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ABSTRACT: A single power law flux spectrum of high energy neutrinos does not adequately
explain the entire 60 TeV to 10 PeV event spectrum observed at IceCube, specially the
excess of PeV events and the lack of Glashow resonance events expected at 6.3 PeV cannot
be simultaneously explained by a single power law source neutrino flux. Here we consider
a model of neutrino splitting v — 3v over cosmological distances. Starting from a single
power-law spectrum expected from the astrophysical sources, we show that by adjusting
the decay length and spectral index one can give a better fit to the observed IceCube
events over the entire 1 TeV—6 PeV, compared to that from a single power spectrum. For
v — 3v neutrino splitting, the flavor ratios of the daughter neutrinos are different from
the standard oscillation or invisible decay cases and can be used as a test of this scenario.
We propose a ¥2HDM where a light Higgs (~ 0.1eV) mediates neutrino splitting via a
one-loop box diagram. The split in the masses of the scalars in the doublet gives a large
contribution to the oblique T parameter which is severely constrained. This constraint
from the S, T,U oblique parameters can be evaded by the introduction of an extra vector
lepton doublet and with mass ~ 200 GeV.
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1 Introduction

After seven years of IceCube measurement, a clear 60 excess of events is observed for
energies above 60 TeV which cannot be explained by the atmospheric neutrinos [1, 2]. The
first choice for explaining the high energetic neutrino events were different astrophyscal
sources [3-6]. The source and spectrum of neutrinos observed at IceCube remains a puzzle
as the events do not point back to any clear identifiable Active Galactic Nuclei (AGN)
or Gamma Ray Bursts (GRB) and the entire spectrum of events from 60 TeV to 10 PeV
cannot be explained by a single power law of neutrino flux like ®, = ®oE7. In GRB
models [7], charged pions are produced when high energetic protons interact with gamma
background as p + v — AT — n + 7", followed by further decay of pions as 7" — ptu,
and 7" — eTv,v,, producing flux of high energetic muon and electron neutrinos. IceCube
is sensitive to those neutrinos whose energies are above 0.1 TeV. In general the energy
dependence of the incoming neutrino flux from the GRBs at the source is given by the
Waxman Bahcall spectrum [7] ®, oc E~2. The astrophysical neutrino flux modeled in this
way does not give a good fit to the IceCube event distribution at all energy bins upto
~ 2PeV. With a fit at lower energy (~ 100TeV) bins, this model predicts an excess
of neutrino events at higher energy bins, but IceCube has not observed that effect till
now. Even if the decrease of flux amplitude can fit neutrino event observation at some
bin, there remains huge mismatch with predicted events at other energies. If a steeper
neutrino energy spectrum is taken, IceCube event distribution in the sub-PeV bins can be



explained by fixing a proper neutrino flux amplitude. The steepness of the spectrum will
result in deficiency of predicted events at energies 1-3 PeV. Invisible and visible decays of
astrophysical neutrinos is explored in this work as a better explanation of 6 years of IceCube
event distribution data. Various models for explaining the observed features in the IceCube
event spectrum include neutrinos from Pev dark matter decay or annihilation to explain
the 1PeV excess ([8-11]). The excess of PeV events can also come from the resonant
production of leptoquarks [12-15]. On the other hand, there are neutrino depletion models
which try to explain the non-observation of the Glashow resonance [16-18] i.e. absence of
the resonant peak due to a real W~ production in the process v.e™ — W ™. The decay
of the real W is expected to give hadron and lepton shower or lepton track events [19].
Depletion of high-energy neutrinos can occur via oscillation to sterile neutrinos in pseudo-
Dirac neutrinos [20] and for visible decay [21]. Exotic scenarios have also been invoked to
explain a cutoff at the Glashow resonance energies such as Lorentz violation [22, 23] and
CPT violation [24].

Neutrino splitting ¥ — 3v can change the neutrino spectrum at IceCube and it can
occur in CPT and Lorentz violation models [24, 25]. In this paper we consider a Lorentz
invariant BSM model where the neutrino splitting ¥ — 3v occurs through a one-loop
diagram with a light mediator. One BSM case which can give rise to the neutrino decay
is neutrinophilic two Higgs doublet model [26] (v2HDM) which was originally proposed
to explain the nonzero but tiny neutrino mass. This kind of neutrinophilic models of
neutrino mass generation was initially proposed and discussed in the References [27, 28].
In ¥2HDM, neutrino masses are generated by introducing a second scalar doublet with a
vacuum expectation value of the eV scale. The astrophysical neutrino decay rate should
be large enough to have a decay before neutrinos reaching the IceCube detector. Larger
decay rates are ensured in the ¥2HDM through the presence of a eV scale neutral scalar.
Presence of an ultra light scalar results in a stringent bound from the oblique parameters.
This can be resolved by expanding the model with vectorlike leptons, which themselves
have interesting phenomenological properties.

