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the excess neutrino events in the 1–3 PeV energy bins at the IceCube. This is facilitated by
the existence of a charged scalar in the model which can result in a Glashow-like resonance.
The same charged scalar can be responsible for sizeable NSIs. We perform a combined
study of the latest IceCube data along with various other constraints arising from different
neutrino experiments together with the limits set by the LEP experiment, and explore the
parameter space which can lead to a sizeable NSI.
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1 Introduction

The perplexing nature of neutrinos that can not be accommodated within the Standard
Model (SM) of particle physics has been giving the impetus to research in particle physics
for quite some time. After the discovery of neutrino oscillations [1] which established the
massive nature of neutrinos and their mixing parameters, a host of experiments are ded-
icated to measure neutrino oscillation parameters with increasing precisions. In addition
to these, currently operating ultra-high energy (UHE) neutrino detector at the south pole,
i.e., the IceCube neutrino observatory has detected highest energy neutrinos till date [2, 3]
and thus ushered a new era in neutrino physics. The IceCube collaboration [4, 5] has re-
ported, the presence of three neutrino events with energies 1–3 PeV, and very recently one
more event around the long sought-after Glashow resonance energy ∼6 PeV [3]. The detec-
tion of the neutrinos with such a high energy inevitably bears our high hopes of searching
physics beyond SM (BSM), the onus of which, till now, was mostly on high energy collider
experiments. Not only a number of recent studies considered the opportunities of utilising
IceCube in exploring various BSM scenarios like, leptoquarks [6–8], supersymmetry [9],
dark matter [10–23], probing the possibility of neutrino decay [24, 25] etc., but studies of
combining the results of LHC and IceCube have also been made [26–28].

Attempts of solving the enigma of neutrino masses generated, and are still generating,
a formidable literature of phenomenological models (see [29, 30] for a review). Many of
these scenarios can induce neutrino non-standard interactions (NSI) [31], a possible sub-
leading effect that may affect the propagation of neutrinos, in presence of some heavier
messenger fields. From the low energy point of view, when these fields are integrated
out NSIs can be generated in the form of dimension-6 [32–35] and/or -8 [36, 37] effective
operators (for further details see [38–42]). Moreover, there are studies which explore the
possibility of probing NSIs at collider experiments [43–45]. There is a class of extended
scalar sector models with neutrinophilic couplings that strive to address the problem of
neutrino mass [46–50]. A concise study of NSIs, from the point of view of both the effec-
tive dimension-6 operators and their realizations in terms of simple renormalizable models
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involving leptoquarks, bileptons, as well as leptophilic doublet scalar, is performed in [35].
Here we focus on a variant of neutrinophilic two Higgs doublet models (ν2HDM), as we
have proposed in our previous work [51], that can lead to sizeable NSIs owing to the pres-
ence of couplings between neutrinos and the charged Higgs present in the model. In this
work, we also make an attempt to give an explanation of the observed neutrino events in
the 1–3 PeV energy range reported by the IceCube collaboration [4, 5]. Note that some of
the recent studies incorporating NSIs in view of IceCube data are performed in [52–55].

Here, the standard ν2HDM has been modified in a way such that the second scalar
doublet Φ2 couples only to the electrons and neutrinos. We achieve this by assigning a
negative charge to the eR under a global U(1) symmetry. The physical charged Higgs,
arising due to the second doublet, will have coupling with electron and neutrino. This can
give rise to the interesting possibility of producing the charged Higgs resonantly from the
interaction of the incoming ultra-high energy neutrino and the electron. This Glashow-like
resonance can give rise to specific signature at the IceCube. On the other hand the coupling
of doublet Φ2 with the left-handed lepton doublet and the right-handed electron leads to
dimension-6 four fermion operators involving neutrino of the form,

LNSI ⊃ (ναγρPLνβ)(ēγρPRe)εαβ + H.c. , (1.1)

