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Abstract The IceCube collaboration has seen an unex-
pected population of high energy neutrinos compatible with
an astrophysical origin. We consider two categories of events
that can help to diagnose cosmic neutrinos: double pulse,
which may allow us to clearly discriminate the cosmic com-
ponent of v;; and cascades with deposited energy above
2 PeV, including events produced by v, at the Glashow res-
onance, which can be used to investigate the neutrino pro-
duction mechanisms. We show that one half of the double
pulse signal is due to the neutrinos spectral region already
probed by IceCube. By normalizing to HESE data, we find
that 10 more years are required to obtain 90 % probability to
observe a double pulse. The cascades above 2 PeV provide
us a sensitive probe of the high energy tail of the neutrino
spectrum and are potentially observable, but even in this case
the dependence on type of the source is mild. In fact we find
that pp or py mechanisms give a difference in the num-
ber of cascades above 2 PeV of about 25 %, which can be
discriminated at 20" in ~50 years of data taking.

1 Introduction

In 4 years of data taking, IceCube has observed 32 High
Energy Starting Events (HESE) with deposited energies
between 60 TeV and 2 PeV [1-4]. The scientific debate about
the origin of these events is extremely lively. There is little
doubt that cosmic neutrinos have been seen, but their origin
is not yet understood.

In this work, we focus our attention on two specific classes
of events, not yet observed, that can give us precious informa-
tion on the extra terrestrial component of the neutrino flux:
the so-called double pulse events, due to tau-neutrinos [5],
and the cascades above 2 PeV, which include events due to
electron antineutrinos interacting at the Glashow resonance.

 e-mail: andrea.palladino @gssi.infn.it

The v, are not expected to be produced in astrophysical
sources (nor in the atmosphere) but they are predicted to be
a non-negligible component of the cosmic neutrino flux due
to flavor oscillations [6—13] and thus represent a distinctive
signature of a cosmic population. Atlow energy, it is impossi-
ble to distinguish cascades produced by charged current (CC)
interactions of v; from those produced by CC interactions of
v, and neutral current (NC) interactions of all neutrino fla-
vors. The only way to tag v, is to observe a double pulse in
the detector [14-16], which is produced by the CC interac-
tion of vy, when 7 is produced, followed by a second energy
release, when the 7 decays.! A very recent analyses from
IceCube [5], dedicated to the search of these events with dif-
ferent topology with respect to tracks and cascades, reported
a null result. We discuss the implications of this result and
the perspective for future v, detection.

The second class of events considered in this paper are
cascades with deposited energy above 2 PeV; these events
can be produced by deep inelastic scattering (DIS) of high
energy v, and v; and by V, interacting with electrons through
the Glashow resonance [17]. As already discussedin [11,18-
21], the rate of these events depends on the neutrino produc-
tion mechanisms. In particular, since Glashow resonance is
only possible for V., a larger signal is expected if neutri-
nos are produced by pp collisions with respect to the case
of py interactions (see [22—24] for a review on the spectra
of secondary particles produced in pp and py interaction),
being indeed the antineutrino fraction larger in the first case.
The possibility to discriminate among the two mechanisms
depends on the relative contributions of events produced by
DIS and Glashow resonance. We perform a realistic calcula-

' We use the terminology double pulse, recently introduced by the Ice-
Cube collaboration [5], rather than with the traditional terminology
double bang [14], in order to emphasize that we adopt the same experi-
mental requirements of the IceCube collaboration. It is possible that, in
future years, experimental cuts will be optimized further, with a possible
increased number of events.
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tion of these contributions. Differently from previous work
on the subject [21], we discuss the role of leptonic channels
in Glashow resonance that can be correctly evaluated only if
the difference between the incoming neutrino energy and the
energy deposited in the detector is taken into account.

The expected rates of both classes of events depend on the
assumed neutrino energy distribution. Our nominal hypothe-
sis is that the cosmic neutrino spectra are described by single
power law that extends until 10 PeV. We consider the neu-
trino spectral index as a free parameter and we fix the nor-
malization of fluxes by requiring that they produce the events
observed by IceCube at low energies (i.e. below 2 PeV). We
thus obtain the expected rates of double pulse and cascades
above 2 PeV as a function of the slope of the neutrino spec-
trum. This permits us to discuss the relevance of the assumed
neutrino energy distribution for future v, detection, for the
discrimination of pp or py production mechanism and/or for
the observation of high energy cutoff, automatically imple-
menting the present information provided by IceCube at low
energy.

The plan of the paper is as follows: in Sect. 2 we describe
our assumptions on the cosmic neutrino flux, in Sect. 3 we
calculate the expected number of double pulse events in Ice-
Cube and in Sect. 4 the expected number of cascades with
deposited energy above 2 PeV. In Sect. 5 we made a compari-
son between our results and previous works on these subjects
and finally, in Sect. 6, we draw our conclusions.

