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Abstract The number of ultra-high energy neutrinos arriv-
ing at IceCube depends on the energy dependence of the
astrophysical neutrino flux and neutrino cross-section. In this
paper, we investigate the impact of different assumptions for
the description of the QCD dynamics at high energies on
the determination of the normalization �Astro and spectral
index γ of the astrophysical neutrino flux. The distribution of
neutrino events at the IceCube is estimated considering the
DGLAP, BFKL, CGC and BBMT approaches and the best
estimates for �Astro and γ are determined using a maximum
likelihood fit comparing the predictions with the distribution
of observed events at IceCube. Moreover, we also investi-
gate if the increase in the effective exposure time expected
in IceCube-Gen2 will to allow us to disentangle the QCD
dynamical effects from the description of the astrophysical
neutrino flux.

1 Introduction

The detection of ultra-high energies (UHE) neutrinos by
the IceCube Neutrino Observatory started a new era in
the neutrino physics. The observation of neutrino events
with deposited energies in the range between TeV and
PeV [1–3] has motivated a lot of studies about the pro-
duction, composition, propagation, and detection of these
neutrinos (For a review see, e.g. Refs. [4,5]). In partic-
ular, several authors have discussed the current theoret-
ical uncertainty on the main ingredients needed to esti-
mate the number of events in IceCube, which is given
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by

dNevents = T
∑

ν+ν̄

Nef f,α(Eν)

× �να(Eν)×σνα (Eν)×d(Evis)×Sα(Eν)×d�,

(1)

where T is the time of data taken, Nef f,α(Eν) is the
effective number of scattering targets, �να is the astro-
physical neutrino flux for a neutrino of flavor α, σνα (Eν)

is the neutrino–target cross section for a given neutrino
energy Eν and Sα(Eν) is the absorption function, which
takes into account the effects of the neutrino flux atten-
uation inside the Earth. At high energies, the predic-
tions are strongly dependent on the neutrino flux and the
neutrino–hadron cross section. One shortcoming present in
Eq. (1) is that the event rates constrain only the product
of neutrino flux and neutrino–target cross section. Such
aspect has motivated the proposition of different strategies
to disentangle the physics associated with the neutrino–
target interactions from the properties of astrophysical
sources that determine the neutrino flux (see e.g. Refs. [6–
8]).

In recent years, several authors have discussed the treat-
ment of neutrino–hadron cross section (σνh) at high ener-
gies, which is expected to be sensitive to the description of
Quantum Chromodynamics (QCD) in the kinematic region
of very small values of Bjorken-x and large virtualities Q2,
not explored by the HERA measurements [9]. The standard
framework to calculate the neutral and charged current cross
sections is the collinear DGLAP factorization, which pre-
dicts that σνh increases with the neutrino energy due to the
increasing of the quark and gluon densities inside of hadrons
at small-x (see e.g. Ref. [10]). However, new dynamical
effects can be present in the unexplored kinematical range
probed by the neutrino telescopes, for example those asso-
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ciated with the BFKL dynamics [11,12] or to the non-linear
(saturation) corrections [13–15]. In Ref. [16], the authors
have investigated the impact on the neutrino–hadron cross
sections of the small-x (BFKL) resummation corrections to
the DIS coefficient functions and the DGLAP splitting func-
tions and found that its predictions for σνh in the IceCube
energy range differ from those derived using the DGLAP
formalism, with the difference increasing at larger energies.
On the other hand, the fact that the growth of the parton
distributions predicted by the DGLAP and BFKL equations
is expected to saturate, forming a Color Glass Condensate
(CGC) [17–24], has motivated a series of studies about the
impact of these effects on σνh in the last decade. The basic
idea is that for large energies one expects the transition of the
regime described by the linear DGLAP and BFKL dynam-
ics [25–27], where only parton emissions are considered,
to a new regime where the physical process of recombi-
nation of partons becomes important in the parton cascade
and the evolution is given by a non-linear evolution equation
[17,18,21–24]. The results from Refs. [28–32] indicate that
the saturation effects are non-negligible in the kinematical
range probed by the current and future neutrino telescopes.
Moreover, we will also consider the approach proposed in
Ref. [33] and updated in Refs. [34–36], denoted BBMT here-
after, which is based on the assumption that the proton struc-
ture function saturates the Froissart bound at high energies.
Such approach takes into account the unitarity corrections
at all orders in the strong hadronic interactions. As all these
approaches (DGLAP/BFKL/CGC/BBMT), based on distinct
assumptions, describe the precise HERA data, the predictions
for the behaviour of σνh at very large energies are model
dependent.

