet Higgs mediators while being compatible with the constraints from the relic density,
direct detections, and dwarf spheroidal galaxies, in the Milky Way. Although the UHE neutrino events at the IceCube
could be accounted for by the resonance production of a TeV-scale leptoquark, the relevant Yukawa couplings have
been severely limited by the current low-energy flavor experiments. We subsequently derive the IceCube limits on
the Yukawa couplings by employing its latest six-year data.
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1 Introduction

Dark matter (DM) and tiny neutrino masses pose
an outstanding challenge to both theoretical and experi-
mental particle physicists. Although the current studies
from the Large Hadron Collider (LHC) and DM direct
detections have imposed stringent limits, their null re-
sults have not yet provided powerful guidance to physics
beyond the standard model (SM). Meanwhile, observa-
tions from high-energy cosmic rays (CR) may offer an-
other angle to face the challenge. We herein focus on
two of them, i.e., the Fermi-LAT gamma-ray excess at
the Galactic Center (GCE), and the PeV ultra-high en-
ergy (UHE) neutrino events at the IceCube. We will
attempt to interpret the two observations in a colored
seesaw extension of the SM that generates the radiative
neutrino mass, and has a cold DM particle built in. Nev-
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ertheless, we will first briefly review the current status
of the two observations.

The GCE was first reported in Ref. [1] through an-
alyzing the Fermi-LAT data, and the signal significance
was confirmed by subsequent analyses [2-8]. While as-
trophysical interpretations such as millisecond pulsars
or unresolved gamma-ray point sources [5, 6, 9-11] are
plausible, DM annihilation remains a popular interpre-
tation because its thermally averaged cross section and
morphology of density distribution match the standard
WIMP scenario. In particular, Ref. [8] provides a com-
prehensive and systematic analysis with multiple galac-
tic gamma ray diffuse emission (GDE) models. Very re-
cently, the Fermi-LAT Collaboration has released their
updated analysis [12, 13] and concluded that GCE can
be caused by an unresolved pulsar-like sources located in
the galactic bulge, which they referred to as the galactic
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bulge population, while the DM interpretation is disfa-
vored, because its distribution is inconsistent with the
morphology detected in their analysis. However, a large
population of pulsars should be accompanied with a large
population of low-mass X-ray binaries in the same region,
which restrict their contribution only up to 4%—23% of
the observed gamma-ray excess [14]. Moreover, the anal-
yses of the spatial distribution and luminosity function of
those sources were inconclusive regarding the presence of
such galactic bulge population [15]. Therefore, the DM
interpretation of GCE is still competitive.

When using a model-independent fitting with DM di-
rectly annihilated into a pair of SM particles, the GCE
spectrum is best fitted by the bb final state [7]. The other
final states (777, qq c¢, g9, WYW =, ZZ, hh, and tt)
with different DM masses and annihilation cross sections
are also acceptable [16-19]. Additionally, when consider-
ing the uncertainties in DM halo profiles and propagation
models, the annihilation cross section required by GCE
is compatible with the limits from other indirect DM
searches, such as the dwarf spheroidal galaxies (dSphs)
of the Milky Way, and the antiproton and CMB obser-
vations [19-23]. The DM annihilation explanation of the
GCE has attracted significant interest in the past few
years, and has been extensively explored in various new
physics models [23-46]. These models can be classified
into two scenarios from the annihilation patterns:

1) DM annihilates directly into the SM final states,

2) DM annihilates into some intermediate particles,
which subsequently cascade decay into SM particles.

While the first scenario typically suffers from strin-
gent constraints from DM direct detections and collider
searches, the second is advantageous in that cascade de-
cays can soften and broaden the resulting photon spec-
trum, thus considerably enlarging the parameter space
and relaxing the experimental constraints. More inter-
estingly, GCE can also be interpreted in DM models
with a global or local Zz; symmetry by invoking semi-
annihilation channels [33, 42, 44].

The IceCube observatory is a neutrino telescope lo-
cated at the South Pole, and holds the unique window
to cosmic UHE neutrinos. In the four-year data set re-
leased in 2015, 54 UHE neutrino events are collected (in-
cluding 39 cascade events and 14 muon track events)
with a 7o excess over the expected atmospheric back-
ground [47]. Particularly, three events with an energy
above PeV present excess on the SM prediction [48-
50]. Very recently, the IceCube Collaboration has pub-
lished the preliminary six-year result [51], with the total
number of events increased to 82, with 28 of them ob-
served in the recent two years. It is noteworthy that
all of the new events exhibit energies below 200 TeV,
and the excess in the PeV range still exists. The origin

of these PeV UHE neutrino events remains mysterious
and immediately causes significant interest in both as-
trophysics and particle physics communities. While the
astrophysics community focuses on various astrophysical
sources [52-54], the particle physics community attempts
to relate them to new physics phenomena. For instance,
in the models of decaying superheavy DM [55-71] *, a
DM particle of PeV mass is required to reproduce the
desired UHE neutrino events. Such superheavy particles
are extremely difficult to probe in other experiments, and
thus phenomenologically less interesting. Another possi-
ble explanation invokes a new particle resonance in the
TeV region [75-82], in accord with the typical belief that
new physics should appear thereof. This latter scenario
appears phenomenologically advantageous and could be
examined using other methods, in particular by direct
searches at the LHC.

The six orders of magnitude difference in the energy
scale between the GCE (GeV) and IceCube (PeV) events
renders it challenging to explain them in a single frame-
work. We herein present a novel example for this is-
sue. We extend the colored Zee-Babu model [83] with a
U(1)p_1 gauge symmetry and a singlet scalar DM can-
didate. Another singlet Higgs scalar associated with the
U(1)p_r symmetry serves as an on-shell mediator for
DM annihilation resulting in the GCE spectrum, while
the leptoquark (LQ) is responsible for the resonance pro-
duction of extra UHE neutrino events. The same sin-
glet Higgs scalar and leptoquark generates tiny neutrino
masses at two loops. In the next section, we describe the
model and discuss the relevant experimental constraints
on its parameter space. Sections 3 and 4 include the core
contents of this work, in which the DM properties, GCE
spectrum, and UHE neutrino event rate at IceCube are
systematically investigated. In section 3, we explore the
vast parameter space that satisfies the constraints from
relic abundance and direct detections, and discuss the
dominant annihilation channels. A comprehensive fit to
the GCE spectrum is subsequently presented incorporat-
ing all these limits. In section 4.1, we calculate the SM
and LQ contributions to the neutrino—nucleon scattering
cross section. Subsequently, in section 4.2, we estimate
the LQ contribution to the UHE neutrino event rate at
IceCube and perform a likelihood analysis to determine
the parameter space. Finally, we present our conclusion
in section 5.