2 The cosmic neutrino flux

We assume that the total flux of cosmic neutrinos (and
antineutrinos) has an isotropic distribution and that the spec-
trum can be described by a power law

doy4v 1 E,\¢
ddv v =Fl@) ——— | —= (1
dE, PeV m? year \ PeV

that extends till E.,; = 10PeV. Recalling that neutrinos
take about 1/20 of the energy of the parent proton in cosmic
ray interactions, this means that we are considering protons
with energies up to 200 PeV in their sources. It is generally
expected that, due to flavor oscillations, a cosmic neutrino
population is characterized by a flavor content (1/3:1/3:1/3)
independently on the specific production mechanism. In real-
ity, a certain imprint of the neutrino production mechanism
does remain, as it is discussed e.g. in [7,8,12]. The fluxes
divided per flavors can be generally given as:

d¢ve+§e — (l + ﬁ) d¢v+ﬁ

dE, 3 3 dE,
dév, 435, (1 P n 2P\ d¢viv
dE, ~ \3 3 3 dE,
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where Pj and P; are (small) parameters described in [11] that
are determined by the neutrino flavor content at the source
(i.e. before oscillations). In the following, we consider the
case of neutrino produced by charged pion decays for which
P; = 0.000 £ 0.029, P, = 0.010 & 0.007; the errors are
obtained by propagating uncertainties in neutrino oscillation
parameters.

The normalization of the flux F(«) is obtained by requir-
ing that the number of events, due to cosmic neutrinos, repro-
duces the results obtained by IceCube at low energies (i.e.
between 60 Tev and 2 PeV). In 3 years of data taking, Ice-
Cube has observed Ny = 20 events against an expected
background of Ng = 2.8 events from atmospheric muons
and neutrinos.>2 We require that the number of events from
astrophysical neutrinos, calculated as:

2 Pev d¢l)r‘r@g
N=T dE, z Ai(Ey) 5 3)
l=e,u,T v

where T is the observation time and A, (E,) are the effective
areas for the various neutrino flavors given in [1], is equal
to N = Nyt — N. We introduced an upper integration limit
to mimic the effect of the IceCube observation threshold at
2 PeV.

By following the above procedure, we obtain the flux nor-
malization:

F(o) =0.12-10.95 — 0.9(x — 2)] “)

Note that the coefficient F'(«) determines the flux of cosmic
neutrinos at 1 PeV. In the power law assumption, see Eq.
(1), this quantity is relatively well constrained, being equal
to ~0.11 for ¢ = 2 and ~0.05 for « = 2.6.

3 Tau neutrinos and double pulse events

As stated in the Sect. 1, one of the goals of this work is
to discuss the detection of the v; component of the high
energy (HE) neutrino flux providing the proof of existence
of a cosmic population. We are interested to investigate the
dependence of the expected number of double pulse events
from the energy distribution of cosmic neutrinos and from
the IceCube observation time.

2 We assume that the prompt atmospheric neutrinos give negligible
contributions, as it is required by the arrival angles distributions of
IceCube events [2]. Anyway it will be important to measure also this
component of atmospheric neutrinos in the future. We normalize the
neutrino spectrum by using the three year IceCube results because the
complete information for this data set is provided in Supplementary
Table IV of [2] allowing us to crosscheck and validate our conclusions.
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In order to perform this calculation we need the effec-
tive area for double pulse events, A%P, recently published by
the IceCube collaboration [5]. Following the IceCube pre-
scription, the expected number of double pulse events in the
observation time T is

d¢‘)r +V¢

ECU[
N =T dE, A®(E
(@) x/ AT (E) D

)

where the differential flux of the v; component, M(;”TJ’T” is

normalized to reproduce the HESE events observed by Ice-
Cube (see previous section).

In order to discuss the dependence of Nop from the spec-
tral index «, it is useful to give an analytical description of
the IceCube effective area. Considering that double pulse
events are a subset of the events caused by CC tau neutrino
interactions, we describe the effective area by

A2P(E,) = eap X nce X Ag(Ey) x Pap(Ey, Liin) (©6)

where A, (E,) ~ 13.4m?(E, /PeV)** is the effective area
for v, calculated in [1], the factor ncc = (14onc/occ) ™! &~
0.7 gives the fraction of v interactions that are due to CC
processes and the constant e;p < 1 describes the effect of
geometrical and quality cuts implemented by IceCube for the
search of these events. The function Prp(E\,, Lin) describes
the probability that a neutrino with energy E\, produces a tau
traveling more than L, before it decays, where Ly is the
minimum distance to give rise to an observable double pulse
in the detector. We expect that Ly is of the order of tens of
meters,’ that is the typical distance between the DOMs [5].