where εαβ represent NSI parameters with α, β = e, µ, τ , once the heavy charged Higgs has
been integrated out from the theory. Interestingly, we notice that this framework only
leads to two sizeable NSIs εee, and εeτ . Note that in a similar doublet extension model all
the diagonal NSI parameters are explored where one of them was found to be as large as
one percent level [35]. It goes without saying that any BSM scenario undergoes various
phenomenological constraints coming from numerous particle physics experiments. Using
various limits, we first investigate the range of charged Higgs mass that can explain the
IceCube PeV neutrino events. Furthermore, considering the combined effect of different
experimental constraints coming from the IceCube, Oscillation+COHERENT [56], Borex-
ino [57], TEXONO [58] as well as from the numerical results of DUNE+T2HK [59, 60], we
examine the allowed parameter space that can lead to possible NSIs. In addition, we also
maintain the limits arising from the LEP and other observations [61–63]. Most of these
constraints are already presented in our previous work [51]. The interesting thing about
this study is the effect of the charged Higgs presenting a synergy between the UHE neutrino
events observed at the IceCube and the low energy neutrino oscillation experiments. While
in this paper we stick to a basic model set-up, it can be viewed as a first-step towards the
generalisation of multiple charged Higgs scenarios (e.g., the two charged Higgs scenario
of Zee model [64]), where basic tenets of charged Higgs and its appreciable coupling with
neutrinos are present.

The remainder of the paper is organized as follows. In the next section 2, we provide a
brief description of our model that leads to neutrino non-standard interactions. Different
prospects of IceCube have been discussed in section 3. Firstly in section 3.1, it has been
shown that how one can explain observed PeV neutrino events in this model. In section 3.2,
the sensitivity of IceCube to test NSIs has been pointed out by incorporating various other
experimental limits. Finally, we summarize our findings in section 4.
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Le Lµ Lτ eR µR τR νeR νµR ντR Φ1 Φ2

SU(2)L 2 2 2 1 1 1 1 1 1 2 2
U(1) 0 0 0 −1 0 0 1 1 1 0 1

Table 1. The SU(2)L and global U(1) quantum numbers of the leptons and Higgs doublets in
the model.

2 Model description and NSIs

Neutrinophilic 2HDMs, be it Z2-symmetric with possible Majorana masses [46, 47] or
U(1)-symmetric with exclusive Dirac neutrino masses [48], do not give rise to NSIs. This is
simply because of the fact that two different Higgs doublets provide masses to the neutrinos
and remaining massive SM particles, rendering the non-existence of interaction between the
left-handed neutrinos and charged leptons as well as quarks. Elaborate scalar extensions
larger than the two-doublet paradigm where large NSIs can arise have been studied in [65].
In [51] we have shown that even within the two-doublet scenario one can have sizeable
NSIs. This can be achieved by imposing only the right-handed electron eR a global U(1)
charge of (−1) which basically boils down to giving mass to the electron along with the
neutrinos through the second doublet Φ2. We list the relevant SU(2)L and global U(1)
charges for the necessary fields in table 1. The generic Yukawa coupling relevant for our
discussion can be written as,

Lν2HDM ⊃ y`ieL̄`iΦ2eR + y`iνL̄`iΦ̃2ν`iR + H.c. , (2.1)

where L`i = (ν`i `i)T with ({`1, `2, `3} = {e, µ, τ}) represents the SM lepton doublets. The
first term of eq. (2.1) gives the charged Higgs interactions y`ieν̄`iLH+eR which result in a
t-channel H+ mediated process. After integrating out the mediator and using appropriate
Fierz transformation we obtain the neutral-current NSI terms between the SM neutrinos
and electrons. Note that as compared to our previous work, we make a slight change of
notation, the Yukawa couplings here {yee, yµe, yτe} map to {ye, y1, y2} in [51]. The general
form of this NSI parameters can be written as,

ε`i`j = 1
2
√

2GF
y`iey`je

4m2
H±

, (2.2)

where GF is the Fermi constant. Following the definition of the neutral-current NSI [31],
the respective dimension-6 four-fermion operator in our model can be written as,

LNC
NSI = −2

√
2GF (ν̄αγρPLνβ)(ēγρPRe)εαβ + H.c., (2.3)