Our goal in this study is twofold. First, estimate the impact
of the distinct treatments of the QCD dynamics, present in the
calculation of σνh , on the determination of the neutrino flux
�να using the current IceCube data for the energy distribution
of events. Second, investigate if the increase in the effective
exposure time expected in IceCube-Gen2 [37] will allow us
to disentangle the QCD dynamical effects from the descrip-
tion of the astrophysical neutrino flux. This paper is orga-
nized as follows. In the next Section, we will present a brief
review of the formalism needed to describe the neutrino–
target cross section and the absorption function. Moreover,
we will present our assumptions about the neutrino flux, as
well as, the approximations assumed in the calculation of
the number of events observed by IceCube. In Sect. 3, we
will present our predictions for σνh and Sα(Eν) consider-
ing different descriptions of the QCD dynamics. In addition,
predictions from these distinct models are compared with the
IceCube data and the associated results for the neutrino flux
are presented. Finally, in Sect. 4, we will summarize our main
results and conclusions.

2 Formalism

In this Section, we will present the models used to describe
the distinct ingredients needed to estimate the number of
high energy neutrino events in IceCube, described by Eq.
(1). Initially, let’s discuss the neutrino–target cross section
σνα . In our calculations, we will consider that the neutrino
interaction with the detector can happen through eleven pos-
sible neutrino interaction channels, which refers to charged
current (CC), neutral current (NC), and resonant scattering
due to the Glashow resonance. Differently from the cross
sections for the Glashow resonance channels, which are well
known, the description of the deep inelastic neutrino scatter-
ing depends on the modelling of the QCD dynamics. In what
follows, we will describe in more details the charged current
(CC) interactions, which proceed through W exchange, but
similar expressions can be derived for neutral current (NC)
interactions. One has that the total neutrino–hadron cross
section for CC interactions is given by [38]

σCC
νh (Eν) =

∫ s

Q2
min

dQ2
∫ 1

Q2/s
dx

1

xs

∂2σCC

∂x∂y
, (2)

where s = 2MEν with M the hadron mass, y = Q2/(xs)
and Q2

min (= 1 GeV2) is the minimum value of Q2 which
is introduced in order to stay in the deep inelastic region.
Moreover, the differential cross section is given by [38]

∂2σCC
νh

∂x∂y
= G2

FMEν

π

(
M2

W

M2
W + Q2

)2

×
[

1 + (1 − y)2

2
Fh

2,CC (x, Q2)− y2

2
Fh
L ,CC (x, Q2)

+y
(

1 − y

2

)
x Fh

3,CC (x, Q2)
]
, (3)

where GF is the Fermi constant and MW denotes the mass
of the charged gauge boson. As demonstrated e.g. in Ref.
[16], the calculation of σνh involves integrations over x and
Q2, with the integrals being dominated by the interaction
with small-x partons and by Q2 values of the order of the
electroweak boson mass squared.

The treatment of the structure functions F2, FL and F3

depends on the framework assumed to describe the QCD
dynamics. In the DGLAP formalism, we can apply the
collinear factorization theorem and factorise these structure
functions as follows

Fi (x, Q
2) =

∑

a=g,q

∫ 1

x

dz

z

×Ci,a ×
(
x

z
, Q2

)
fa(x, Q

2) i = 2, 3, L (4)

where fa are the parton distributions of the target, which
are assumed universal, and the functions Ci,a are the coef-
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ficient functions, which can be computed using perturbation
theory and are process-dependent. In Ref. [10], which is
one of the benchmark calculations of the neutrino–nucleon
cross section, the coefficient functions and the PDFs were
estimated using the next-to-leading-order (NLO) DGLAP
formalism. On the other hand, in Ref. [16], the authors
have estimated the structure functions using the framework
of collinear factorization at NNLO, taking into account
the small-x BFKL resummation up to next-to-leading log-
arithmic (NNLx) accuracy. The basic motivation of this
approach is to include the BFKL corrections, associated with
αs ln(1/x) terms that are expected to contribute in the kine-
matical range probed in neutrino telescopes, in the calcu-
lations of the neutrino–hadron cross sections. One has that
both approaches predict the increasing of σνh with the neu-
trino energy, which is expected since they are based on lin-
ear evolution equations, which only consider parton emis-
sions (g → gg) and disregard possible recombination effects
(gg → g) that can contribute in the regime of high partonic
density.