Neutrino decay to visible lower energy neutrinos change the spectrum of IceCube neu-
trinos and give a better fit of the IceCube event spectrum in the entire range 60 TeV-10 PeV
compared to a single power law neutrino flux. We note that in the neutrino splitting sce-
nario, it protects the information of astrophysical source direction, as the daughter neutri-
nos are collinear being very energetic ones, which is consistent with the recent observation
that one single source can be traced back from the observed IceCube spectrum.

In section 2 we have briefly explained the v2HDM model along with the explanation
of emergence of tiny neutrino mass there. In the next section 3, it is shown how active SM
neutrinos can split to three active neutrinos through the box loop diagram. We have also
shown the presence of an eV scale scalar propagator increases the decay rate and therefore
ensure a finite decay lifetime to have any astrophysical effect. In the next section 4, we
show the flavor ratios of the daughter neutrinos after splitting, taking into account different
astrophysical sources with different initial flavor ratios. In section 5, we discuss how the
presence of an ultra light scalar in ¥2HDM can have large negative contribution on S, 7T
parameters to push them to the values which are not experimentally viable. In section 6



different flavor, collider and theoretical constraints are discussed along with their bounds
on ¥2HDM parameter space. In section 7, we do the analysis of the effects of both the
neutrino splitting (v — 3v) and invisible decays on the astrophysical neutrino propagation
and their event distribution at IceCube. In one subsection 7.1 we concentrate on visible
neutrino decay and show how its presence fit the IceCube event distribution along with
an comparison with the case where there is no neutrino decay. In another subsection 7.2,
similar studies are done for neutrino invisible decay. Finally we summarize and conclude
in section 8.

2 The model

The beyond the SM v2HDM theory [26, 27] discussed in this work, is based on the symmetry
group SU(3). x SU(2)r, x U(1)y X Za. In addition to the usual SM fermions, we have one
EW singlet right-handed (RH) neutrino, vg, for all flavors of SM leptons. The model
has two Higgs doublets, ®; and ®5. All the SM fermions and the Higgs doublet ®, are
even under the discrete symmetry, Zs, while the RH neutrino and the Higgs doublet ®,
are odd under Z,. This leads to Yukawa interaction of all the SM fermions except the
left-handed neutrinos, through ®; only. The SM left-handed neutrinos, together with the
right-handed neutrino added here, couple to the Higgs doublet ®5. The discrete symmetry
Zs is broken by a vev of @9, and we take vg = (®2) ~ 0.1eV. Therefore, the origin of the
neutrino mass in ¥Y2HDM is due to a spontaneous breaking of the discrete symmetry Zs.
Through their Yukawa interactions with the Higgs field ®5, the neutrinos acquire orders of
magnitude smaller masses than the SM ones even with order one Yukawa couplings, due
to the smallness of vs.

For simplicity, we consider the Higgs sector to be CP invariant here. The most general
Higgs potential consistent with the SM x Zy symmetry is [26]

V= —p2 o1d) — pd ®Ldy + A (D1D1)? 4 A (®1D2)2 + A3(D1 D)) (DI Do) — Ag| BT Dy[?

1
— 3% (D1D,)2 + (®ID1)?] . (2.1)

In the v2HDM scalar potential of eq. (2.1), the parameters m?, and Ag7 are put to zero
due to the imposition of Z, symmetry. The physical Higgs fields are charged fields H™,
two neutral CP even scalar fields h and H, and a neutral CP odd field A. In the unitary
gauge, the two doublets can be written

o _ 1( V2 (v Jv)H* )

B E ho+i(U2/’L))A+’L)1

_ 1 —V2(vy Jv)H*
@2 = NG (Ho —i(v1 Jv)A + w) ’ (2:2)

where v; = (®1), vo = (®3), and v? = v? + v3. Here the charged and CP odd interaction
states mix with corresponding charged and neutral Goldstone modes through an orthogonal
mixing with angle 8. This mixing produces mass eigenstates H*, A along with the massless



Goldstone bosons that are removed in the unitary gauge. The mixing angle is expressed
as tan 8 = % The particle masses are

1
5(/\4 + )\5)1)2, mi = )\51)2,

mh g = (nod 4 Aoud) = /(o2 — Aavd)? + (As — Aa — As)2odd. (2.3)

2
mHi =

An immediate consequence of the scenario under consideration is a very light scalar H

with mass,
m% = 2\v3[1 + O(va/v1)). (2.4)
The mass eigenstates h, H are related to the weak eigenstates hg, Hy by
ho = cah + soH, Hy = —sah + co H, (2.5)
where ¢, = cos «, s = sin «, and are given by