where α, β = e, µ, τ . Here, the NSI matrix εαβ can be written as

εαβ =

 εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε

∗
µτ εττ

 , (2.4)
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where εαβ = |εαβ |eiφαβ for α 6= β. Coming back to the general NSI parameter ε`i`j in our
model, note that the complex nature of the Yukawa couplings y`ie can, in principle, generate
phases for the off-diagonal NSI parameters. The phenomenological constraints coming from
the LEP experiment, lepton flavour violation processes, magnetic moments, BBN etc., on
various parameters e.g., the vacuum expectation values (vev) v1,2 of the two doublets Φ1,2,
the Yukawa couplings and their combinations are detailed in our previous study [51]. It
is worth mentioning here that in general the NSI matrix, as given by eq. (2.4), consists of
three real diagonal and three off-diagonal complex entries, however within our framework,
after considering various phenomenological constraints, there are only two sizeable NSI
parameters, namely εee and εeτ . As we have discussed previously in [51], depending on
various allowed Yukawa couplings one can in principle have all six NSI parameters. Each
of these parameters actually depends on the concerned Yukawa coupling. The constraints
coming from µ → 3e decay puts stringent bound on the Yukawa yµe ∼ 10−6. This makes
all the NSI parameters εxµ (x = e, µ, τ ) negligible as is evident from eq. (2.2). Therefore,
only possible sizeable NSIs in this model are εee, εeτ and εττ . Since the available bounds on
εττ are anyway too relaxed [38], we are not considering it. Other lepton flavour violating
(LFV) processes e.g., `α → `βγ lead to relatively less stringent constraints on the relevant
Yukawas, making εee and εeτ the only sizeable NSIs in this model. These LFV constraints
are considered in detail in the previous work [51]. In the current work we maintain all those
constraints and the benchmark points, if and when needed, respect them as well. After
this brief discussion of our model set-up and the relevant notations and conventions, we
shall now discuss the signatures and prospects of probing the charged Higgs at the IceCube
by focusing on the PeV events and NSIs.

3 Signatures and prospects at IceCube

The IceCube detector is one of the major neutrino telescopes that can detect ultra-high
energetic (UHE) neutrino events, preferably coming from astrophysical sources like the
supernovae, gamma ray bursts (GRB), active galactic nuclei (AGN) or from other possible
new cosmic sources [66, 67]. The IceCube experiment, after a run of 7.5 years, has recorded
a total of 103 neutrino events, combining both the track and shower events with neutrino
interaction vertex inside the detector, of which 60 events are above 60TeV [68]. Among
high energy starting events (HESE) at IceCube, track events arise from the charged current
νµ, whereas charged currents of νe and ντ and neutral currents of all neutrino flavours result
in shower events [66]. Moreover, the IceCube has already detected several higher energy
neutrino events till date in the PeV energy range [3–5]. In the following we would strive to
explain some of these events in our scenario.

3.1 PeV neutrino events at IceCube

The basic premise of finding a signature of charged Higgs at IceCube lies in the neutrino-
electron coupling, mediated by the charged Higgs. This coupling is facilitated by the
first term in eq. (2.1). Incoming neutrinos with sufficiently high energy can interact with
electrons and resonantly produce the charged Higgs, H−. Clearly, this resonant charged
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Figure 1. Neutrino scattering cross sections for different cases. The SM deep inelastic neutrino-
nucleon cross sections are presented by the blue (cyan) curve for neutral (charged) current inter-
action. The black solid curve shows the Glashow resonance. The pink dotted and dashed curves
represent the resonance case originated due to the charged Higgs corresponding to two benchmark
masses of 80 and 90GeV, respectively.

Higgs production due to the neutrino-electron interaction is reminiscent of the renowned
Glashow resonance [69].

The effective neutrino-electron cross section in the presence of a resonant charged Higgs
can be written as

σH±(Eν) = 8π
m2
H±

2meEνBr(H± → eνe)Br(H± → all)Γ2
H±[

(2meEν −m2
H±)2 + Γ2

H±m2
H±

]
 , (3.1)

where the total charged Higgs decay width in our case is given by

ΓH± = y2
ee

mH±

16π . (3.2)

In figure 1 we show the typical cross section of neutrino scattering with nucleons and
electrons. The usual neutrino-nucleon deep inelastic scattering (DIS) cross sections due
to the neutral current (NC) and charged current (CC) interactions are shown by the blue
and cyan solid curves, respectively.1 The black solid curve depicts the Glashow resonance
originated from the W mediated neutrino-electron scattering. In the similar vein, the
charged Higgs mediated neutrino-electron scattering, typical to our model set-up, results
in Glashow-like resonance structures in the neutrino-electron scattering cross section. Note
that there will be no interference between the current process and the standard Glashow
resonance owing to the fact that in the present scenario only the right-handed electrons

1In order to demonstrate the cross sections for DIS processes, we use nCTEQ parton distribution func-
tions [70] and references therein.
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are involved. We show them by the pink dotted and dashed curves corresponding to
two benchmark charged Higgs masses of 80 and 90GeV respectively, where the relevant
Yukawa coupling yee = 0.28 is taken. It is obvious that the charged Higgs decay widths
manifest themselves through the widths of the resonant peaks which dominantly depend
on the relevant Yukawa coupling and mass. In the following we will utilise these charged
Higgs resonances to have a better fit for the IceCube event distribution as compared to the
SM interpretations.