The taus produced in CC-DIS have an average energy
equal to

3
Er=(0-0NEy = 1Ey (N

where (y) is the mean inelasticity which is nearly constant in
the energy range that we are considering [25]. If we neglect
T energy dispersion and assume the one-to-one relationship
between E; and E, expressed by Eq. (7), the probability
Pop(E, Lyin) is given by

®)

Eoin (Lo
Pyp(E,, Liin) = eXp[ — M]

E,

where Eniy represents the minimum neutrino energy which
is necessary to produce a tau with decay length larger than
Lin. This can be calculated as:

3 One can implement a condition for containment replacing
Pyp(Ey, Lmin) — Pap(Ey, Limin) — P2p(Ey, Limax) With Lpax ~ 0.5
km; we checked that the changes are not conspicuous in the range of
energies of interest.

L. 2 Lo
Epin = =i o M€ 3 3pgy (=min ©)
cty 1 —(y) 120 m

with myc? = 1.777GeV and t; = 0.29 - 10712 s.

Using the expression in Eq. (6), we find that the effective
area of IceCube, in the energy region from 0.1 to 10 PeV, is
reasonably well described setting

ep =025 and Epin = 0.5PeV (10)

that corresponds to Ly, = 18 m. In other words the fol-
lowing parameterized expression for the effective area can
be used:

- E, \? E.
AP = Agp x (_Pei’) exp( - —I;mn) with
%

Asp = 2.33 m?
x 1 B =0.455 , (11)
Emin = 0.5 PeV

as showed in Fig. 1 for a direct comparison of the IceCube
effective area.

Using the previous expression it is possible to obtain an
accurate analytical formula for the expected number of dou-
ble pulse events

F(a) Azp T
X — X —
3 m? * yr

% Emin protl P ‘B _ 1’ Emin
PeV Ecy

where I is the incomplete gamma function and the normal-
ization of v; +v; fluxis assumed tobe F'(«)/3, as is expected
for neutrinos produced by charged pions decays with few %
uncertainty due to errors in the neutrino oscillation parame-

Nop(a) =

12)

— 5 —‘—_,.
E -
3 -~
‘q-, 1 ‘,,.'
© e ® IceCube
o 0. .
2 o ) [ Best fit
s .
3
= 7
i o1

0.2 0.5 1 2 5

Energy (PeV)

Fig. 1 Effective areas of double pulse. The points are the values given
by IceCube [5] while the /ine is the parameterization described in the
text
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ters (see previous section for details). To check our result, we
compare with IceCube calculations in [5] finding agreement
at the level of few percents.

The above expression allows us to investigate the depen-
dences of the expected number of double pulse events on the
spectral index « and on the high energy cutoff E.y of the
neutrino spectrum. In particular, it permits us to show that
our knowledge of the neutrino spectrum is already sufficient
to make significative predictions.

The number of double pulse events expected in 4 years
of data taking is 0.66, 0.53, 0.41, 0.31 for « = 2.0,2.2,2.4
and 2.6, so it is not surprising that IceCube have not seen
double pulse events so far. Our calculations are done by
adopting the nominal cutoff energy E¢,y = 10 PeV. How-
ever, the predicted values are not strongly dependent on the
assumed high energy cutoff. For « = 2.0, the counting rate
varies indeed by only ~25 % when the cutoff energy is var-
ied within the decade E ., = 5-50 PeV. For larger values
of «, the dependence of Nop(c) on Ey is considerably
weaker.

The dependence of Nop(«) on the spectral index mainly
arises from the normalization F («) of the cosmic neutrino
flux at 1 PeV, see Eq. (1). The residual dependence on « is
relatively weak and affects the final results at the few % level
when o = 2.0 —2.6. A good approximation for the predicted
number of double pulses is thus given by

T
Nop(a) & 1.45 x — x F(a) (13)
year

We recall that the normalization F(«) is constrained within
a factor of 2 for 2.0 < o < 2.6. As remarked in [5], the opti-
mal neutrino energy window to see the double pulse events
is between 0.1 and 10 PeV. It is important to remark the
consequence of this fact: assuming cosmic origin, a large
fraction of the double pulse events are generated by a parent
neutrino spectrum which is already observed by IceCube;
conversely, a lack of observation would have dramatic impli-
cations, either on the origin of these events or on the nature of
neutrino oscillations. This can be better appreciated from Fig.
7, where we show with a yellow line the integrand d Nop /d E,
of Eq. (5) calculated for « = 2.3.The function dNop/dE, is
peaked around 0.5 PeV and approximately one half of the
double pulse signal is due to neutrinos with initial energy
below 2 PeV, i.e. to the energy region already probed by
HESE observations in IceCube.

Finally, we show in Fig. 2 the probability to observe at
least one double pulse as a function of spectral index and
number of years.