2 Model and relevant constraints

2.1 The model

The particle contents and their charge assignments
are shown in Table 1. In addition to the LQ 1 and di-
quark w, we further introduce two singlet scalars, ¢ with

*Models of DM annihilation are challenged by the unitarity bound [72-74].
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Table 1. Particle contents and their charge assignments. The double vertical line separates the SM particles from
the new ones.

QL uR dr Ly, 135 ® P w P S

SU®3)c 3 3 3 1 1 1 3 6 1 1
SU@2)L 2 1 1 2 1 2 1 1 1 1
vy e T U S R S 0
U)B-1L 3 z z -1 -1 0 -2 2 -2 -1
L 0 0 0 1 1 0 1 0 2 3

1 1 1 1 2
B 3 3 3 0 0 0 3 3 0 0

lepton number L=2 and S with Lzé. Herein, ¢ is used
to break the U(1)p_; gauge symmetry spontaneously;
thus, generating the L-breaking trilinear term ¢*y*w re-
quired for the radiative neutrino masses. Notably, owing
to the proper charge assignment of S, the U(1)_;, sym-
metry forbids any gauge invariant terms that would allow
S to decay, promoting S a DM candidate without im-
posing an ad hoc discrete symmetry [84-86]. Such that
U(1)p_r is anomaly free, some fermions neutral under
the SM gauge group but with exotic B—L charges other
than —1 could be employed [87-92].

The relevant Yukawa interactions involving the LQ 1
and the diquark w are given by

—Lyv =y (L1:)%i02Q ;9" +y 3 (Cri)Cur, 0"
+yfj (de)cdRJw*‘f'y:g (’U,Rz)cdR]w‘f'hC,

(1)|

where o, is the second Pauli matrix, ij refers to the SM
generations, and the color indices are suppressed. Here,
Yo 1S a symmetric matrix, while y;, » and y, are general
complex matrices. The neutrinos interact with the LQ
only through the y; term, which induces neutrino masses
at the two-loop level, as shown in Fig. 1. Compared to
the original Zee—Babu model, no antisymmetric Yukawa
couplings are involved in neutrino mass generation so
that all neutrino masses can be non-zero in this colored
Zee-Babu model. Further, the y,, together with the y, g
terms can lead to the tree-level proton decay [93]. In
principle, this y,, term can be forbidden by some discrete
symmetry [94]. For simplicity, we will assume y, =0 in
the following discussion. It is noteworthy that owing to
the charge assignments, the two scalar singlets ¢ and S
do not couple to fermions at the Lagrangian level.

The gauge invariant scalar potential is described by

V = —pg® o2 ot ug ST+l Tl Tr(w'w)
s (DT 4+ N, (0T 0) >+ A5 (STS) 2+ Ny, (Y1) + A [Tr(w'w)]?
FA00 (PTP) (0T 0) +A5n (PTP)(STS) +Agy (DT D) (0 T1)) + Ao, (BT P) Tr (w'w)
FAs1, (#T) (STS) 4 (97 0) (V1) F A s (0T 0) Tr(w'w) A5y, (ST79) (1T9))

50 (5T9) Tr(ww) + Ay (¥ 19) Tr(wiw) +[V2A oy pw+h.cl],

where p% (X = ®,p,5,9,w) are all assumed to be posi-
tive, and the trace is over the color indices. Hence, the
SU(2)xU(1)y and U(1) p_ 1 gauge symmetries are spon-
taneously broken by the vacuum expectation values of ®
and ¢, respectively. Owing to the B—L charge assign-
ment of S, one can still obtain (S) =0 after a sponta-
neous symmetry breaking, such that a residual Z, sym-
metry remains under which only S is odd. This blocks
all potential decays of S, rendering it a viable DM can-
didate [84-86].

In unitary gauge, the scalar fields ® and ¢ are de-
noted as

oLt <O> o Ut 3)

V2 \1 V2

Here, v,=246 GeV is the electroweak scale, and the vac-
uum expectation value (VEV) v, generates the mass for

| the new gauge boson Z’ of Ul)s_r,

(4)

where gpy, is the gauge coupling of U(1)z_;,. The LEP
bound requires that [95]

MZ/:2gBL’U<p7

MZ’/gBL:2U<pZ7 TeV, (5)
yielding a lower limit on v, 2 3.5 TeV. Meanwhile, the
direct searches for the Z’-boson at the LHC in the dilep-
ton channel have excluded Mz <4 TeV [96-98], and re-
casting these searches in the gauged U(1)p_;, model has
been performed in Refs. [99-101] to acquire the exclusion
region in the Mz —gpr plane. Considering these bounds,
we choose to work with Mz =4 TeV and gg;,=0.1, such
that v,=20 TeV in our following discussion. The masses
of the DM S, LQ v, and diquark w can be obtained from
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the scalar potential in Eq. (2):

/\<I>S 2 /\wS 2

2 _ it 2

ME = i+ =52 0i+— (6)
A@w A )

My = mt =5 vt =50 (@)
Aow Apw

M = 45505+ (8)

In this work, we will consider Mg in the interval
[5,150] GeV and [500,1500] GeV for the low and high
mass regions, respectively. The constraints from the
relic density and direct detections will be discussed
in section 3. Assuming the LQ 1 decaying exclu-
sively into eq, pg, and 7q, CMS (ATLAS) has ex-
cluded M, < 1010, 1165, 850 GeV [102-104] (M, <
1100, 1050, 534 GeV [105-108]). However, both ¢ —
£q and ¥ — v,q exist in our model. The maximum
exclusion limits by CMS (ATLAS) for the first and
second generation LQs are 850, 960 GeV [102, 103]
(900, 830 GeV [105]) when assuming BR(¢Y — £q) =
BR()—1,¢')=0.5 with £=e or u, respectively. ATLAS
has also excluded M, <625 GeV when BR(¢) — v, b)=1
for the third generation LQ[109]. As for the scalar di-
quark w, CMS has excluded M, <7 TeV [110, 111]. In
the followmg, we will primarily consider M, >1 TeV and
M,=7 TeV to adhere to these collider limits.