For the numerical analysis of the observed event distribution at IceCube, next we need
the information of the incoming neutrino flux. Apart from the atmospheric components,
we take the astrophysical neutrino flux with the single power law behaviour in energy, to
analyse the observed diffuse neutrino flux. In an isotropic astrophysical neutrino flux, the
initial flavour components can be different for different astrophysical sources. Assuming
pion decay production mechanism for the neutrinos, the predicted flavour ratios in the
initial flux are expected to be Φνe : Φνµ : Φντ = 1 : 1 : 1 at the detector [71, 72]. The initial
astrophysical neutrino flux for all flavours, with single component is parametrized as

Φ(Eν) = Φ0
ast

(
Eν

100 TeV

)−γ
, (3.3)

where Φ0
ast is the flux amplitude and γ is the spectral index, both of which are determined

by astrophysical considerations. The current IceCube data on observed events best-fit this
flux when these two parameters are taken as Φ0

ast = 6.45 × 10−18(GeV cm2 s sr)−1 and
γ = 2.89, as shown in ref. [5].

There can be two major inconsistencies in the IceCube best-fit spectrum [5]. Firstly,
with the SM particle content we expected to see a number of Glashow resonance events.
Those were predicted as the resonant peak due to a W− production in the process
ν̄ee
− →W−. There are some explanations of the absence of these Glashow events up

to now, as explained in the refs. [19, 73, 74]. Along with the recent observation of one
Glashow resonance event at the IceCube [3], small amount of data and the associated ex-
perimental error in the current run render it insignificant enough to be addressed right
now. Secondly, 7.5 years of IceCube run has indeed observed a number of events at energy
Eν & 1 PeV, in the initial super-PeV bins [4, 5]. The best-fit IceCube parameters do not
explain the presence of these events in the spectrum. Statistically, they are a good fit to
have an SM prediction within the errors of the observation, but do not address readily the
presence of real observed events. This is one of the major point of contention that compels
us to look for BSM explanation of these events. The presence of these isolated events direct
us towards exploring new resonances.

In the neutrinophilic 2HDM (ν2HDM), a light charged Higgs can be present around
100GeV region, which can induce a resonance effect similar to the Glashow resonance in
the super-PeV energy. We quantify the amount of modification to IceCube events in the
i-th bin, in presence of this H±, as

Ni = Ω T0 nint

∫ Ei+1

Ei

dE

[∫ ∞
E

Φ(Eν)σH±(Eν)δ(E − εEν)dEν
]
, (3.4)
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where Eν and E represent the incident neutrino energy and the energy at the detector,
respectively. Here, T0 is the total time of exposure for the IceCube experiment i.e. the time
period over which the experiment is running, 2635 days, where nint represents the total
effective number of interaction points inside the IceCube detector. The solid angle coverage
Ω = 4π and Ω = 2π are used for the sub-PeV and super-PeV IceCube event computation,
respectively [75]. Also, ε is the acceptance of the final states in the IceCube detector. The
value of the ε in our model, dealing with a charged Higgs decay is taken in the range of
0.20− 0.25, which is the case for leptonic final states. Here, the exact relation between the
energy of the outgoing electron and that of the incoming neutrino is approximated as a
delta function. The delta function δ(E− εEν) effectively ensures that the deposited energy
E = εEν , where ε is the acceptance which we have varied here in the 0.20 − 0.25 range.
For delta function formalism and acceptance of eν final state, we follow refs. [26, 76].

In the ν2HDM case, only allowed decay mode is the leptonic H± → lν one. Since the
leptonic final states are accompanied by neutrinos, visible energy transfer remains low and
therefore results in the low acceptance. This is contrary to the case of Glashow resonance
where the W -boson decays dominantly to the hadronic channels that transfer most of
their energy to have a high acceptance. This constitutes another distinguishing feature of
our case in comparison to the standard Glashow resonance. Actually, the charged Higgs
of our model is electrophilic and has a large ('1) leptonic branching ratio whereas the
electronic decay branching ratio for the W -boson is only around 10%. Therefore, the W -
boson contribution to the leptonic final states will be minimal compared to the charged
Higgs resonance process.