Co =1+ O(v%/v%),
_)\3 — M — A5

S = T(vg/vl) + O(v3 Jv3). (2.6)

This mixing is extremely tiny as along with the absence of an explicit Zy breaking m?,
term, vo ~ 0.1eV and v; ~ 250 GeV, and thus can be neglected. The smallness of tan o can
be seen from eq. (2.6), imposing the limit v /v7 — 0, which evidently results in tiny tan 3.
Hence, the neutral scalar h essentially behaves like the SM Higgs, except of course in its
Yukawa interaction with the neutrinos. So we do not expect any observable deviation from
the Higgs couplings to the SM particles, except possibly in the loop induced couplings, e.g.
h~y~y (through H* loop). The effect of H* loop in the hyy vertex is computed in ref. [29],
along with the estimation that a sizable Higgs invisible decay is allowed here. Therefore,
the charged fermions obtain mass entirely from the ®; vev v;, and neutrinos get it through
its coupling exclusively to ®5. In the ¥2HDM with an imposed lepton number conservation,
the neutrino mass is of Dirac nature. If that symmetry is not enforced, v2HDM allows
Majorana mass generation of neutrinos with a low scale seesaw mechanism.

In the ¥2HDM with Z5 symmetry, the second Higgs doublet ®, shows some interesting
features. The neutral scalars H, A, in their Yukawa interaction, couple almost fully to
the neutrinos, while the interactions between neutrinos and charged leptons are mediated
through H*. Presence of tiny and nonzero neutrino mass can be explained even with the
Yukawa couplings at O(1) values. Among the H, A coupling to the W and Z bosons, tiny
vo supresses the triple gauge couplings involving only one scalar. The triple gauge couplings
with two scalars and one gauge boson can be there and can give rise to a significant scalar
pair production cross section at the LHC, in the processes like pp — ~v* — HTH .
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Figure 1. Visible decay of active neutrinos to other active neutrinos in the ¥2HDM set up through
a box diagram: v, — 3vs.

3 Splitting of active neutrinos

In ¥2HDM scenario, ®; behaves like the SM scalar doublet while i resembles the SM Higgs.
As explained in section 2, ®; couples to all the SM fermions except the neutrinos with the
second doublet ®, and the scalars inside, H, A, H* interacting in a neutrinophilic way in the
Yukawa sector. We add a right handed neutrino vg, which is odd under Z5 symmetry. This
RH neutrino along with @9, which is also odd under Z5 forms the Yukawa interaction as

Ly = yeLT(I;2VR + yuLT ‘1;21/3 + yTLJr q;QVR + h.c.,
= Z Yel QUEZVZI/R + Z Je “—U,;H(iA)v;vr + other terms,
-, T €1, T \/>

= my,ViVR + %H(iA)VZ’VR + other terms, (3.1)
U2

where m,, = > . y\‘e/%z Uy; are neutrino masses and Uy; is the PMNS matrix.
We take the right handed neutrino vg mass to be of the order of the SM neutrino mass,
:L The box diagram of neutrino

i.e. my ~ m, and the neutrino Yukawa coupling y; = nz
decay v — 3v is formed through the neutral scalar (H/A) and right handed neutrino
propagators as shown in figure 1. The v; — 3v3 decay through a box diagram is computed
in ¥2HDM and the decay rate is

167%m,, m3 2
L= ——— (y3)° |F ( ) * PS1 3, (3.2)
myr mH

where PS;_,3 is the phase space factor of one particle decay to three particles, computed
following the ref. [30]. The loop factor F ( —4 ) is obtained as

H
14y 2y logy
(1-y)? (A-y)?*

Neutrino decay lifetime 7, is the inverse of the decay rate computed here.

F(y) = (3.3)



In the model considered here, three light neutrinos get mass from a neutrinophilic
doublet ®9 with y; ~ O(1). We assume a scenario where the heaviest two of these three
neutrinos can split to a number of the lightest ones, given that the distances they travel
from their sources to the place of their detection at IceCube are large enough. If three
neutrino masses are nearly degenerate, then the daughter neutrino carries almost all of the
decaying neutrino energy, and thus contributing to the flux at that energy. So there will
be no depletion in neutrino count in that energy range. To show the decrease in neutrino
flux, the nature of the mass spectrum must be hierarchical, i.e. having two mass eigenstates
with mass much higher than the final state neutrino. In this case, the daughter neutrinos
after the splitting will be much less energetic than the parent one and therefore, those are
left out of the neutrino flux at the energy scale of the splitted neutrino [21].