The As, term induces mixing between ¢° and ¢°,
with the squared mass matrix given by

Mi— < 2Xg07 )\q>wv¢v¢> | ©)
AppUslp  2A,02
which is diagonalized to the mass eigenstates (h,Hy)
h = ¢"cosf+¢°sing, (10)
Hy = ¢°cosf—¢ sinf. (11)

by an angle € determined by
A¢¢U¢U¢
g3 —A,v2’

with —7/4<@<m/4. The masses of h, H, are
M7 = )\qwi—l—)\vvi—i—()\@vi—)\wvi)/cos(%‘), (13)
—(Aapv3—=A,v2)/cos(26). (14)

tan20=

M3 = Xov54+A07

Here, h is regarded as the Higgs boson with M, =
125 GeV discovered at the LHC [112-114]. According
to previous studies on scalar singlets, in the high mass
region My, > 500 GeV [115-118], a small mixing angle
|sinf| <0.2 is allowed by various experimental bounds.
In light of the recent Fermi-LAT GCE, we will also con-
sider the low-mass region My, € [5,150] GeV. In this
region, the LHC SM Higgs signal rate measurement has
excluded |sinf|2>0.36 [118-120], and the LEP search for
the Z H,-associated production has excluded |sinf|20.2

when H,—bb dominates [121]. Thus, it is safe to consider
|sinf] <0.1 in the following discussion. For convenience,
we express the Lagrangian parameters \s , ¢, and pe
in terms of the physical scalar masses M), g,, mixing an-
gle 8, and the VEVs v, ,:

1
Ao, = s (Mj;—M3, ) cosfsin, (15)
©
1
Ao = g [MZ+M3 +(M7—Mj )cos20], (16)
Ay = e [M2+M;3 + (M7, —M;7)cos26],  (17)
1
Mz = 4’U¢ [(M2+MIQ_I )’U¢+(M MIQJO)
X (vgc0820+v,8n20) ], (18)
1
p = T [(MZ4MG, Yo, +(M7, —M;)
©
X (v,c0820—v,45in26)]. (19)

2.2 Neutrino mass

As shown in Fig. 1, the neutrino masses are induced
at two loops [94]:

My =240,y 1" Ma,, Ln (y5)™" Ma,, (7)™, (20)

where the full analytical form for the loop function I,,,
can be found in Ref. [122]. Considering that the down-
type quarks are much lighter than the colored scalars, it
can be simplified for the order of magnitude estimate to

1 1 =2 [ M?
Iyp=————— 22, 21
(1672)2 M2 3 (Mg,) (21)
where
1+3(1 2z—1) for >>1
I(x)={ T T e (22)
1 for x—0

Typically, a neutrino mass m, ~ 0.01 eV can be real-
ized with A ~ 0.1, y;, ~ y, ~ 0.01 when v, =20 TeV,
M,=4.7 GeV, My=1 TeV, and M,=7 TeV. The radia-
tive correction to the masses M, and M, involves the
trilinear coupling Av,¥*¢*w, and the choice of A~0.1;
further, v, = 20 TeV satisfies the perturbativity re-
quirement Av, S Smin(M,,M,,) for My ~ 1 TeV and
M, ~7 TeV [123, 124]. The neutrino mass in Eq. (20)
can be written in a compact form

m, =y 7, (23)

where Q™" = Xv, My, (yh)™" My, I(MZ2/M3)/ (327> M?).
In principle, by adopting the proper parameteriza-
tion [125, 126], the Yukawa coupling y; can be solved
in terms of the neutrino masses, mixing angles, and a
generalized orthogonal matrix with three free parame-
ters, such that the neutrino oscillation data can be au-
tomatically incorporated. Following this approach, a

103101-4



Chinese Physics C  Vol. 42, No. 10 (2018) 103101

benchmark point has been suggested in Ref. [127]; see
Ref. [94] for more details. As will be discussed below,
we follow the typical phenomenological practice to use
Yukawa components 37 as the input parameters whose
values will be constrained by the IceCube data and low-
energy experiments.

2
A
-7 ——+\ ™~
¢/ | \¢
/ Yw \
/ | \

vy dY d% dr dp o oY

Fig. 1. Two-loop generation of neutrino mass.

2.3 Flavor constraints

The LQ % can induce various flavor-violating pro-
cesses at the tree level. To minimize such processes, one
typically assumes yr=0 [94, 127], because the yr term is
less important to the neutrino masses. This also fits our
interest in the IceCube UHE neutrino events that may be
induced by yz, but not yr couplings. As the LQ is heavy,
its effects can be incorporated into effective four-fermion
operators of the SM leptons and quarks. The constraints
on these operators have been studied in Ref. [128] for the
normalized Wilson coefficients:

YL YL

€ijkn 4\/§GFM5. (24)
The relevant upper limits on €4, in the colored Zee-
Babu model are summarized in Table 3 of Ref. [94].
In particular, two €;;1, are strongly constrained: one is
€epun <8.5x1077 from p-e conversion in nuclei, and the
other is €y, <9.4x107° from the K-meson decay. This
indicates that [129]

eu u =5 M, ’
Yoyt =4V2G e M2 €0y <5.6x 10 (1 T:v> , (29)

2

yi“ygc_él\/ﬁGFMiewuc<6.2><104<%> . (26)

One method to satisfy these bounds is to assume,
e.g., ¥ <0.001 and yi° <0.1 at My ~1 TeV. The con-
straints on other components of €;;;,, are loose, and can
be readily avoided by, e.g., y;? <O(0.1) for a TeV scale
M, [130].

The Yukawa coupling v (L1:)Ci02Qr;9* is also re-
sponsible for the lepton flavor violation (LFV) processes
at one loop. According to Ref. [94], the constraints from
the radiative decay ¢ — ¢’y are typically more stringent

than other LFV processes, and the branching ratio is
calculated as [94, 131]

3aNZ
167G2 M.

AL [P+ AR
Mz
(27)

BR(E%KI’)/) = BR(E%ZIDW Vg)

where No=3 and the LQ-quark loop yields

A == [(ygq*yiquﬂLygq*ynge')Fl(Tq)

q=wu,c,t
YLy M Fa(ry) (28)

Here, r, = M2/M2, AY = A%Y|, .., and the loop
functions are [94]

1 2

ﬁ [7—8c+a®+2(24+a)lna].  (30)

Fi(x) =
Fy(x) =

In the limit 2—0, the loop functions behave as F;(z)—
1/12 and Fy(z) — (7+4Inz)/6 <0. If y? ~ 1y, the sec-
ond term in Eq. (28) is expected to be dominant, as
| M Fy(r,)|<|M,Fx(r,)|. Hence, we assume yg=0 in the
numerical analysis partly for minimizing the LQ contri-
bution to lepton radiative decays. With this assump-
tion, A% dominates over A% considering M,>> M, and
Eq. (27) simplifies to

3aNZ
167G2 M

2

BR([%[U}/) :BR(€—>€/D¢/U¢)

| 3 gy () (31)

q=u,c,t

Currently, the most stringent limits on lepton radia-
tive decays are BR(u— ey) <4.2x107'3 [132], BR(7 —
wy) <4.4x1078 [133], and BR(r—evy)<3.3x1078 [133].
They translate into the constraints on the Yukawa cou-
plings

eqx, 1g| < -3 Mw :
q:gu’CYtyL Yyl S 1.4x10 (m) R (32)
Ha*, Tq| < Mw ’
PEE 1) (33)
eqr, Tq| < MUJ ?
q:Eu’cytyL yitl < 0.98(1 TeV) . (34)

For a flavor-universal structure, the above requires |1/5%| <
0.02 at M, ~ 1 TeV. Meanwhile, a hierarchal struc-
ture |y7?| << |yt ~ |y ~ O(0.1) is still allowed at
My ~1 TeV, because radiative 7 decays are less strin-
gently constrained [130].