Using the construction above, the bin-wise event modifications are calculated and ef-
fects of the charged Higgs resonances are reflected in figure 2. For the two benchmark
charged Higgs masses of 80 and 90GeV, we can explain the events in the first and third
super-PeV IceCube bins, which we show using the light-orange and dark-orange bars, re-
spectively. Evidently we can not fit both the bins simultaneously, since we have only one
charged Higgs in the model. The benchmark value for yee to compute the charged Higgs
contribution is taken to be 0.28, which satisfies all current experimental bounds discussed
in ref. [51]. The black crosses represent the latest IceCube HESE data, whereas the as-
trophysical, and conventional atmospheric flux components are shown using the blue, and
pink histograms respectively, as has been adopted from [5]. Notice that the data set below
60TeV, as shown by the vertical red-band, are not included in the IceCube analysis [5],
and hence we also do not include these in our simulation. For the 80GeV mass of H±, the
cross section peak at around Eν ∼ 5 PeV which translates (for an acceptance ∼ 0.20) to
two events observed in the first super-PeV bin. Similarly, if we take the charged Higgs mass
to be 90GeV the cross section peak translates to a single event observed by IceCube in the
third super-PeV bin. The chosen benchmarks for mH± , apparently coincident with massive
SM gauge bosons, do not interfere with the Glashow resonance. As it is mentioned ear-
lier, the Glashow resonance peak and e.g., 80GeV charged Higgs peak can be at the same
incident neutrino energy in the resonant process, their final decay states compositions are
quite different. The leptophilic charged Higgs mediated process we discuss here receives
minimal contribution from the W -boson mediated resonant decay. The mH± = 80GeV
cannot contribute to the dominant hadronic decay of the Glashow resonance.
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Figure 2. Number of events in each IceCube bins for total run of 2635 days. Event computation for
astrophysical best-fit parameters Φ0

ast = 6.45×10−18(GeV cm2 s sr)−1 and γ = 2.89. The SM events
resulting from astrophysical and atmospheric flux are taken from the IceCube collaboration [5],
as shown using the blue, and pink histograms, respectively. Here, the light-orange and dark-
orange bars represent the number of events corresponding to 80 and 90GeV charged Higgs masses,
respectively. The latest IceCube HESE data sets are shown using the black cross marks. The
vertical red-band depicts the data set which are not included by the IceCube analysis.

As a possible distinction of the Glashow resonance and the charged Higgs resonance,
recall that in the Glashow resonance the final events are predominantly jets as they are
coming from a W− decay. The jets result in fully hadronic showers and their equiva-
lent electromagnetic energy deposit is a large part (90%) of the incident neutrino energy.
Similarly, for the charged current interaction of νe that produces electrons along with the
recoiling nucleon, most of the energy (95%) gets deposited in the form of either electro-
magnetic energy or hadronic showers. In both of these cases high energy deposited shower
or cascade events are expected. On the other hand, for the charged Higgs resonance in
the neutrinophilic 2HDM, the final state is electron accompanied with neutrinos that carry
away a large section of energy as missing energy. Therefore, energy of the final state elec-
tron is relatively lesser to an extent of 20–25% of incident neutrino energy (see [76]). Even
if electron deposits its entire energy in an electromagnetic shower, due to small energy
transfer the shower event will be less energetic ones with smaller probability of a cascade
type event. Having said this, if IceCube can not distinguish hadronic shower from electronic
shower, even then the Glashow resonance coming solely from the SM has the peak location
around 6 PeV, a preliminary observational confirmation of which has recently appeared [3].
But, in our case the peak location depends on the specific mass of the charged Higgs which
we take as a parameter. Also, even if the charged Higgs mass, and corresponding couplings
are such that the peak location shifts towards Glashow resonance, the effective number of
events will be small enough to overwhelm the SM Glashow peak.

Finally, we demonstrate our simulated results using the ∆χ2 function. For our statis-
tical analysis, effects of the presence of a charged Higgs resonance are estimated through
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Figure 3. Variation of ∆χ2 with yee for different benchmark values of charged Higgs mass (left
panel) and spectral index (right panel).

the χ2 values. We define the quantity as

∆χ2 = 100× χ2(w/o H±)− χ2(w H±)
χ2(w/o H±) , (3.5)

where χ2(w/o H±) is the χ2 function that is defined in absence of charged Higgs reso-
nance. In this function, the data set and relevant experimental error corresponding to the
astrophysical and atmospheric HESE are included, as described in figure 2. Moreover, the
contribution arising from the charged Higgs resonance is defined by χ2(w H±) function.
To quantify if the presence of the charged Higgs makes the fit to the current IceCube
data better, we compute ∆χ2 values for different charged Higgs masses while varying the
Yukawa yee, and this is presented in the left panel of figure 3. To qualitatively see the effect
of astrophysical inputs, in the right panel of figure 3 we show the ∆χ2 in case of different
characteristic spectral indices, namely γ = 2.50, 2.89, and 3.20, for a fixed charged Higgs
mass of 80GeV. From this plot it is clear that better fit to the current IceCube data can
happen for a different type of neutrino flux spectrum, while other types do not necessarily
modify anything. A relatively flatter spectrum with γ = 2.50 can have a similar or bet-
ter fit to the IceCube results in presence of a charged Higgs resonance, albeit with lower
Yukawa values. This happens since there is a greater probability of events in the 1–3 PeV
bins with a flatter spectrum, even without the charged Higgs contribution. On the other
hand, a spectrum sharper than the SM best-fit worsens the overall fit.