To observe a double pulse in IceCube with a probability
greater than 90 % we must wait about 10 years in the most
favorable case (¢ = 2), about 15 years in the case @ = 2.3
and much more if the spectral index is close to @ = 2.6.

@ Springer
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Fig. 2 Probability to observe at least one double pulse event as a func-
tion of spectral index and number of years

4 Cascades events above 2 PeV

In this section we estimate the number of cascade events
with deposited energy above 2 PeV in IceCube. Two types
of cascade events are described: those from deep inelastic
scattering (DIS) and those produced by the Glashow reso-
nance [17].

4.1 Cascades from DIS

Cascades from DIS are mostly given by CC interactions of
ve and v, with a negligible contribution from NC interac-
tions of neutrinos of all flavors, as discussed in the following.
The expected number of cascades from DIS, with deposited
energy above 2 PeV, is given by

d¢ e 78
Npis(@) = ncc T / dE, [;T”A?I%Ev) P.(E,, Eq)
2
d _
4 QPuive 4018 () p(E, By (14)
dE,

where

— ADIS and AD'S are the effective area for DIS of v, and
vz, which are calculated in Sect. 4.3;

— the factor ncc is given in the previous section;

— the function Py (E,, Ey) represents the probability that a
CC-DIS event produced by neutrino v, of energy E, has
a visible energy above Ey, = 2 PeV.

In CC interactions of v, an electromagnetic cascade is pro-
duced and the incoming neutrino energy is entirely deposited
in the detector, i.e. Egep = E. By using the direct relation-
ship between Eqep and E, we can write the probability to
observe an event with Eqep > Eyp as:
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P . 1 E, — Ey
e(Ev, Eth) = 5 1 4+ Erf m (15)

where ‘Erf’ indicates the error function, § = 12 % and we
assumed that the energy resolution for the deposited energy
is described by a Gaussian with a variance AEgep = 6 - Eqep
[2].

In CC interactions of v;, a small fraction of the incom-
ing neutrino energy is carried away by the invisible outgoing
neutrinos produced in T decay. If we neglect the energy dis-
persion of outgoing neutrinos, we can take this into account
by writing Egqep = 0y, Ey, where n,, = 0.8 is the aver-
age energy fraction deposited in the detector by hadrons and
charged leptons (see [7]). With this assumption the proba-
bility P;(E,, Ew) is obtained from Eq. (15) by replacing
E, — ny E,. In the above estimate, we neglect that the
17.4 % of taus decays into muon producing track events and
this corresponds to overestimating the total number of cas-
cades due to v, and v; by 7 % at most.

In NC interactions only a small fraction of the initial
neutrino energy is deposited in the detector: on average
Egqep = %Ev. Therefore only neutrinos of relatively high
energy give a contribution to the signal; with the threshold of
2 PeV we need neutrinos with energy around E,, = 8§ PeV.
We estimated that the contribution of NC to the total number
of events above 2 PeV is equal to few % when o = 2 and
decreases with the increasing of the spectral index. For this
reason we neglected it in the calculation.

4.2 Cascades from Glashow resonance

The CC interaction process V. + ¢, mediated by an inter-
mediate W boson, has a resonant character at:

2

M
Eg = —% = 6.32 PeV (16)
2m,

The cross section at E ~ Eg is about 2 order of magnitude
larger than that of DIS and provides the dominant contribu-
tion to the v, interaction rate at few PeVs.

The properties of events produced by Glashow resonance
depend on the final state of the interaction process, i.e. on
the W~ decay mode. We thus consider separately the dif-
ferent contributions to the total events number Ng (), with
deposited energy above 2 PeV, obtaining:

d — -
Ng(e) =T / dE, ‘ZT+ AG(Ey) = [BH Pu(Ey. En)

v Ve

+ > By Pu(Ey, Em)} (17)

{=e,T

where

Table 1 Branching ratio of W~ decay

Branching ratio (%)

10.86 % 0.09
67.41 £0.27

'€ v)/ Total
I" (hadrons) / T'iotal

- AS’(EU) is the effective area for Glashow resonance
which is calculated in Sect. 4.3;

— the parameter &;, is the fraction of v, in the electron
neutrino + antineutrino flux. We take as reference the
value éaf = 1/2, which is used by IceCube in effective
areas calculations [1];

— the factors By and B, are the branching ratios of W~ —
hadrons and W~ — vy 4 £ with £ = e, 1, respectively,
which are given in Table 1. Note that we do not include
the contribution from W~ — v, + u because muons
produce tracks (not cascades) in the detector;

— the functions Py (E,, Ew) and Py¢(E,, Ey) represent the
probability that an event produced by v, of energy E,
through hadronic or leptonic decay modes has a deposited
energy above Ey, = 2PeV.

When W™ decays in hadrons, a hadronic shower is produced
and all the energy of the incoming v, is deposited in the
detector, i.e. Eqep = E,. The function Pg(E,, Ew) is thus
given by Eq. (15) and it is essentially Pg(E,, En) =~ 1, as
we can understood by considering that Eg > Ey,.