A by-product of lepton radiative decays is the LQ
contribution to the anomalous magnetic moment of the

103101-5



Chinese Physics C  Vol. 42, No. 10 (2018) 103101

charged lepton ¢ [134, 135]

NeM,

Aag=——"=
a 8m2 M,

> IM (g PHYE) Fa(ry)

q=u,c,t

+M Re(yr" y ) Fa(ry)]. (35)

Under the constraints from LFV, the predicted val-
ues are Aa,=-2x10"", Aa,=-1x10"" and Aa, =
—2x107'2 for the universal Yukawa couplings |y5*|~0.01
at M, ~1 TeV and assuming yp =0, which are far be-
low the current experimental limits [136, 137]. It is also
clear that with the assumption of yz =0, the observed
discrepancy Aa,=(27.84£8.8)x107'° [137] cannot be ex-
plained, because the contribution of the |y:|> term is
negative. To resolve the discrepancy, a nonzero ygr is
necessary, e.g., with yi°~yh' ~0.01, yh°~2.4, y¥* ~0.5,
and M, ~1 TeV [138].

If Tm(ys"y4) is nonzero, the LQ also contributes to
the electric dipole moment (EDM) of the charged lepton
¢ at one loop [135]

eN,

de= m q_uzc thIm(yiq*yf-f)Fz (rq)- (36)
Typically, for |y;’| ~ |yx| ~ 0.01, M, ~ 1 TeV, and
an order one CP phase, the top quark would domi-
nate and contribute to the electron EDM |d | ~107**e-
cm, and has already been excluded by the current limit
|d.|<8.7x1072%-cm [139]. If we still assume yr=0, the
EDM will arise at three loops, whose order of magnitude
is [94]

€OLNC M(

dl”mwlm [yéngf{M(yTL)ﬁUéﬁ\aNs} . (37)
¥

For |y;?| ~0.01, M, ~1 TeV, and an order-one com-
bined CP phase, one has |d.|~107%*"e-cm, which is much
smaller than the current limit.

As for the diquark w, the Yukawa couplings y¥ are
tightly constrained by neutral meson mixings [140]. The
corresponding Wilson coefficients for the K°-K°, BI-BY,
and B°-B° mixings are, respectively

Ck = — gt v (38)
~1 1 11,,33x%

CBd = - 2M2 yw yw ) (39)
Ch, = —qpivs” (40)

The 95% C.L. limits, [C%|<9.6x107"%, |C} [<2.3x107 ',
and |C~'§s| < 1.1x107? in units of GeV > [128], subse-

quently require

2
11, 22x% 19 1076 MW 41
lyo v [ <1.9x TTev | (41)
M, \’
|yi1yf’f’*|<4.6><105(1 TeV) , (42)
N M, \?
|y32yi3*|<2.2x103<m) . (43)

With M, =7 TeV, such constraints correspond to y* <
0.009 for a universal Yukawa structure.

3 DM phenomenology and GCE spec-
trum fitting

To investigate the DM phenomenology, we use
FeynRules [141] to generate the CalcHEP [142] model
file and implement it into the micrOMEGAs4.3.2 pack-
age [143] to calculate the DM relic abundance and DM-
nucleon scattering cross section. We performed ran-
dom scans for the parameter space in both the low
and high mass DM scenarios (with 3x 10° samples for
each), with the input parameters shown in Table 2.
The constraints from the DM relic abundance and di-
rect detection experiments were imposed on each sam-
ple. For the DM relic abundance, we adopted the com-
bined Planck+WP-+highLL+BAO result in the 20 range,
0.1153 < Qpmh? < 0.1221 [144]. For direct detections,
we used the latest spin-independent limits obtained by
LUX [145], XENONI1T [146] and PandaXII [147] Collab-
orations.

To illustrate the effects of various annihilation pro-
cesses on relic abundance and direct detection, we list
all important annihilation channels in Fig. 2. A DM
pair can annihilate into (1) a b quark pair through the ex-
change of an s-channel Z’, h, Hy, (2) an H, pair through
their quartic interaction or via the exchange of an s-
channel h, H, or of a t-channel DM, (3) a W boson pair
via the exchange of an s-channel h, Hy, and (4) an LQ
pair via quartic interaction. We extract the dominant
annihilation channel for each sample that survives relic
abundance (R) alone, or both relic abundance and direct
detection (R+D). The distributions of the survived sam-
ples are displayed for different projections of parameter
space in Figs. 3 and 4 in the low-mass DM Scenario, and
in Fig. 5 in the high-mass DM scenario. For clarity, the
number of survived samples in each dominant annihila-
tion channel is listed in Table 3. Several features learned
from these results are summarized as follows?.

For the low-mass DM scenario:

1) There are much less survived samples than for the
high mass scenario. This is because the coupling be-
tween the DM and SM Higgs, Asy, is tightly constrained

*1) Note that we have used Mz =4 TeV such that the relevant annihilation channel can be ignored for both scenarios.
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All masses are in units of GeV and

Table 2. The ranges or values of the input parameters used in DM scan.
M}, =125 GeV.
Mg My, My, 9BL 0] Ash ASH, Sy My,
low mass DM [5,150] [5,150] 4000 0.1 [1073,0.1]  [107%,0.1]  [107%,0.1] 0.5 1000
high mass DM [500,1500] 50 4000  [1072,0.5] 1073 [1073,0.5] 1073 [1072,0.5]  [500,1500]
S .. / b S -, b S - b
A Z A h ‘A... Hp
--A¢-" B --A,-" ~ --A,-“ ~
S*‘¢ b S*‘¢ b S*‘¢ b
(a) (b) ()
S .,...‘ .... Hy S e Perrpnnannanes Hy S ..\‘ ..... Hg
. h,Hy .-~ : e
e il \ el
A s A
S*e - Hy *eeen T . Ho S*er “Hg
(d) . (e) . () .
S, W S W S,
A h A Ho .
A o P o P - )
S*,— W~ S*,. W~ S*,. . ..lp
(9) (h) (4)
Fig. 2. Feynman diagrams for various annihilation processes.
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Fig. 3. (color online) Distribution of samples in dominant annihilation channels that survive R (left panel) or R+D

(right) constraints is shown in the Ms—Ag, plane for the low mass DM scenario.

Table 3.

mass and high mass DM scenarios.

Numbers of samples surviving R or R+D constraints for various dominant annihilation channels in low

low mass DM (3x10°)

high mass DM (3x10°)

channels

total bb Wtw-— HyHy total Wtw-— Pp*
Relic (R) 1216 835 300 81 6585 3912 2673
Relic+Direct (R+D) 50 12 29 9 4623 2439 2184
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Fig. 4. (color online) Similar to Fig. 3 but in the Mg—Asm, plane.
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(color online) Distribution of samples in dominant annihilation channels that survive R or R+D constraints

is shown in the Ms—Agp (left) and Mg—M\y (right) plane for the high mass DM scenario.

by relic abundance and direct detections. Consequently,
only the channels mediated by the singlet scalar H, and
t-channel DM can survive. On the contrary, the annihi-
lation channels SS* —W*+W~/H,H, are available in a
wide parameter region. Specifically, regions of Ag;, <0.03
and Agpg, 2 0.01 are favored for the low-mass DM sce-
nario.