In this work we take 3 to be the lightest final state neutrino. The r3 — v, mixing
through tiny PMNS element U.s, suppresses the v, number that come out from a v3 state,
making the v, count even smaller. For r3 to be the lightest neutrino, inverse neutrino
hierarchy is preferred where vy, 5 are relatively heavy (~ 0.1eV) and almost with similar
mass and the v3 is extremely light (~ 0.01eV).

The distances of the neutrino sources like AGN and GRB’s are of order of 10’s of
MPc from the earth, where we hope to have the detection. For the final state neutrinos

—L/~ver

to be counted out, the decay factor e should be negligibly small which translates to

L . . . .
Sor > 1. For the neutrinos coming with PeV scale energies,

L L mc? S
vyer  E\ er ’

which corresponds to 7/m < 103s/eV where 7 is the neutrino rest frame lifetime. Big
Bang Nucleosynthesis (BBN) provides a lower bound on the neutrino lifetime [21]. With
these limits the allowed window of neutrino decay lifetime is constrained to the range [21],

1075s/eV < — < 103s/eV . (3.4)

-
m
The allowed decay rate given in eq. (3.4) is presented in terms of allowed region of parameter
space in figure 2. The neutrino lifetime for this model is given in figure 3.

4 Flavor ratios in neutrino splitting

We consider three different production mechanism of astrophysical neutrinos here and
explore the effects of neutrino splitting on the flavor composition of final state neutrinos,
both for normal and inverted mass hierarchies. The allowed ranges of neutrino flavor
ratios at the Earth for different standard and non-standard cases, with arbitrary initial
flavor ratios, is discussed previously in ref. [31]. Flavor composition of neutrinos after
neutrino oscillation and decay is discussed in ref. [32] earlier.

Assuming the mass degeneracy of 11 and 1, for the neutrino splitting rates, we can
write I'(vy — 3v3) =~ I'(v2 — 3v3) for inverted mass hierarchy, whereas for normal hierarchy
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Figure 2. Parameter region satisfying the allowed range of ~* as shown in eq. (3.4) for active
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Figure 3. Different contours of allowed values of active neutrino lifetime 7, from the vy — 3v3
decay.

it reads I'(v3 — 3v1) = I'(v3 — 312). Neutrino mixing angles are also assumed as a3 ~ 45°,
013 ~ 0° and PMNS matrix elements are computed taking these in account,

Upmns = | s12/V2 c12/V2 1/V?2 (4.1)
s12/V2 c12/V2 1/V/2,

where c¢12 = cos 12,512 = sinfyo, with 012 =~ 32° being the solar neutrino mixing angle,
€ ~ 0.15. The neutrino flux in the mass basis before the decay is

¢Vi = Z |Uia|2¢ua- (42)

For normal hierarchy, splitting of v3 happens with equal probability to three vy, v states
each. Assuming that the neutrino decay is complete before it reaches the detector, only



stable states 11, 19 are included in the final state flux. It also ensures that the exponential
Lm

energy dependent decay factor e~ B does not modify the flux. After the splitting, the flux

ratio takes the form ¢¢ : ¢3 : ¢ = ¢1 + %¢3 D2+ %¢3 : 0, as the neutrino flux ¢s splits

equally to produce three daughter v; or vy from one parent neutrino r3. Final flux ratio,

in the flavor eigenstate takes the form

(I)Va = Z |Uaz|2(1);j (43)

The three neutrino sources that are considered here consist of neutrino generation from
the pion decay, muon decay and neutron decay. Pions are the primary products expected
from hadronic collisions of accelerated protons with ambient matter in AGN’s. The pions
decay to p and v, and p further decays to one v, and v, each. Here the initial flavor ratio
of the flux is ¢, : ¢, : ¢ = 1 : 2 : 0. The muon damped sources the muons from the
7 decay is absorbed before its decay to provide only one initial v, with initial flux flavor
ratio ¢¢ : ¢, 1 ¢ = 0:1:0. Another source of neutrinos is the neutron decay where one
Ve is originated in n — pev, decay, with initial flavor flux ratio ¢, : ¢, : ¢ =1:0:0.

For all these three cases initial neutrino flux at mass basis is computed using eq. (4.1)
and eq. (4.2). Neutrino flux ratio after the neutrino splitting for the case of normal hierarchy
is computed using eq. (4.1) and eq. (4.3). For normal hierarchy, neutrinos coming from
pion decay split like v — 3v to produce flavor ratio of daughter neutrinos as ¢. : ¢, : ¢, =~
2 :1:1. When neutrinos come from muon damped sources with a normal hierarchy, they
split to provide final flux ratio in the flavor basis as ¢, : ¢, : ¢ =~ 1.8 : 1 : 1. For the
neutrinos originating from the neutron decay, their splitting results in the final flux ratio
Qe Pp:pr~=3:1:1

In all these cases, for inverted mass hierarchy m,, ~ m,, > m,, the final neutrino
mass eigenstates are purely vr3, which in flavor basis contribute to the neutrino flux as
¢u  ¢r =~ 1 : 1, with v, flux being negligible. Therefore with neutrinos with inverted
hierarchy, the flavor ratio of the daughter neutrinos after splitting is ¢. : ¢, : ¢ = 0:1:1
for any initial flavor ratio.