The impact of the non-linear (saturation) effects in the
neutrino–hadron cross section can be estimated using the
color dipole approach and the CGC formalism. In the color
dipole approach [39], the structure functions can be factor-
ized in terms of the gauge boson wave function, 
G , which
described the fluctuation of the virtual gauge boson into a
qq̄ dipole, and the dipole-hadron cross section, σ dh , that
describes the interaction of the color dipole with the target.
For charged current interactions, one has that the FCC

2 struc-
ture function is expressed in terms of the transverse and lon-
gitudinal structure functions, FCC

2 = FCC
T +FCC

L which are
given by

FCC
T,L(x, Q2) = Q2

4π2

∫ 1

0
dz

∫
d2r|
W

T,L

×(r, z, Q2)|2σ dh(r, x) (5)

where r denotes the transverse size of the dipole, z is the
longitudinal momentum fraction carried by a quark and 
W

T,L
are the wave functions of the virtual charged gauge boson
associated with their transverse or longitudinal polarizations.
In the CGC formalism [17,18,21–24], the dipole-target cross
section can be computed in the eikonal approximation, being
given by

σ dh(x, r) = 2
∫

d2bN h(x, r, b), (6)

where N h is the forward dipole-target scattering amplitude
for a given impact parameter b which encodes all the infor-
mation about the hadronic scattering, and thus about the
non-linear and quantum effects in the hadron wave func-
tion. The Balitsky-JIMWLK hierarchy [17,18,21–24,40–42]
describes the energy evolution of the dipole-target scattering

amplitude, which decouples in the mean-field approximation
and boils down to the Balitsky–Kovchegov (BK) equation
[40–42]. During the last decades, several phenomenological
models based on the Color Glass Condensate formalism [13–
15] have been proposed to describe the HERA data taking
into account the non-linear effects in the QCD dynamics. In
general, such models differ in the treatment of the impact
parameter dependence and/or of the linear and non-linear
regimes. In our analysis, we will consider the IIMS model
proposed in Ref. [43] and updated in Ref. [44], which is
based on the asymptotic solutions of the BK equation and
that describe with success the high precision HERA data, as
shown in Ref. [45]. In this model, the dipole-proton scattering
amplitude is given by

N p(x, r, b) = S(b) ×
⎧
⎨

⎩
N0

(
r Qs

2

)2
(
γs+ ln(2/r Qs )

κ λ y

)

r Qs ≤ 2

1 − e−A ln2 (B r Qs ) r Qs > 2,

(7)

where S(b) is the proton profile function, χ is the LO BFKL
characteristic function, κ = χ ′′(γs)/χ ′(γs) and y = ln(1/x).
Moreover, the coefficients A and B are determined uniquely
from the condition that N p and its derivative with respect
to r Qs are continuous at r Qs = 2. Finally, in Refs. [33–
36], the authors proposed an alternative way to take into
account of the unitarity (saturation) effects at all orders moti-
vated by the successful descriptions of hadron–hadron and
photon–hadron total cross sections over many orders of mag-
nitude obtained with the same saturated Froissart functional
form, i.e., σih ∝ ln2 s (i = γ, p). The main assumption
in the BBMT approach for neutrino–hadron interactions is
that growth on the proton structure function is limited by the
Froissart bound at high hadronic energies, giving a ln2(1/x)
bound on F2 as Bjorken x → 0, which implies an exact
bound of ln3 Eν for the νN scattering. As demonstrated in
Ref. [35], such approach is able to describe the combined
HERA data.