2) The bb and W+ W~ channels are respectively dom-
inant when Mg <75 GeV and 275 GeV. This is the typ-
ical behavior of the Higgs (h/H,) portal DM [148]. In
addition, although the HyH, channel could satisfy the
relic abundance requirement in broad DM mass regions,
only samples with Ms>100 GeV could escape the direct
detection bounds.

For the high-mass DM scenario:

1) Both W*W~ and ¢* channels could be domi-
nant when Mg < 1.3 TeV, while only the ¥* channel
dominates for Mg 2> 1.3 TeV. This is because we have

chosen the corresponding couplings Asp,Asy <0.5 in our
scan.

2) Asn (Asy)20.2 is required when the WW~ (y9)*)
channel dominates. Moreover, the WTW = channel fills
a narrow band in the Ag,—Mg plane where \g;, increases
with the increase in Mg, while the ¥* channel in the
same plane is much scattered.

We now discuss the GCE spectrum fitting in our
model. The hard photons due to DM annihilation arise
primarily from the subsequent decays of the SM par-
ticles, because their direct production is typically loop
suppressed. The continuous gamma-ray spectrum results
from the light mesons produced through the hadroniza-
tion and decay of SM fermions. The gamma-ray flux due
to DM annihilation in the galaxy can be expressed as

A" 1 J , dN?
dE-Y _47‘_ M§;<O’U>halo dE,Y ’

(44)
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where f sums over all quark and lepton annihilation
channels. (ov)/,,. is the thermally averaged annihila-
tion cross section in the galactic halo, and AN} /dE, is
the prompt photon spectrum per annihilation for a given
final state f. The astrophysical factor J is expressed as

j:/AQdQ(b,l)/l ‘p2(r(s,1,b))ds, (45)

where 7(s,%) =/r2+s>—2rgscostp. Here, ro, =8.5 kpc
is the sun—galactic center distance, s is the line of sight
(Lo.s) distance, and 1 is the angle between the observa-
tion direction and the Galactic Center. In terms of the
galactic latitude and longitude coordinate (b, 1), one has
costy=cosbcosl.

For a DM interpretation of the GCE, the angular re-
gion of interest for the Fermi-LAT is, AQ: 2° <|b|<20°
and |I] <20°. In our calculation, we use the generalized
Navarro—Frenk—White (gNFW) profile for the DM halo
distribution [149)

(1) =p (L) B [M} o (46)

ro 14r/r,

where the scale radius r, =20 kpc. Based on the anal-
yses of Refs. [16, 22, 29, 30], the local DM density pg
and index « are estimated to be pp=(0.440.2) GeV /cm?
and v=1.2£0.1. We thus choose their central values
(po, 7) = (0.4 GeV/cm?3, 1.2) for the benchmark halo
profile that yields the value J,., for J. The uncertainties
of (pw, v) subsequently translate into J =7 Jyen, where
the factor J€[0.14,4.4] parameterizes the allowed range
for the DM distribution. We performed the GCE scan
for J in the range above, and J =1 for the benchmark
profile.

To fit the GCE, we used the results in Ref. [8], which
explored in detail the multiple GDE models. We employ
micrOMEGAs and PPPC4DMID [150] to generate the photon
spectrum and perform global fitting using

3 det deo =) A ey
X = dE. dE d\qE. " dE, )
ij Yy Y Yy Y

(47)
where d®{™°”/dE, are the theoretical and observed
gamma-ray flux in the i-th energy bin, respectively. 3;;
is the covariance matrix provided by Ref. [8] that in-
cludes both statistical and correlated systematic errors.
Herein, we focus on the on-shell mediator scenario, in
which the DM annihilates into a pair of on-shell singlet
scalars Hy, which in turn decays into the SM quarks and
leptons. The decay branching ratios of H, are presented
in Fig. 6 versus its mass; they exhibit a similar pattern
to those of the SM Higgs owing to the ¢°—° mixing.
We vary Mg, My, in the GCE scan while setting other
parameters as shown in Table 4. In addition to relic
abundance and direct detections, one must consider the
constraint from dwarf spheroidal galaxies (dSphs) in the

Milky Way. The lack of gamma-ray excess from dSphs
imposes a tight bound on the DM annihilation cross sec-
tion in the galactic halo, and also imposes a stringent
constraint on the DM interpretation of GCE for vari-
ous annihilation channels. Herein, we adopt the dSphs
limits provided in Ref. [151], which performed a model-
independent and comprehensive analysis on various two-
body and four-body annihilation channels based on the
Planck [21] (CMB), Fermi-LAT [152-156] (dSphs) and
AMS-02 [157] (antiproton) results. For our model, The
most relevant are the 4b, 47, and 2b27 channels. Dur-
ing the scan, we translated the corresponding limits into
each My, sample weighted by Br(H, — bb/7t7~) and
subsequently extracted the strictest one.

1.00 —

0.50

< 020 .
o~
m

0.10 b

cc
0.05- b
10 20 30 40 50 60 70
My, (GeV)
Fig. 6. (color online) Decay branching ratios of Ho

as a function of its mass.

We present our results in Fig. 7, where the allowed
parameter regions for fitting the GCE spectrum and ful-
filling various constraints are displayed in the Mg—My,
(left panel) and Mg—(0v)pao (right) plane. The cyan
region corresponds to the 20 ranges allowed by GCE
fitting, i.e., for J €]0.14, 4.4], and the green region is
for the benchmark halo profile, i.e., J =1. Scan sam-
ples that satisfy the R+D constraints cover the blue
region, and those passing all of the R+D+dSph con-
straints are highlighted in red. Moreover, we show three
benchmarks for GCE spectrum fitting in Fig. 8 and in
Table 5. Among them, benchmarkl (benchmark?2) is the
best fit point of the GCE spectrum for J € [0.14, 4.4]
(J =1) in the total samples, while benchmark3 is the
best fit point in the R+D+dSph samples. Except for
benchmarkl, the other two nearly degenerated H, and
S with My, ~Mge[40, 50] GeV. This feature can be un-
derstood by a simple analysis of kinematics. For nearly
degenerated H, and S, the Hy pair is produced almost at
rest, and each decay final state of H, carries an energy
Mgy, /2 = Mg/2, thereby producing a spectrum simi-
lar to the two-body annihilation process with a doubled
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Table 4. The ranges or values of the input parameters used in GCE scan. All masses are in units of GeV.