5 Oblique parameters: S, T, U

The radiative corrections to the gauge boson two point functions (Ilyy) are known as
oblique corrections. Peskin-Takeuchi oblique parameters manely S, T, U are defined by
different combination of those modified two point functions. The S parameter measures
the running of two point functions of the neutral gauge bosons (ZZ, Z~ and 7) between
zero momentum and the Z pole with p? = mi Therefore, it will be specially sensitive
to new degrees of freedom at low scales, particularly below the myz. Thus, it becomes
very important in the presence of an ultra light neutral scalars, which is the case for
the ¥2HDM model with exact Zy symmetry. The T parameter measures the amount of
custodial symmetry breaking at zero momentum, i.e. the difference between the WW and
the ZZ two point functions at ¢ = 0. It usually plays a significant role in constraining

the parameter space of particles charged under SU(2)y. Splitting the masses of particles
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Figure 4. Scatter plot of S and T values in ¥2HDM (red points) and in ¥2HDM + Vectorlike
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allowed 1o and 20 contours of S, T values are also presented.

inside a doublet breaks custodial symmetry and affects 1. The impact of adding a second
Higgs doublet in the electroweak precision tests (EWPT), that is encoded in the oblique
parameters S, T, and U, has been discussed in detail in the literature [33, 34]. The
experimentally measured values of these oblique parameters from the LHC are:

ASSM = 0.05 +0.11,
ATSM = 0.09 +0.13, (5.1)
AUSM = 0.01 £+ 0.11.

In the Zs symmetric v2HDM, scalar spectrum of the model is very tightly constrained.
Unbroken Z symmetry leads to m%, = 0 and the mixing angles are also very small with
sin? a,sin? B < 1. While one CP-even scalar h is taken as the 125GeV Higgs particle
discovered at the LHC, and thus has fixed A;. The neutrinophilic CP-even neutral scalar H
is extremely light, my ~ eV(O(v2)) < v. For modest values of the quartic couplings within
the perturbative limit, the charged scalars and the CP-odd scalar masses are expected to
be below the TeV scale. As the presence of a light neutral scalar is essential to explain
sufficient depletion of neutrino flux and that kind of scalar is present here, it turns out
that the oblique parameters S and T will play a decisive role in constraining the model.
The modification of the S parameter due to the presence of an ultra light neutral scalar,
mp ~ O(vg), pushes it to a large negative value to rule out the model at 20 confidence level.

We modify the Zs symmetric ¥2HDM with the addition of one vectorlike lepton SU(2) 1,
doublet (1)) with hypercharge Y, and one vectorlike lepton SU(2)7, singlet x with hyper-
charge Y, =Y, — % Both the lepton doublet and singlet are Zs even. So the additional
terms that will be added to the ¥2HDM Lagrangian being consistent with all the symme-
tries of the model is

L = myptp + myXx — Y0 P1x + h.c.. (5.2)

After electroweak symmetry breaking s and y mix with each other to provide two lepton
mass eigenstates. These two along with i, contribute to the S,T parameter calculation.



The values of these parameters for the cases with and without vectorlike leptons are shown
in figure 4. Phenomenology of this kind of construction is discussed in detail at ref. [35].

6 Other constraints on ¥2HDM

The charged Higgs (H") from 2HDM has interesting phenomenology at the LHC. The
pp — HTH™ pair production happens at the LHC through the exchange of off-shell v and
Z. This 2HDM production rate remains same for the v2HDM charged Higgs. As explained
before, the second scalar doublet here has a very small mixing with the scalars of the SM-
like doublet. The quark decay modes of the charged scalar are highly suppressed with the
mixing factor va/v. So the charged scalar decays mostly to the leptonic channels H* — [v.
Corresponding bound on the charged Higgs mass from the LEP in this channel is given as
mpy+ > 80 GeV. The charged scalars can contribute to muon and electron g-2 calculation
at one loop, but the contribution is negligible due to a suppression factor mf / m%,i in the
amplitude. Unlike a general 2HDM where the two loop contributions can be dominant,
charged lepton couplings to H, A are suppressed by a factor tan 8 in the v2HDM, making
g — 2 constraints insignificant in this scenario. The charged scalar loop contribution to
h — ~~ is of the same sign as the W loop while top loop has a greater contribution with
opposite sign. Therefore, the new H* decreases the diphoton decay amplitude, though the
reduced amplitude still satisfies the experimental limit.