Our analysis revolves around the possible explanation of the super-PeV events observed
at the IceCube through the charged Higgs resonance. Notice here that the contributions
arising from the charged Higgs resonance explain the observed events, hitherto absent in
the astrophysical data, in the first or third super-PeV bins for mH± = 80, and 90GeV (see
the orange and blue curves), respectively. This establishes the fact that an alternate better
explanation of the IceCube PeV events can be made, considering the charged Higgs mass
of 80 or 90GeV with yee ∼ 0.28 within the concerned model. Furthermore, we also show a
case-study for the ∆χ2 for mH± = 140GeV. One can see that as the latter fit is not good
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Figure 4. Expected sensitivity of IceCube in the (mH± , yee) plane to test the NSI parameter
εee (see left panel), and ((mH± ,

√
yeeyτe) plane to test the NSI parameter εeτ (see right panel),

considering total three neutrino events for the combined PeV energy bins [5], for different exposure
times. Here time T0(= 2635 days) represents the current exposure time of the IceCube detector.
The green dotted, dashed, and solid lines represent the iso-event contours set by the IceCube data
for exposure times corresponding to T0, 2T0, and 4T0, respectively. Different benchmark values for
εee (εeτ ) are shown using the dotted black lines. The constraints set by the LEP experiment [61–63]
are shown by the red colors for the charged scalar mass, from the measurement of e+e− → l+l−

cross-section, and monophoton signal, respectively. The exclusion regions coming from the neutrino
experiments Borexino [57], combined DUNE+T2HK [59, 60], TEXONO [58], and combined Oscil-
lation+COHERENT [56] are presented at 90% confidence level using the color code pink, orange,
blue, and cyan, respectively (see text for more details).

as compared to the remaining two cases, the corresponding charged Higgs mass is unable
to provide any new insight.

After laying down the prescription of computing the IceCube events, we will now
proceed to discuss the prospects of probing NSIs at the IceCube detector and in the process
we will also demonstrate the constraints coming from various neutrino experiments.

3.2 NSIs signature at IceCube

Here, we discuss the testability of non-standard neutrino interactions arising from our
model as has been pointed out in section 2, with respect to the latest IceCube data [5]. In
figure 4, we show the expected sensitivity of IceCube to test the NSI parameters εee, εeτ
within our concerned framework. In doing so, we consider total three observed neutrino
events at the IceCube detector [5] in the energy range (106 ≤ Eν ≤ 107 GeV) i.e., we
have summed over the last nine energy bins of the IceCube event spectrum that lead to
total three neutrino events (see figure 2 for details about the number of energy bins). The
IceCube sensitivity corresponding to ‘1T0’ for the current exposure time T0 = 2635 days
has been shown using the dotted green line. We also present two more curves by increasing
exposure times of IceCube, i.e., for 2T0 and 4T0 using the dashed and solid green lines,
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respectively.2 Also, in order to have a more complete study, we include exclusion regions
arising from various other neutrino experiments for both neutrino oscillation as well as
neutrino scattering experiments at 90% confidence level. In the left panel, (mH± − yee)
parameter space has been presented which can test NSI parameter εee as given by eq. (2.2).
Similarly, we also show the parameter space in (mH±−√yeeyτe) plane to test NSI parameter
εeτ following eq. (2.2), in the right panel. Considering different benchmark values of NSI
parameters εee, and εeτ , various sensitivity lines have been shown with the help of eq. (2.2)
using the dotted black lines.

Next we consider the limits set by the LEP experiment on charged Higgs mass and its
coupling. The LEP experiment searches for a charged Higgs through the process e+e− →
Z → H+H−, where H± further decays to τν sets a lower bound on the charged Higgs
mass as mH± > 80GeV [61], as shown by the shaded red vertical band. Given the specific
interactions in this model, this choice of H± → τν LEP bound is quite conservative. This
is because in our case the only decay mode that is possible for the charged Higgs is H → eν,
as all other charged Higgs couplings are suppressed by the tiny mixing of the two scalar
doublets. Even the LEP constraint, mH± > 80GeV, or for that matter LHC constraints
(based on hadronic or τν decay, see [77]) will not be applicable. Actually, all the constraints
will be weaker in the absence of charged Higgs searches in H → eν mode.