Mg Mgy, Mz 9BL 4

AsH ASH, Asap My, vy J

GCE  [5,75] [5,75] 4000 0.1 1072

1073 1073 0.5 1000 1 [0.14,4.4] or 1

Table 5. Three benchmarks for GCE spectrum fitting. Here the benchmarkl (benchmark?2) is the best fit point of
GCE spectrum in the total samples for factor J€1[0.14, 4.4] (7 =1), and benchmark3 is the best fit point in the

R+D+dSph samples.

Ms/GeV M, /GeV Qpmh? os1/cm? (o) phalo/(cm3 /s) J X2 R+D+dSph
benchmarkl 36.61 14.99 0.023 3.5x10~4 1.28x10~25 0.14 22.33 excluded
benchmark?2 40.76 40.59 0.068 1.05%x10~47 2.25x10-26 1 22.90 excluded
benchmark3 44.74 44.56 0.1168 2.97x10—47 1.23x10—26 2 23.12 allowed

; ; ; ; ; 100 : . . . .
60r s50f 1
50 Ms < My, ]
Tu; 10
[s] -
- S
% 40 00 5t
o q
~ o -
P °
é 1t i
] ~ [ (]
20 W GCE 20, =1 0.5 M GCE 20, J=1
B R+D W R+D T
M R+D+dSph H R+D+dSph
10F ]
1 1 1 1 1 01 1 1 1 1 1
20 30 40 50 60 20 30 40 50 60
Ms (GeV) Ms (GeV)

do” /dE, (GeV ecm 2s tsr )

2
y

E

Fig. 7. (color online) Allowed regions for fitting GCE spectrum and various constraints in the Ms—Mp, (left) and
Mg —{ov)nalo (right) plane. The cyan (green) region corresponds to GCE fitting for 7 €[0.14, 4.4] (J=1), while
the blue (red) region satisfies R+D (R+D+dSph) constraints.

107 — — ——
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E Correlated systematic errors 5 N
I R Benchmark2, x* =22.90 |]
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Fig. 8. (color online) The photon spectra for the
three benchmarks in Table 5. The GCE data with
statistical and systematic errors (cyan ) in Ref. [8].

number of injection fermions that reproduces the best fit
result as the two-body bb final state. Finally, the excep-
tion of benchmarkl can be understood because it only
occasionally produces a minimal x? by using a marginal
value of 7, and will yield an unacceptably large x? when
J=Jven-

4 UHE neutrino events at IceCube

4.1 Neutrino-nucleon scattering in SM and LQ
contribution

The IceCube neutrino observatory is located at the
South Pole. The overwhelming majority events recorded
by IceCube are muons from CR air showers, and only ap-
proximately one in a million events results from neutrino
interactions. In the latter case, the UHE neutrinos in
CR penetrate the ice and scatter with nucleons through
neutrino—nucleon deep inelastic scattering (DIS) inter-
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actions. The Cherenkov light emitted by the secondary
particles produced during scattering is observed by the
IceCube detector. Depending on the interaction channel
and the incoming neutrino flavor, three types of signa-
tures can be distinguished for the neutrino events [158]:

1) The “track-like” events that are induced by muons
produced in the charged-current (CC) interactions of v,,.

2) The “shower-like” events that are induced by
neutral-current (NC) interactions of all neutrino flavors,
and by CC interactions of v, in all energy ranges and v,
with E, <100 TeV.

3) The “double-bang” events that are generated by
high-energy v,. In this case, its displaced vertices be-
tween the hadronic shower at the 7 generation and the
shower produced at the 7 decay can reach tens of meters.

For the Yukawa structure in Eq. (55) that we will
employ for illustration, only the “track-like” CC and
“shower-like” NC events must be considered in our cal-
culation.

In the SM, the neutrino—nucleon (vN) interactions
are mediated by the W, Z bosons:

v+N — (+X  for CC interaction, (48)

ve+N — v,+X for NC interaction, (49)

where ¢ =e,u,7 denotes the SU(2)., lepton flavor, N =
(n+p)/2 is an isoscalar nucleon, and X is the corre-
sponding hadronic final state. At leading order (LO),
the differential cross sections are [159, 160]

d?0S¢ 2GiMyE, My,

dedy T (Q*+M32,)?
X['er(xvQ2)+If¢?(xa@2)(1_y)2]a

2% _ GiMyE, M3

dedy 2r (Q*+M32)?

X [2fo0 (2,Q%) +a fo0 (2,@Q%) (1-1)*]. (50)

In the equations above, My and My,  are the nu-
cleon and W, Z boson masses, respectively; —Q? is the
momentum transfer squared, and Gy is the Fermi con-
stant. The Bjorken variables = and y are defined as,

= Q2 EV_EZ
- 2MyE,y’ N

where E, (E,) is the energy of the incoming neutrino
(outgoing lepton). The quark and antiquark parton dis-
tribution functions (PDFs) f,, f; (f0,fs) are added over
all flavors of valence and sea quarks that are involved in

CC (NC) interactions [159, 160]:

fo= I,

fo= T g,

fo = Pz I e
AR DR+t ) (LR,

fo = L R Ry I )

+(fot fo)(LIAR)+(fe+fi)(LL+RE), (52)

where Ry=(2/3)sin*0y, R,=—2R4, Ly=—1+R,, and
L,=1+R, with 0y the weak mixing angle. The cross
sections for antineutrino-nucleon interactions (V) are
obtained by the following replacements,

dza(_jJS’Nc d2 C]g,Nc
d:;dy - d;dy (fo far for fa0).  (B3)

The neutrino—electron interactions (in the target
material) can generally be neglected compared to the
neutrino—nucleon interactions because m, < My [160].
The only important exception arises when the incom-
ing neutrino has an energy of E, ~4—10 PeV. In this
case, the resonance production of the W boson [161] en-
hances the 7.e cross section significantly with the peak
at E,=M3,/2m.=6.3 PeV. Because this energy is higher
than most of the shower events observed at IceCube, we
do not include neutrino—electron interactions in our anal-
ysis; for a detailed discussion on this issue, see Ref. [160].

With the differential cross sections in Egs. (50) and
(53), the total cross section is obtained by

Lot d%o
E,)= dzd . 4
o(B)= [ [ syl (54)

In Fig. 9, we present the total SM cross section as a func-
tion of the incoming neutrino energy F, for both vV and
vN interactions using the NNPDF2.3 PDF sets [162] at
LO, NLO, and NNLO respectively. Owing to the large
uncertainty in small = grids, we have set the lower limit
of z to be 107% in the numerical integration to yield a re-
liable result, which is in good agreement with Ref. [160].