There are strong experimental constraints on the lepton flavor violating processes
through the loop diagrams, mainly in the u — ey channel. For this process, the charged
scalar mediated decay branching ratio reads [36]

BR(n — e7) = BR(1 — epv) 1ot |(m] )| *0” (6.1)
where p = (G Fm%{i v3)~L. The strongest bound on this lepton flavor violating (LFV) decay
comes from the MEG-2 experiment which gives the upper limit as BR(u — ey) < 5.7 x
10713 [37], while bounds are weaker for the other LFV decay channels (17 — ey, T — uy),
that are vobtained from the BaBar Collaboration. In terms of p defined earlier, the 90%
confidence level bounds read [36],

p<12eV72 for  p— ey (6.2)

The limit on p translates into a limit where for v2 < 1eV one must have the lower bound
as mfl 2 250 GeV. This is the tightest limit on the vo and mpg+ parameter space upto
now. With the sensitivity of the MEG expected to be improved further, the bound on p
is expected to be improved by about one order of magnitude. The limits imposed due to
the MEG bound on the (mp+,v2) plane are shown in figure 1 of ref. [36]. During the big
bang nucleosynthesis (BBN) era the ultra light neutral scalar H cannot stay at equilibrium
with thermal bath as H with m, > 0.1eV decays strongly through the H — 2r mode in
the ¥2HDM. Therefore, the ultra light bosonic mode which will otherwise be relativistic,
does not contribute to the effctive degrees of freedom N.g in the BBN era. Astrophysical
constraints on the neutrinophilic 2HDM is discussed in the ref. [38].

~10 -



7 Icecube analysis

IceCube is one prominent neutrino telescope which can probe high energetic astrophysical
neutrino emission from supernovae, gamma ray bursts (GRB), active galactic nuclei (AGN)
or from other possible new cosmic sources. IceCube experiment, after a run of six years, has
recorded a total of 82 events combining both the track and shower events with neutrino
interaction vertex inside the detector. Track events in the IceCube detector arise from
the charged current interactions of muon neutrinos whereas shower events happen due to
charged currents of v, and v, and neutral currents of all neutrino flavor. These neutrino
events observed at IceCube are together called ‘High Energy Starting Events’ (HESE).
We assume the presence of a single astrophysical neutrino flux along with atmospheric
components to analyze the observed diffuse neutrino flux. Flavor components of isotropic
astrophysical neutrino flux can be different for different astrophysical sources, as discussed
in section 4. The flavor ratios of the flux after neutrino spliting are also obtained there. If we
take only the shower events, the daughter neutrinos are dominantly of electron flavor. The
all flavor initial astrophysical neutrino spectrum with single component is parametrized as

E -
®(E,) = d° — 1
( ) astro (100 T6V> (7 )

When the astrophysical neutrinos after traveling a distance L from the source with energy
FE, gets splitted with decay lifetime 7, the disappearance of those results in the suppression
of the neutrino flux. So, just after the decay the neutrino energy spectrum takes the form

E T _ s
P (5) = e (5 < (72)

when g for a neutrino with mass m is given as
m
=L—. 7.3
p=1" (73)

7.1 Splitting of neutrinos

In the neutrinophilic two Higgs doublet model (v2HDM) the active neutrinos do not decay
to the invisible final state particles. Instead, one heavier neutrino mass eigenstate splits
to three lighter neutrino mass eigenstates with a process like v3 — 3v1, creating three
daughter neutrinos for each initial neutrinos.

To account for the general time dependence in the neutrino propagation, we take the
case where some of the neutrinos have decayed while rest of them have not till that time.
Part of the neutrino flux that is decayed will be increased three times after the decay here,
compared to the case when neutrinos just vanish due to their decay to invisible particles.
The amount of the initial flux that remains unchanged after the decay is of the form

E s
O,4(E,)) = oY S B, 7.4
d( ) astro <1OO TeV) € ( )

The daughter neutrinos originating after the decay will have different energies compared to
the parent one and we denote that energy as F4. We assume all three daughter neutrinos

- 11 -



will have same energy i.e. E; ~ E, /3 and they will interact with the IceCube detector
with that energy. So, the part of the flux that is decayed to three neutrinos each, can be

E - 8
_ 0 v i
By(E,) =", (100 TeV> (1 e ) (7.5)

For a particular bin of detection energy in the IceCube, the daughter neutrino energy will

written as

have a lower bound equal to the detection energy. With all these considerations in mind
we write the total number of astrophysical neutrinos being observed at a particular energy
bin as [39]