In leptonic decays, a large part of the incoming neutrino
energy E, is carried away by the invisible outgoing neutrinos.
The charged lepton has a continuous spectrum of energy that
for any leptonic species is given by

P _ 3 1 E 29(E E) (18)
dE ~ E, E, Y

and it is shown by the yellow line in Fig. 3. We see that pro-
cesses in which the lepton takes a small fraction of the neu-
trino energy are favored. When W~ — v, 4 e, the electron
deposits all its energy into the detector as an electromagnetic
cascade. Neglecting energy resolution effects, we evaluate:

Poe(Ey, Eny) = / dE APJdE) = (1 — Eq/E))°  (19)

Ewn

When W~ — v, + 1, the tau deposits a fraction x; =
73 % of its total energy as electromagnetic and hadronic
cascade; the function Py, (E,, Ey,) can be obtained from Eq.
(19) by replacing E, — xE,. Note that the factor x; is
different from the parameter 7,,, defined in Sect. 4.1, which
gives the average fraction of incoming neutrino energy in v,
CC interactions which is deposited in the detector. The two

@ Springer
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Fig. 3 Energy spectra of secondary charged particles produced at the
Glashow resonance. For the hadronic component, the energy resolution
of the detector is taken into account. The integrals of fluxes equate the
branching ratio of Table 1, about 2/3 for hadronic channel and about
1/3 for all leptonic channels

quantities are related by 7,, = (1 — (y))x; + (y), where
(y) =~ 1/4 is the mean inelasticity in v; CC interactions.

Note that the finite width of the charged lepton energy dis-
tributions reduces the relative contribution of leptonic modes
to cascades produced by Glashow resonance above a cer-
tain threshold. For E,, = Eg and Ey, = 2PeV, we obtain
P, = 0.32 and P,; = 0.18 showing that, due to threshold
effects, the contribution to the event rate of leptonic modes
is reduced by ~75 %. By taking into account the branching
ratios of the different channels, this implies that hadronic
modes account for 90 % of the total signal produced by
Glashow resonance.

4.3 The effective areas for DIS and for the Glashow
resonance

In order to calculate the number of cascades produced above
2 PeV by DIS and Glashow resonance, we need to determine
the effective areas AEIS (E)), A?IS (E,) and AS (E,) defined
in Egs. (14) and (17). The simplest way is to consider that, at
high energy, the DIS cross section is essentially independent
on the neutrino flavor. Thus, we expect:

APBS(E,) = APS(E,) = A (E)) (20)

where we considered that v; only interact through DIS and
we implicitly assumed that detection efficiencies of v, and
v; are equal above ~1 PeV. The effective area for Glashow
resonance can then be calculated by subtraction, obtaining:

AS(E,) = A(E)) — AL (E,). Q1)

Both the total effective areas A.(E,) and A;(E,) have been
calculated by IceCube and are given in [1].

@ Springer

Itis, however, important to understand the main properties
of APS(E,) and AS(E,) on physical basis. We expect that

APBS(E,) = €(E})[ Ny x opis(Ey)

x(1 4+ h(E,))/2] wherel =e, T (22)
where N, = % = 5.5 x 103 is the number of nucle-

ons in 1 km? of ice with density of 0.92 g/cm3, opis(E,) =
0.89(E, /PeV)?* x 10733 cm? is the total DIS (CC+NC)
cross section [25] and we considered negligible the difference
between the cross section of v and v that is less than 5 % for
neutrino energy above 1 PeV (see [25]). Let us remark that
both CC and NC cross sections must be included to reproduce
the IceCube effective areas above 1 PeV, because the effec-
tive areas given in [1] have been calculated with a low energy
threshold around 30 TeV that does not cut events produced
by NC interactions of PeV neutrinos, even if the deposited
energy is about 1/4 of the incoming neutrino energy. The fac-
tor h(E,) describes neutrino absorption in the Earth, modeled
using PREM [26] and averaged over the angle of arrival of
neutrinos.* The parameter € (E,) gives the IceCube effective
volume with respect to an ideal 1km? detector and includes
the effects of space, time and energy cuts in the HESE analy-
sis. By comparing the effective areas calculated by IceCube
[1], A;(E)), with our estimate, A?IS(E,)), we determine the
unknown efficiency €(E)). The efficiency can be described
by

E 0.075
e(E,) = 0.40 (Paai/) (23)

for neutrino energies 1 PeV < E,, < 10PeV. We see that
it is nearly constant, varying by ~15 % when E|, varies by
one decade. Using this efficiency it is possible to obtain the
effective area for the Glashow resonance, as follows:

AS(E,) = €(E,) B x % x Ne X GG(EU):| (24)

where oG (E,) is the total V, + e cross section and N, =
10/18 x N, = 3.1 x 1038 is the total number of electrons in
1 km? of ice. The first factor 1/2 takes into account that only
v, interact through the Glashow resonance and that IceCube
calculations are obtained by considering an antineutrino frac-
tion é—,e = 1/2 [1]. The second factor 1/2 is obtained by
assuming complete absorption of antineutrinos crossing the
Earth, only for the Glashow resonance piece of the v, effec-
tive area. In order to verify the adequacy of our interpretation,
we compare in Fig. 4 the IceCube effective area, A, (E ), with
the sum of the two contributions AS (E)) + AEIS (E,). We

4 For energies £, =10, 100, 1000 and 10,000 TeV we find that h =
0.91, 0.66, 0.37 and 0.18, respectively.
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Fig. 4 Effective areas of v, at 1000
high energies. The effective area 500} —
given by IceCube (continuous |
line) is reproduced within 10 % n i
on average (15 % in the worst ‘:E_, 100} { — IceCube v,
bin) by the sum of a contribution 3 —, i 1
due to DIS (dotted line) and the & 50 ._i““' B Best fit v,
contribution of Glashow 4 m‘_i_l—-'— ...... .* ------- i . . .
resonance (dashed line), b 10 et r____I F B Deep inelastic scattering
discussed in Sect. 4 ?3 5 N [ Glashow resonance
- |
,----'""'““
Y I
2 4 6 8 10
Energy of neutrino (PeV)

are able to reproduce A.(E,) within 10 % accuracy, show-
ing that the main physical ingredients are correctly under-
stood and implemented. The small difference between our
parametrization and IceCube calculation near the Glashow
resonance could be due to a slightly lower efficiency of Ice-
Cube to detect muons and tau produced by leptonic channels
of the W™ boson.

4.4 Results

By using the previous considerations we can obtain the
expected number of cascades above Eqep = 2 PeV as a func-
tion of the spectral index « of the incoming neutrino flux.
The number of events from Glashow resonance is given to a
good approximation by the analytical expression:

2—a
) (25)

where T is the exposure time and the factor F () is the
flux normalization discussed in Eq. (4). The reference value

&y, = 1/2 is discussed after Eq. (17). The number of events
from DIS can be fitted with the same functional form as:

2—a
X ( ) x F(a)

where the parameter Epis = 4.05 PeV. We notice that
both Glashow resonance and DIS events depend on o more
strongly than double pulse events, as can be seen comparing
with Eq. (13).

The total number of cascades with energy above 2 PeV
depends from the production mechanism. The relevant
parameter is the v, fraction &;,, which determines Ng(«)
and thus fix the relative contribution of events from Glashow
resonance and DIS [19-21]. In the case of pp interactions,
about an equal number of neutrinos and antineutrinos are pro-
duced at the source, with flavor ratios (1:2:0). On the other
hand, if the production mechanismis py and we consider the

T G
Ng(a) 475 x — x
year

Epis
PeV

T
Npis (@) ~ 4.14 x (26)
ye

ars

simplest scenario, only 7w+ are produced and there are not v,
at the source. Taking into account neutrinos oscillations and
their uncertainties the fraction of v, arriving at Earth with
respect to the total electronic flux is given by

1
2 + P; = 0.500 £ 0.029 if pp source

1-3P
3

where &5, as a function of P; is obtained in [11]. This extreme
scenario maximizes the difference between the signals from
pp and py sources; when we take into account the possibility
that some amount of v, is also created by py interactions at
the source, the differences diminish. The contamination with
Ve at the source is for py depending on the target photon
spectrum, typically around 20-50 % with respect to the flux
of v, in the energy range between 1 TeV and 1 PeV (see Fig.
13 of [27] and [28], in which the contaminations of v, in py
interactions are discussed in detail). In our extreme scenario
the two mechanisms give separate predictions for &5, even if
uncertainties on oscillation parameters are included.

The total number of cascades above 2 PeV after 4 years
is shown in Fig. 5, where we can see the different contri-

&, =

+ P; =0.224 £ 0.029 if py source

4

3

Q 4

<

£ 3 — Total pp

% Total py

[

A N N N [P Glashow pp
B b TR T T~ e Glashow py
B 1 o

S W . T T T ----- DIS

£

El

4

NS

23
Spectral index

Fig. 5 Number of expected cascade events with deposited energy

above 2 PeV with an exposure time of 4 years as a function of the

neutrino flux spectral index. We show the total number of events for the

two different production mechanisms. For the Glashow resonance we
have chosen the best fit values of &5, , both for pp and py mechanisms
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Fig. 6 Probability to observe at least one cascade above 2 PeV as a function of spectral index and number of years of exposure. On the left panel

pp interaction at the source, on the right panel py interaction at the source

butions of DIS and Glashow resonance. In the assumption
of pp interactions at the source, we obtain 4.0, 2.4, 1.3, 0.7
events expected in 4 years with o = 2.0,2.2,2.4 and 2.6,
respectively. These numbers are reduced by ~25 % for py
interactions. In Fig. 6 we show the probability to observe at
least one event as a function of the assumed spectral index
and of the observation time. The non-observation of cascades
above 2 PeV is in tension with the hypothesis of a hard neu-
trino spectrum. An an example, for pp mechanism, o < 2.2
is excluded at 90 % CL.