Another important ingredient in the calculation of the
number of high energy neutrino events in IceCube is the
absorption function for the neutrinos while it crosses the
Earth, defined by

S j (Eν) =
∫ 0

−1
d cos(θz)P

j
shad(Eν), (8)

where θz is the zenith angle and P j
shad(Eν) is the the prob-

ability of neutrino interaction while cross the Earth, which
can be expressed as follows [46]

P j
Shad(Eν) = exp

{
− z j (θz)

L j
int

}
. (9)

One has that j represents a nucleon N or an electron e, z j (θz)
is the amount of matter that neutrinos feel while travel across
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the Earth and the interaction lengths for scattering with nucle-
ons and electrons are given respectively by

LN
int = 1

NAσνN (Eν)

Le
int = 1

〈Z/A〉NAσν̄ee(Eν)
, (10)

where NA is the Avogadro’s number, Z (A) is the atomic
(mass) number factor and the factor 〈Z/A〉 is the average ratio
between electrons (Z = e = p) and nucleons (A = p + n).
Moreover, one has that z j (θz) is given by

z j (θz) =
∫ r(θz)

0
ρ j (r) dr, (11)

where r(θz) = −2 REarth cos θz is the total distance trav-
elled by neutrinos, ρ j (r)[g cm−3] is the density profile of

the Earth. In Ref. [30], we demonstrated that P j
shad(Eν) can

be written as follows

P j
Shad(Eν) = exp

{
−κ j σν j (Eν)

∫ r(θz)

0
ρ j (r)dr

}
, (12)

where κN = NA and κe = 〈Z/A〉 · NA. This result demon-
strates that P j

Shad(Eν) is strongly sensitive to the description
of the neutrino–target cross section and the amount of matter
crossed by the neutrinos. As shown in Ref. [30], such depen-
dence is also present in the absorption function S j (Eν). In
this paper, we will estimate P j

shad(Eν) and S j (Eν) consid-
ering different models for the (anti) neutrino–nucleon cross
section and, for comparison, we also present the results for
(anti) neutrino–lepton interactions.

One has that in order to compute the number of inter-
actions in IceCube detector we must integrate the product
of astrophysical neutrino fluxes with the respective neutrino
interaction cross sections, absorption functions and effective
number of scattering targets. As IceCube does not distinguish
charge, we have summed over the neutrino and antineutrino
contributions. In our analysis, we will assume T = 2078
days and that the effective number of scattering targets is
given by

Nef f (Eν) = NA×Vef f (Eν) = NA×Mef f (Eν)/ρe f f . (13)

where the effective detector masses, Mef f,α , are given in
[47]. The last ingredient that we must to specify is the
astrophysical neutrino flux. One has that its origin is still
a theme of intense debate. However, the experimental data is
so far consistent with results expected from extra-galactic
sources, presenting isotropy and no correlation with the
galactic plane. As usual in the literature, we will assume
the same astrophysical neutrino flux for the three neutrino
flavors, �νe = �νμ = �ντ = �0, which from [48] is

given by

�ν(Eν) = �astro

(Eν/100 TeV)γ
( f.u.), (14)

where γ is the power law index and �Astro = 3�0 defines
the normalization and the flux unit is defined as f.u. ≡
10−18 GeV−1s−1sr−1cm−2. In our analysis, we will esti-
mate the distribution of neutrino events at the IceCube assum-
ing different assumptions for the QCD dynamics and we will
determine the best estimates for �Astro and γ using a maxi-
mum likelihood fit by the comparison of our predictions with
the distribution of observed events. Our goal is to verify if the
current and future data can be used to remove the degeneracy
between the neutrino–target cross section and astrophysical
flux present in Eq. (1).

3 Results

Initially, let’s present in Fig. 1a our predictions for the energy
dependence of the neutrino–target cross section. For the CC
neutrino–nucleon case, we present the predictions of the dis-
tinct approaches for the treatment of the QCD dynamics dis-
cussed in the previous Section. In particular, we denote by
CGC (IIMS) the results calculated using the latest version
[45] of the non-linear approach derived in Refs. [43,44], in
which the free parameters were fitted using the high pre-
cision HERA data for the proton structure function. For
the standard DGLAP calculations, we have estimated the
cross section using the CT14 parameterization [49] and the
associated results are denoted by DGLAP (CT14) hereafter.
On the other hand, the results obtained adding the small-x
BFKL contributions in Ref. [16] will be denoted by BFKL
(BGR18) in what follows. The uncertainty bands present in
the CT14 and BGR18 predictions are also shown. Finally,
for the BBMT approach, we consider the results obtained in
Ref. [36]. One has that the DGLAP and BFKL results are
similar in the IceCube energy range, but its central predic-
tions are slightly distinct for larger energies. The inclusion
of the non-linear effects, as predicted by the CGC (IIMS)
approach, implies a smaller cross section in the energy range
106 GeV ≤ Eν ≤ 108 GeV. At larger energies, the asso-
ciated predictions are inside of the uncertainty bands of the
CT14 and BGR18 predictions. On the other hand, the BBMT
result is similar to the DGLAP and BFKL predictions in the
IceCube energy range, but implies a strong reduction of the
cross section at larger neutrino energies. The predictions for
the antineutrino–electron cross section are also presented in
Fig. 1a taking into account the presence of the Glashow res-
onance which is expected for neutrinos energies of the order

of Eν,res = M2
W

2me
≈ 6.3 PeV. Our results demonstrate that

antineutrino–electron scattering becomes equal or greater

123



Eur. Phys. J. C (2021) 81 :496 Page 5 of 9 496

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

Eν(GeV)