We subsequently compute the cross section owing to
LQ interactions. The neutrino—nucleon CC and NC pro-
cesses are mediated by an s- and w-channel exchange
of the LQ through Yukawa couplings in Eq. (1). In
addition, interference occurs between the LQ and SM
amplitudes. Nevertheless, we have numerically verified
that both the u-channel exchange and interference are
negligible compared with the resonant s-channel LQ ex-
change. It is therefore sufficiently accurate to calculate
the LQ contribution in the narrow width approximation
(NWA) that only considers the s-channel resonance pro-
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Fig. 9. (color online) Total v N (left panel) and ZN (right) scattering cross sections for the SM, CC, and NC processes

as a function of neutrino energy F, with the PDFs at LO, NLO, and NNLO, respectively.

cess. To retain at least two massive neutrinos as re-
quired by the oscillation experiment, we assume a simple
Yukawa structure in which only the first two generations
of quarks and leptons are involved:

LQ in the mass range of M, ~100 GeV—2 TeV. With
the preparation above, we proceed to evaluate the event
rate at the IceCube that includes the LQ contribution,
and perform statistical analysis to constrain the model
parameters.

yi' oy 0
yi=| v v 0| and yg=0. (55)
10'31 ; .
0 0 0 — M, =500 GeV
-~ M,=1000 GeV
In the NWA, the differential cross section for the NC or 1072} - M,=1500 GeV
CC process can be writtenas [ M, =2000 Gev
doNe/ee Né 107 /,,—’f
Y (WN—L,X) L -
dy B
2
o 1034
f?M Zw Plyt Lo (M3 /5. M3y),  (56) €
10
where NC (CC) means L;=v; (¢;), ,j,k,k'=1,2 refers to
the first two generations of quarks and leptons, and s= L
2MyE,. Neglecting the final state fermion masses, the 0% 3 0 00 10 0° 10 o0
total decay width of the LQ v is I'y~M,,/(87)>_,; |y” 2, E, (GeV)
The Bjorken scaling variable x has been integrated out Fig. 10. (color online) Total vN scattering cross

in the NWA, such that the distribution functions are
evaluated at x=M7 /s and Q*=xys=M7y. The expres-
sions for 7N scattering can be obtained from Eq. (56) by
fq A4 ft?'

To illustrate, we plot in Fig. 10 the total ¥/N cross
section due to the LQ resonance for typical values of
M,,. We have assumed y;', y3'=1 and others vanishing,
and included both NC and CC contributions. Compar-
ing with the relatively smooth variation of the SM cross
sections in Fig. 9, one finds that the LQ resonance con-
tribution is triggered and rises rapidly once the incoming
neutrino energy is above the threshold E}*=M? /(2My).
Because E'™ is in the multi TeV to PeV range in the cur-
rent IceCube data, one expects that it is sensitive to the

section including the LQ CC and NC processes as
a function of neutrino energy FE, for typical values
of My and at yi'=y2' =1 and others vanishing.

4.2 Event rate at IceCube and constraint on the
model parameters

The distribution of the number of events with respect
to the incoming neutrino energy, and the inelasticity pa-
rameter is estimated as

dN d®* da

dE,dy dE, dy
where T is the exposure time, Q(E,) is the effective
solid angle of coverage, Neg(E,) = NaV.g(F,) with

=T-UE,) Nea(E,) 77— (57)
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N, = 6.022x10%%/cm?® the water equivalent Avogadro
number, Vg (F,) the effective target volume of the de-
tector, d®” /dFE, the incoming neutrino flux, and do/dy
the differential ¥N cross section shown in Eq. (56) for
the LQ contribution. To directly compare with the Ice-
Cube data, one should use the electromagnetic (EM)
equivalent deposited energy Ejy., instead of the incoming
neutrino energy FE,. Hence, we calculate the expected
number of events in a given EM equivalent deposited en-
ergy bin [Eg;g‘, Epex] at IceCube, Ny, which can be
expressed in terms of Eq. (57) as follows:

max

L rERS AN dE,
Noin = dy / dEd“”d dE, dE,
i -

EV(ESE;X y) d®” do
—T/dy/ " ABQ(E,) Nor(B.) g5
(Emm dE dy
(58)

In the equation above, Eq4., is always smaller than
FE, and their relation depends on the interaction channel.
Herein, we follow the method in Ref. [160]. For the NC
events, the neutrino final state leads to missing energy,
and the hadronic final state carries energy Ex = yE,.
Thus, the total EM equivalent deposited energy for v. ,
is given by

EN

dep

Ehad:FXyEuv (59)

where the factor Fx is the ratio of the number of
photoelectrons originating from the hadronic shower to
that from the equivalent-energy electromagnetic shower,
which is a function of Ex and parameterized as [163]

Fy=1- (%‘) (-1, (60)
0
where the parameters Fy, m, f, are extracted from the
simulations of a hadronic vertex cascade with the best-fit
values E;=0.399 GeV, m=0.130, and f,=0.467 [164].
Meanwhile, for the CC events, the leptonic final states
e, j entirely deposit their energy E. ,=(1-y)E, into the
EM shower. Together with the accompanying hadronic
shower, the total EM equivalent deposited energy yields

ECC—Ee ;J,+Ehad- (6]‘)

dep

The remaining parameters in Eq. (58) are determined
as follows:

1) Exposure time T = 2078 days, corresponding to
the IceCube data acquisition period from year 2010 to
2016 [47].

2) The effective target volume Vig(E,) = Mg/ pice,
where pi. =0.9167 g/cm?® is the density of ice, and M g
is the effective target mass. M.z depends on the in-
coming neutrino energy and reaches the maximum value
~400 Mton above 100 TeV for v, CC events (correspond-
ing to Vmax ~0.44 km® water equivalent), and above 1

PeV for v, , CC and NC events [49]. Herein, we choose
V.e=0.44 km® water equivalent in the calculation.

3) The solid angle of coverage  is different for
neutrino events coming from the southern hemisphere
(downgoing events) and northern hemisphere (upgoing
events). While for isotropic downgoing events (2 is es-
sentially equal to 27 sr, for isotropic upgoing events
Q is generally smaller by a shadow factor S(E,) ow-
ing to the Earth attenuation effects [159, 165]. The
total solid angle of coverage is subsequently given by
Qi (E,) =27(1+S(E,)) sr. In the extreme case of a
fully neutrino-opaque (neutrino-transparent) Earth, one
has Qo =27 st (47 sr), and for the realistic Earth one
has Qo € [27, 47] st. The LQ could have a potential
impact on the shadow factor through the modification
of the interaction length; however, it has been shown in
Ref. [81] that this effect is sufficiently small to be neg-
ligible. For simplicity, we will use the limiting values of
Q¢ above in our numerical analysis, and this will yield
the two edges of the upper limit band on the Yukawa
couplings y7 for a given LQ mass.