The constraints coming from the measurement of e+e− → l+l− cross section by the
LEP experiment [62] as well as from the dark matter searches in the monophoton signal
e+e− → DM DM γ [63] are shown by the dotted-red horizontal line and red-shaded regions
(see figure 4 for clarification), respectively. Note that for the process e+e− → τ+e−,
which in principle can occur by the mediation of neutral heavy scalars (H and A), the
cross section will be negligible in comparison to the process e+e− → e+e− simply because
the H(A)τe coupling is at least one order smaller than the H(A)ee coupling. Therefore,
inclusion of that will not affect the constrained parameter space. Moreover, the bound
from LEP e+e− → l+l− will not have any explicit dependence on H+, at tree level, due to
absence of the corresponding couplings. However, it does have an explicit dependence on
the neutral scalars, but the considerations of constraints coming from electroweak precision
observables, namely S, T parameters relate these masses. We work with the highest neutral
boson masses possible from the electroweak precision observables (see discussions in [49, 51])
such that there remains a breathing space for Yukawa yee from the LEP bound. Since we
are considering quite a conservative value for mH± (which results in fixed masses of other
neutral BSM scalars, mH,A) we show it just as a dotted horizontal red line in figures 4.
A relatively loose constraint on yee helps generating sizeable NSI parameter values while
satisfying the LEP e+e− → l+l− bounds.

The exclusion regions coming from the solar neutrino experiment Borexino [57] is
presented using the pink shaded region. Notice that the Borexino collaboration [57] restricts
their analysis for the flavour-diagonal neutral current interactions using neutrino-electron
elastic scattering process (i.e., for νee, ντe couplings). Therefore, they only set bounds

2Note that for 2T0, and 4T0 we have only changed the IceCube exposure time as given by eq. (3.4), while
other configuration parameters of IceCube are kept the same.
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for the diagonal NSIs εee, and εττ . The corresponding results for εee is shown in the left
panel. On the other hand, the neutrino-electron scattering experiment TEXONO [58] sets
bound on all the NSI parameters involving electrons. The bounds arising from TEXONO
collaboration [58] for both εee, and εeτ are shown using the blue shaded regions. Besides
this, the sensitivity arising from the combined analysis of neutrino oscillation experiments
together with the recent observation of coherent neutrino-nucleus scattering process by the
COHERENT collaboration is shown by the cyan shaded region. We show the exclusion
region for εee, and εeτ adopting the bounds discussed in [56].

Moreover, the bounds coming from the combined analysis of the next-generation neu-
trino oscillation experiments DUNE+T2HK [59, 60] is shown by the shaded orange re-
gions. To find the expected sensitivity of both NSI parameters in case of DUNE+T2HK,
we perform the combined numerical simulation of both the experiments using the GLoBES
packages [78, 79] along with the required auxiliary files presented in ref. [80] for DUNE and
the detector simulation files in ref. [81] for T2HK. We use the GLoBES extension file snu.c
as has been presented in refs. [82, 83] to incorporate NSIs. On the other hand, numerical
values for the standard three flavour neutrino oscillation parameters have been adopted
from the latest global-fit study [84] for the normal neutrino mass hierarchy. In this com-
bined analysis, sensitivity of εee is found in the range (−0.15, 0.15), whereas sensitivity of
εeτ is noticed ≤ 0.02 at 90% confidence level. Now, with the help of eq. (2.2), we transform
these bounds, considering εee = 0.15 and εeτ = 0.02, in the charged Higgs mass vs coupling
planes as shown in figure 4.

From both the panels of figure 4, we notice that the tight LEP bounds on charged
scalar mass rule out parameter space m±H < 80GeV as shown by the shaded red regions.
Furthermore, the LEP constraint of e+e− → l+l− rules out yee > 0.28, which we show using
the dotted red line. Investigating the left panel of figure 4, it can be observed that the
constraint coming from the current IceCube data 1T0 on εee (see dotted green curve) can
be ruled out in comparison to LEP bounds on charged scalar mass as well as by noticing
bounds from the Oscillation+COHERENT analysis. This is due to the fact that for NSI
parameter εee, Oscillation+COHERENT provides the most stringent bounds as compared
to other neutrino experiments as shown by the cyan coloured region. The same findings
remain true for 2T0 IceCube data as shown by the dashed green curve. However, the
future IceCube data with 4T0 exposure time will be able to explore a parameter space for
the charged scalar masses between 80GeV to 105GeV and coupling as small as ∼ 0.1. This
further shows that in future IceCube will be able to test NSI parameter εee ∼ 0.01.