It is evident from the above results that, unless the neu-
trino spectral index is fixed, we cannot discriminate between
different neutrino production mechanisms. In fact, the inde-
termination of the event rate due to our incomplete knowl-
edge of the neutrino spectrum, is comparable with the dif-
ferences generated by the various production mechanisms. It
is interesting to note that, also for a fixed value of the spec-
tral index, the number of expected events is so small that an
exposure of tens of years is required. For example, focus-
ing on events around 6.32 PeV, where the background due
to DIS is negligible, and with ¢ = 2.3, we need more than
50 years to obtain some constraint of a 20 discrimination
between pp and py interaction at the source. Of course this
time increases if some v, are produced at the source also
by the py mechanism, reducing the differences between pp
and py interaction. For these reasons, we think that nowa-
days every conclusion about the mechanism of production is
just a speculation and only a detector with a bigger exposure
can clarify the situation in the future.

Previous results are obtained by assuming an unbroken
power law for the neutrino flux in the energy region below
10 PeV. The presence of an energy cutoff below Eg dras-
tically decreases the number of events due to the Glashow
resonance, whereas reduces the DIS events of only about
20 %. In the opposite case in which the energy cutoff is

@ Springer

much greater than 10 PeV the number of Glashow events is
not affected, whereas the number of DIS events increases of
about 30-40 %.

To determine our ability to distinguish between an unbro-
ken power law with « = 2.3 from a power law with cutoff
below Eg we used Poissonian statistics P(n, u) = e_:!“n
The absence of events due to the Glashow resonance around
6.32 PeV with an energy resolution of 10 % in the deposited
energy, is to date compatible with both the spectral shapes. To
have a hint at 20" of a cutoff, we need to wait 15 years for pp
interaction at the source. Indeed this corresponds to = 3
expected events, that means a probability P (0, 3) = e~ less
than 5 % to see no events. Of course the required number of
years is less than 15 years for o < 2.3 and greater forae > 2.3
and it doubles in the case of py mechanism of production.

5 Discussion

To summarize we report in Table 2 the number of IceCube
expected events for 1 year of exposure and for the different
channels discussed in this work. Moreover, we report in the
last two columns the ratios between the number of cascades
above 2 PeV and double pulse events. The ratios of the last
two columns decreases with «, because Glashow resonance
and deep inelastic scattering are more affected by a change of
the slope with respect to the number of double pulse events,
as we can see in Egs. (13), (25), and (26).

In order to clarify what is the relevant energy region of
the parental neutrino flux giving a contribution to expected
events discussed in this work, we show in Fig. 7 the integrands
dN/dE, of Egs. (5)-(14)—(17) multiplied by an extra factor
E, for the three channels analyzed in this paper for a spectral
index o = 2.3. Itis interesting to remark that also v, of about
0.5 PeV can give rise to a “double pulse” event, because there



Eur. Phys. J. C (2016) 76:52

Page 9of 11 52

Table 2 Expected number of events per year for the different classes of events by using the best fit value of &;, and (v : v, : v¢) = (1/3:1/3:1/3)
at the Earth. Npis and Ng refer to showers with deposited energy above 2 PeV, N,p refers to double pulses without threshold

a Nop Npis NE NE (NE + Npis)/Nap (N& + Npis)/Nap
2 0.165 0.473 0.539 0.239 6.116 4.306
2.2 0.132 0.288 0.304 0.135 4.504 3.220
24 0.103 0.168 0.162 0.072 3.192 2.319
2.6 0.078 0.089 0.079 0.035 2.182 1.613
3.0 sion is that the number of Glashow events, in the case of pp
2.5 o2 } mechanism, is about six times greater than what expected
w 2.0 0.15] . . . . .
S 010 — Shower from DIS in the caseT of py @echamsm. Again, this statement is not
Z 1.5F o0 Double pulse in contradiction with our statement, because they compare
w 1.0f oot —— ___ Glashow Resonance models with the same flux of protons at the source whereas
0.5 we take into account the observed flux of neutrinos at the
0.0 - Earth. In other words, we ask ourselves what is the fraction
0.1 05 1 5 10

Energy of neutrinos (PeV)

Fig. 7 E% for the three types of processes analyzed in the paper,
under the hypothesis &« = 2.3 in the neutrino spectra

is a compensation between the flux power law decrease and
the probability to not decay that increases exponentially with
the energy.