4) The incoming neutrino flux d®¥/dF, is assumed
to be an isotropic, single power-law spectrum for each
neutrino flavor i:

d®y _ E, \
dE, ofi (105(; v> ’ (62)

where ®, is the flux normalization at F, =10% GeV for
all neutrino flavors, f; is the fraction for the ¢th flavor
at the Earth, and v the spectral index. Typical astro-
physical processes yield source neutrinos with a flavor
ratio of v, :v, :v, =1:2:0 when they are produced by
the decay of pions. Because the distance to the source
is much larger than the neutrino oscillation length, an
oscillation-averaged flavor composition, which tends to
be in a ratio of 1:1:1 [166]is observed on the Earth.
Thus, we use f; =1/3 for i =e,u,7. For flux normal-
ization @, and spectral index 7, we assume the best-fit
values as in Ref. [167]:

®y=6.7T11x10""® GeV/(sr cm? 8), y=2.5040.09,
(63)

These were obtained by performing maximum likelihood
combination of different IceCube results.

To investigate the number of events from the L(Q con-
tribution and its effect at the IceCube, we used Eq. (58)
to calculate all of the 14 deposited energy bins in the
IceCube data points. In the left panels of Fig. 11, we
present the numbers of NC and CC events due to LQ as
a function of the deposited energy. The plots were gen-
erated for various Yukawa components in Eq. (55), and
typical LQ mass M, =500, 1000 GeV, separately. Here,
we simply assume a universal Yukawa coupling |y, | for
the nonzero components, and the legends in the figure
are understood as follows: for instance, (y;', y3') indi-
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(color online) Left panels: number of events due to pure LQ contribution as a function of deposited energy

for various Yukawa components (y1', y3'), (yi2, y32), and (yi', ¥3?). Right panels: total numbers of events without
LQ (SM + background, solid curve) and with LQ (SM + background + LQ) for the same Yukawa components
(dashed, dash-dot and dotted curves) are compared with the six-year IceCube data points. A universal value of
lyr|=1 (3) is assumed for nonzero Yukawa components at M, =500 (1000) GeV, and the solid angle of coverage

is fixed at Q=4m.

cates yi' =y = |y.| while others are vanishing. It is

straightforward to extend our analysis to non-universal
cases by assuming specific relations for the Yukawa com-
ponents in Eq. (55). For comparison, the corresponding
total numbers of events (SM + background + LQ) for
the same Yukawa components and six-year IceCube data
points are presented in the right panels, where both the
IceCube data and SM + background fit are extracted
from Ref. [51]. Some important information can be ob-
served from Fig. 11:

1) The resonance peak broadens and shifts accord-
ing to the threshold incoming neutrino energy E'™ =
M /(2My) for both NC and CC events.

2) The CC events are distributed only in the de-
posited energy bins above the threshold energy, while the
NC events are spread in all bins. This arises from the
fact that NC and CC processes deposit different amounts

of energy according to Eqs. (59, 61), respectively.

3) The numbers of events obey the sequence
Nuin(yr's 92') > Now(yr's ¥72) > Now(yz®, y7°), which
clearly reflects the effects of PDF dependence. As the u
and d quarks are the dominant constituents of the nu-
cleon, the Yukawa components involving only the first
generation of quarks present the most significant con-
tribution, while that involving the second generation of
quarks is suppressed.

The interpretation of the IceCube excess in the en-
ergy interval 1—3 PeV generically demands an L(Q mass
above TeV, where the production cross section and the
neutrino flux are significantly suppressed. This may re-
quire a large Yukawa coupling beyond the perturbation
theory, e.g., |yL| =3 for M, =1 TeV as shown in the
lower panels of Fig. 11. Nevertheless, one expects that a
small fraction of the LQ contribution with a perturbative
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(color online) 90% C.L. upper limit bands (corresponding to a solid angle of coverage Q€[2m, 4x]) on |y |

for various Yukawa structures versus LQ mass My, from the six-year IceCube data. Also shown are 90% C.L. limits
from the decays Kt — 7" ov (dashed purple lines) and 11— ey (dashed orange lines), and from direct searches at
the 13 TeV LHC (vertical dot-dashed magenta and brown lines).

Yukawa coupling could loosen the tension between the
IceCube data and the SM prediction, thus marginally
improving the SM + background fit, which is part of
the motivation for this paper. Alternatively, one can
also treat the current IceCube result as a complemen-
tary constraint that allows an upper bound to be placed
on the Yukawa coupling for a given LQ mass. Further, we
performed a binned statistical analysis with the Poisson
likelihood function [82, 168],

Stringent limits also exist on y¥ from flavor physics,
and on M, from the LHC direct searches. For the for-
mer, according to our discussion in section 2.3, the com-
ponents (yi', y') and (y;', y#*) are the most sensitive
to the K-meson decay K+ — ntov, while (y;2, y??) are
sensitive to the LFV decay p—ev. As an illustration of
the collider constraints, we use the ATLAS limits on the
LQ mass at 13 TeV [105]. These limits are also shown
in Fig. 12 for comparison. In all cases, the limits derived
from Kt —ntov and p— ey decays are much stronger

obs
L:HM’ (64) than those from the IceCube in the entire mass range
ine ngbs! considered. This severely restricts the LQ interpretation
obe. th ) ) of the IceCube excess in the six-year data. However,
where n;” ™" are the observed and theoretical counts in it js worthwhile to treat the excess as a supplementary

the i-th bin, respectively. We subsequently use the test
statistics

—2AlnL=—-2(InL—InL,,.,), (65)

to derive the upper limits on 3¥ at 90% C.L. (corre-
sponding to —2AlInL = 2.71) in the LQ mass region
M, €]100, 2000] GeV. Here, Ly, is the likelihood value
assuming 3% =0. Our results are presented in Fig. 12
for the same Yukawa structure discussed above. As ex-
pected, the most stringent bound is set on the (yi', y2')
components, while that on (y32, y3?) is relatively weak
owing to the subdominant PDFs of the second generation
of quarks in the proton.

constraint although it is highly limited by the current
statistics. With the increase in exposure time and data
collection, one expects that the IceCube limit will im-
prove and that the distribution of data in the bins may
even change significantly. In that case, better agreement
or more severe discrepancy with the SM prediction will
serve as a complementary limit or hint of new physics.

5 Conclusion

We have investigated the phenomenology of the col-
ored Zee-Babu model augmented with a U(1)z_;, gauge
symmetry and a singlet scalar DM S. The tiny neutrino
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masses were still generated via a two-loop radiative
seesaw involving the SM quarks, a diquark, and an LQ;
however, we have related to two high-energy CR observa-
tions: the Fermi-LAT GCE and the PeV UHE neutrino
events at the IceCube. For the Fermi-LAT GCE, we
focused on the annihilation channel in which the singlet
(-dominating) Higgs H, acted as an on-shell mediator.
We found that the GCE spectrum is well fitted when
the H, mass was close to the DM mass, which is consis-
tent with the constraints coming from relic abundance,
direct detections, and dSphs in the Milky Way. We
studied the feasibility of the resonance LQ production
being responsible for the extra UHE neutrino events at
the IceCube. Using the six-year dataset in the multi
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