From the right panel, one sees that the sensitivity arising from both 1T0, and 2T0
IceCube data will be ruled out by the combined sensitivity coming from the DUNE+T2HK
analysis. Nonetheless, an exposure time of 4T0 IceCube shows the best sensitivity for the
charged Higgs mass around 90GeV and for a coupling around 0.1 (see the solid green line).
It is important to note here that the future IceCube data with 4T0 exposure time will have
the capability to surpass all the bounds appearing from different neutrino experiments for
the given charged scalar model.

We end this section by drawing a parallel between our model and more elaborate
2HDMs. From the NSI perspective, more elaborate 2HDM scenarios can potentially gen-
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erate sizeable NSIs. However, significant NSIs are only possible when charged Higgs mass
is around 100GeV, which is not favourable from multiple constraints in elaborate 2HDM
models, if quark couplings are present. In our study we maintained relevant constraints
from various sectors while performing the IceCube analysis. Even from the IceCube point
of view, the charged Higgs produced by the ultra-high energy incoming neutrinos can de-
cay to jets in elaborate 2HDMs due to quark couplings of the BSM scalars. In that case
dominant hadronic shower from the charged Higgs can, in principle, shadow the Glashow
resonance peak at 6.3 PeV. Some clever methods are needed to be devised to distinguish
the two. Surely, in a leptophilic scenario this effect will not be so prominent. On the other
hand for IceCube to observe any effect of charged Higgs bosons forming a resonance before
10 PeV, the charged Higgs mass should be around 100GeV. Most of the elaborate 2HDMs
cannot arrange for such a lighter charged Higgs keeping into account all other existing
constraints. As an example we can show that in the type-II and type-Y 2HDM the flavour
constraints push the charged Higgs mass beyond 600GeV [85]. In that respect our set-up
is insulated from these issues owing to the very specific leptophilic charged Higgs.

4 Conclusion

The IceCube collaboration has reported a number of neutrino events in the PeV energy
range, one of which is even around the Glashow resonance energy. In the absence of
a full-proof model of astrophysical neutrino flux and low statistics in the IceCube data
the exact explanation of these events are not possible. This work is a humble attempt
to address this observation in the context of a BSM framework. Here, a neutrinophilic
2HDMs (ν2HDM) has been adopted, where an extra Higgs doublet has been added in the
SM. The charged Higgs, present in the model, is responsible for a Glashow-like resonance,
furnishing a plausible explanation of PeV event(s). On top of this the scenario also leads to
neutrino non-standard interactions (NSIs), again thanks to the relevant couplings between
the neutrinos and the charged Higgs. Clearly, numerous constraints arising from different
particle physics experiments has to be satisfied. Considering various limits, we find that
this model allows charged scalar mass ∼ O(100)GeV that provides only two sizeable NSIs
εee, and εeτ . In this charged scalar mass limits, we adopt two benchmark values 80, 90GeV
which give almost an order of magnitude enhancement in the measurements of cross-section
compared to the SM cross-section, as shown in figure 1. Besides this, these benchmark
values also explain excess PeV neutrino events as summarizes in figure 2. We further
explore the sensitivity of the current IceCube data to constrain the parameter space in
the charged scalar mass vs. coupling constant plane. It has been observed that other
neutrino experiments set more stringent limits compared to the latest bounds arising from
the IceCube data. We summarize these notable results in figure 4. Indeed, with an increase
in exposure time of the IceCube detector, i.e., with four times of the existing exposure, in
future IceCube can surpass all the bounds set by the other neutrino experiments and can
also test NSIs as small as ∼ 0.01.

The set-up prescribed here can pave the way for further explorations of plethora of
BSM scenarios with charged scalars and its requisite interactions in the IceCube as well
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as lower energy neutrino experiments. From the observational point of view although we
resort to larger exposure times at IceCube detector, next generation upgrades, like IceCube-
Gen2 [86] owing to its larger effective volume of 8 km3 will require much less exposure times
to probe such scenarios. Parallelly, future water-based detectors like KM3NeT [87], Baikal-
GVD [88] etc. can also play a pivotal role in search of these scenarios.
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