Eit1

N; = 47TAtnint/

. dE [ / OO‘I)nd(EV)dU(Eu)dEu+ / OoS(Pd(E,,)M(Ed)dEd], (7.6)

P dE 5 dE

when g—g = <% + d‘;?) is the total neutral current (NC) and charged current (CC)

interaction. This represents the effective interaction area per effective interacting nucleon

present inside the matter of the IceCube experiment. Here n;, is the total effective number
of nucleon-neutrino interaction points at the IceCube, where At is the total time exposure

of the IceCube detector i.e. the duration of IceCube run of 2078 days.
1 do(Ey)
Eq dyd

energy fraction of final state lepton and can be written here as % and F is the energy

The interaction cross-section can be written as [13], j—g = , where y is the
deposit. A complete shower acceptance simulation, taking into account the difference
of energy transfer in CC scattering of v, and v, along with unequal hadronic content
in the final states, is beyond the scope of this work. Following the ref. [40], full trans-
fer of v, energy into showers is approximated as, Fy ~ E that can be used to write
do/dE = ¢“C(ES)§(E — ES). Taking into account 50% energy transfer for v, initiated CC
interaction we write do/dE = o“C(E7)§(E — 0.5E7). For all neutrino flavors, neutral
current interaction is written as do/dE = oNC(FEy)d6(E — 0.2E,). The energy dependent
ve—nucleon charged current (CC) and neutral current (NC) interaction cross section o(Ey)
in the SM case can be extracted from figure 3 of ref. [41].

We choose some benchmark points of the relevant parameters like the astrophysical
neutrino flux amplitude ®,st,0, the spectral index v and § that quantifies the amount of
neutrino decay. It is shown in figure 5 how an active neutrino splitting to three active
neutrinos can have a significant impact on the shape of the distribution of IceCube events.
IceCube event distribution in the energies from 250 TeV to 1 PeV are better explained if the
neutrino spectrum is relatively steeper. A moderate astrophysical neutrino flux amplitude
along with a high spectral index results in heavy suppression of the number of expected
events at energies above 1 PeV causing a large deviation from the observed IceCube neutrino
events. If the neutrino flux amplitude is increased for a steep spectrum it can explain
observed events at energy bins above 250 TeV but the deviation is there in the lower energy
(60—250 TeV) bins, as the expected number of neutrino events increase with flux amplitude.
This issue can be resolved introducing a split of active neutrinos and therefore suppressing
the energy spectrum with the factor e_E% with greater suppression at lower energy bins,
which therefore can help expected neutrino events to match the observed ones. The plots in
figure 6 present effects of the introduction of a splitting of neutrinos for different benchmark
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Figure 5. IceCube event distribution for neutrino splitting with a. moderate flux amplitude,
relatively flat spectrum and small decay effects (®%,. . = 2 x 107¥(GeVem?ssr)™1, v = 2.8,
B = 5 x 10*GeV) (left) b. higher flux amplitude, steeper spectrum and higher decay effects
(00,0 = 4 x 10718(GeVem?ssr) ™1, v = 3, B = 1.25 x 10° GeV) (right). Atmospheric neutrino
background is shown as brown shaded region.
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Figure 6. IceCube event distribution with comparison of the cases of no neutrino decay for a.
PO =2x 10718(GeVem?ssr) 7L, v = 2.8 (left) b. ®%, =5 x 10718(GeVem?ssr)™t, v = 3

astro astro

(right) with cases with a visible neutrino decay a. 8 =5x 10* GeV (left) and b. 3 = 1.25x 10° GeV
(right) respectively. Atmospheric neutrino background is shown as brown shaded region.

points comparing with the case where there is no neutrino splitting. Amount of suppression
that the decay brings to the neutrino event distribution is dependent on 3, and increases
with it. The left plot with 3 = 3.8 x 10°GeV suppresses the event distribution of the
neutrino without decay case more than that in the right plot with § = 2 x 10* GeV.

We quantify the effects of neutrino decay on the x? values in our statistical analysis
here. As the x? values by themselves are not too informative, we try to compare the
x? values with neutrino decay with its values when there way no neutrino decay, over
the parameter region that is interesting for IceCube phenomenology. Therefore, we use a
metric that can compare the two cases of absence and presence of neutrino splitting and
probe if there is a better fit for the case of neutrino decay. We define the quantity as,

— x%(with decay)
x2(no decay)

x2(no decay)

Ax? =100 x : (7.7)

and compute its values with variation of different model parameters. The variation of Ax?
over different parameter region is presented in figure 7.
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Figure 8. IceCube event distribution for an invisible neutrino decay with a. moderate flux
amplitude, relatively flat spectrum and small decay effects (®%, , = 8 x 10717(GeV cm?ssr) ™1,
v =3, 8 =5x10*GeV (left) b. high flux amplitude, steeper spectrum and large decay effects
(@00 = 2 x 10717 (GeVem?ssr) L, 4 = 2.75, B = 2 x 105 GeV) (right). Atmospheric neutrino
background is shown as brown shaded region.