The difference between pp and py interaction at the
source is already discussed in other work. We compare here
with some of them, which are important and well known,
namely [19,21,29,30]. We point out the reasons why our
analysis is different and show that, although results could
seem to be incompatible, there are no contradictions. Our
analysis of the events with deposited energy above 2 PeV
shows that the rate in the case of py interaction at the source
is about 75 % of the rate given by pp interaction. In fact,
the difference is due to events produced by Glashow reso-
nance, but in this region of energy, the rate of DIS events is
large and this reduces the difference between the two types
of mechanism. This is not in contradiction with Ref. [21],
in which the ratio between resonant and non resonant event
above 2 PeV, is about one half. In that analysis, in fact, the
energy of incoming neutrino and not the deposited energy
into the detector is considered. When the deposited energy is
considered instead, the neutral current interaction of all type
of neutrinos and the charged current interaction of v, give a
negligible contribution to cascade above 2 PeV: this explain
the difference between the results of the two papers. Our
analysis uses the deposited energy, since this is observable,
and it is not simple (or possible) to reconstruct the energy
of incoming neutrinos. That explain also the difference with
respect to [31].

The comparison with [19] concerns another important
remark. Even in this work, the difference between pp and
py interaction at the source is discussed and their conclu-

of electron antineutrinos with respect to the observed total
flux of neutrinos and, as a consequence, only the difference
due to neutrinos oscillations is relevant for these considera-
tions. The oscillations produce a difference of about a factor
of 2 between the two mechanisms of production, and the
additional difference found by [19] is due to the different
fraction of energy that neutrinos receive in the pp and py
production mechanism.

The last remark concerns a hypothesis proposed in [29,
30], where it was suggested that the events observed above
PeV could be due to Glashow resonance. If this was true,
were caused by leptonic decay, since the energy resolution
is incompatible with a visible energy being 6.32 PeV. Now,
the ratio between hadronic and leptonic branching ratios is,
['(hadr)/3T°(I v) ~ 2 and the same neutrino flux leads to
leptonic and hadronic decays. To date there are three events
with energy below 2 PeV, so in the above assumption, we
expect to have also six hadronic events. The probability to
observe none is given by the Poissonian PDF, P(0) = ¢~°,
which is disfavored at 30.

6 Conclusion

In this paper we have considered two categories of very high
energy events in IceCube that can help to diagnose cosmic
neutrinos: the double pulse events, which may allow us to
clearly discriminate the cosmic component of v;; the cas-
cades with deposited energy above 2 PeV, including events
produced by v, at the Glashow resonance, which can be used
to investigate the cosmic neutrino production mechanisms.
As stated in the Introduction, we estimated the rate of these
high energy events with the important constraint provided by
the data already observed by IceCube, i.e. we used the data
collected in the low-energy region below 2 PeV to normalize
our calculations. In this way, we obtained the expected rates
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of high energy events as a function of the neutrino spectral
index o, which we varied in the range o = (2-2.6).

We found that the non-observation of double pulse events
does not contradict the hypothesis of a cosmic neutrino pop-
ulation. This conclusion is only marginally dependent on the
assumed cosmic neutrino spectrum. In fact, we have shown

that:

®

(i)

One half of the expected signal is due to neutrinos with
energy below E, = 2 PeV, i.e. from a spectral region
that is already observed in the HESE data (see Fig. 7
and discussion in the Sect. 3)

In the most favorable case, with spectral index o« = 2 we
need to wait about 10 more years to observe a double
pulse with a probability greater than 90 %.

Concerning the cascades with deposited energy above 2 PeV,
we have shown that:

®

(i)

(iii)

Open Access

Due to the difference between the energy deposited in
the detector and the energy of the interacting neutrino,
the contribution of leptonic channels to Glashow reso-
nance events is suppressed by 75 %. This implies that
hadronic modes account for 90 % of the total signal
produced by Glashow resonance above 2 PeV;

This class of events can be used to probe the high energy
tail of the cosmic neutrino spectrum. The absence of
cascades above 2 PeV disfavors a neutrino spectral
index o = 2 (with a cutoff E¢y > 10 PeV) at about 20
considering that three events are expected in the worst
scenario (py interaction). An unbroken power law with
o = 2.6isinstead still compatible at 1o with the present
results. The absence of events close to the Glashow res-
onance energy Eg = 6.32 PeV is not problematic under
this hypothesis, since only 0.4 events are expected due
to Glashow resonance after 4 years (see Table 2);

the difference between the event rates produced by pp
or py neutrino production mechanisms is not large
enough to distinguish among the two options, even if
we assume that the parent neutrino spectrum is known.
An observation time 7" ~ 50 years would be required
to obtain a 20 discrimination, if the neutrino spectral
index is @ = 2.3.
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