7.2 Invisible decay of neutrinos

Decay of active neutrinos with absence of any SM neutrinos in the final state decay products
is termed as neutrino invisible decay. In the ¥2HDM model discussed here, neutrino decay
is not invisible. Invisible decays are possible in different scenarios like lepton number
violating triplet Majoron models [42] and singlet Majoron models [43]. Therefore, we like
to explore the observable effects of invisible neutrino decay at the IceCube. We start with
an isotropic astrophysical neutrino flux shown above in eq. (7.1). The expression of neutrino
flux in eq. (7.2) depicts the suppression of neutrino flux due its invisible decay. Using that
expression, total number of astrophysical neutrinos being observed at a particular energy
bin [EiaEi+1] as

E¢+1 o0 dUNC dO.CC
N; = 4w Atngy dE | ®gecay (E, dE,, :

NC CcC . . . . .
when (dgE + d‘;E ) is the neutrino-nucleon interaction as discussed and computed above.

How the distribution of events are modified at IceCube in presence of an invisible neutrino
decay is shown in figure 8. For a flat energy spectrum of astrophysical neutrinos, IceCube
events in multi-PeV bins are satisfied along with those in the energies upto 250 TeV. That
results in the intermediate energy bin event distribution being far off from the expected
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No Neutrino Splitting | With Neutrino Splitting
3t in (GeVem?ssr) ™t | X2 B in GeV X2
2 x 10718 2.8 6.2 5 x 10 4.70
5x 10718 3 65.2 1.25 x 10° 6.18

Table 1. Effects of visible splitting (and the absence of it) of active astrophysical neutrinos on >
in the Icecube.

results. Similarly, a flat energy spectrum which satisfies events in all bins above 250 TeV,
falls short of observed events in the lower energy bin. A relatively steeper neutrino energy
spectrum with higher v can satisfy all the energy bin above 250 TeV, but with high spectrum
amplitude that results in excess events at lower energy (60-250TeV) bins. Introduction
of an invisible neutrino decay can suppress the flux at lower energy to satisfy the IceCube
event distribution.

8 Summary and conclusion

The anomalies in the IceCube data have been addressed in terms of excess at PeV energies
or a cutoff at 6 PeV Glashow resonance energies. In this paper we discuss neutrino splitting
which transfers neutrino energies to roughly 1/3 after decay and due to the Lorentz factor
there is a larger depletion of lower energy neutrinos. The two effects together give an
explanation of the PeV excess and 6 PeV depletion in a single power law initial neutrino
flux scenario. The benchmark points that explain the IceCube spectrum put the decay
parameter in the range, 8 = L/(7/m) = (5 x 10*-1.25 x 10°) GeV with the correlated
spectral index being in the range v = (2.8-3) as shown in table 1. The 2 values for
benchmark points in the case with no neutrino splitting or decay along with the case
when they are present are also shown in table 1. To achieve a decay at L = 1 Mpc of
m,, = 0.1eV neutrinos we need 7 = (3 x 1072-2 x 107!) second. To achieve this value of
7/m we need a small mass mediator. This small mass scalar occurs naturally in a ¥2HDM
model where the vev of the scalar is taken to O(eV) in order to explain the neutrino mass.
Presence of an ultra light scalar along with the mass splitting between the neutral and
charged component of the second Higgs doublet gives rise to a large contribution to the S
and T oblique parameters. This problem is fixed here by adding a vector lepton doublet
and singlet with mass 200 GeV. The neural component of the heavy fermions can serve
as dark matter as has been studied in [44]. The charged and CP-odd neutral scalars and
charged vector-like leptons can potentially be observed at the LHC, along with interesting
phenomenological properties [45-47].

For the neutrinos splitting ¥ — 3v scenario the daughter neutrinos are in the ratio
Ge : ¢y i o = 0:1:1 for the case of inverted hierarchy and for normal hierarchy the ratio
is ¢ : ¢y 1 ¢ = 2:1:1 with pion decay as neutrino source, ¢, : ¢, : ¢ =~ 1.8 :1:1 for
muon damped source of neutrinos and ¢. : ¢, : ¢ ~ 3 : 1 : 1, when neutrinos come from
the neutron decay. So the flavor ratio determination [48] can be a good test of the neutrino
splitting scenario which can also give information of the mass hierarchy of neutrinos and
distinguish the neutrino splitting scenario from other phenomenon like invisible decay of
neutrinos [32, 49, 50].
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