10
-35

10
-34

10
-33

10
-32

10
-31

10
-30

10
-29

 σ
[c

m
2 ]

-   ν  
e 
   +  e -> Hadrons

- ν  
e
+ e ->  

-ν 
e 
+ e

-ν
e 
 + e ->  

-ν μ   + μ

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

Eν(GeV)

10
-35

10
-34

10
-33

10
-32

10
-31

10
-30

10
-29

 σ
[c

m
2 ]

  ν DGLAP (CT14) 
 ν  BFKL (BGR18)

  ν  CGC (IIMS)
  ν  BBMT

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

Eν (GeV)

10
-2

10
-1

10
0

S(
E

ν)

-   ν 
 e
 + e -> Hadrons

- ν 
e
 + e -> 

-  ν 
 e 

 + e
-   ν 

e
 + e ->  

- ν μ + μ
Total resonance
ν BFKL (BGR18)
ν DGLAP (CT14)
 ν CGC (IIMS)
ν BBMT 

(b)(a)

Fig. 1 a Energy dependence of the neutrino–target cross-sections. b
Neutrino absorption by the Earth as a function of neutrino energy.
Interactions with nucleon are calculated for the different QCD mod-

els. Anti electron–neutrino interaction with electrons in the medium
due to Glashow resonance are also taken into account

than CC neutrino–nucleon cross-section in the energy range
characterized by 106 GeV ≤ Eν ≤ 2 × 107 GeV. The
results presented in Fig. 1a indicate that the predictions for
large neutrino energies can differ by a factor ≥ 2 depending
on the approach assumed to treat the QCD dynamics.

In Fig. 1b we present our predictions for the absorption
function S(Eν). We have that the distinct predictions for νN
interactions are very similar for Eν ≤ 108 GeV, with the
difference between the predictions reaching 10% at 80 TeV.
On the other hand, at larger energies, we have that the dif-
ference between the BFKL (BGR18) and BBMT predictions
increases and becomes a factor 2 at Eν ≈ 1010 GeV, with
the BBMT one being an upper bound. From Eq. (1), one
must expect that the higher is the neutrino–nucleon cross-
section, the higher is the total number of events. However,
a higher cross-section also implies higher neutrino absorp-
tion inside the Earth and, consequently, a smaller number
of events in the detector for the upward direction. Another
important aspect is that as the neutrino flux decreases with the
energy with a power like behaviour, the number of expected
events at IceCube and/or future observatories should be small
for these energies. Consequently, the difference of a factor
two between the predictions has a strong impact on the anal-
ysis and interpretation of the possible few events that should
be observed.

As discussed above, in order to compute the number of
interactions in IceCube detector we must integrate the prod-
uct of such fluxes given in Eq. (14) with the respective neu-
trino interaction cross-sections and effective detector masses,
Mef f,α . The free parameters in our analysis are the normal-
ization �Astro and the power-law index γ of the astrophys-
ical neutrino flux, which will be determined by the compar-
ison of our predictions with the IceCube data. Notice that
the quantities in Eq. (1) are expressed in terms of neutrino

energy, while IceCube data are given in terms of the amount
of electromagnetic energy deposited in the detector. There-
fore, we assume the relations between these two quantities
for each kind of neutrino interaction as they are given in
[50]. Moreover, to include the neutrino events due to the
Glashow Resonant interaction with the detector, in our anal-
ysis we assume that the branching ratio for the production
of the final states (e−, μ−, hadron Shower) are respectively
15%, 15%, 70% [51]. Also, we assume that in the resonant
neutrino scattering, the produced hadronic shower carries all
the incoming neutrino energy, with at least 90% of efficiency
in the detection. For the leptonic final states, we assume the
same averaged inelasticity as for the C.C. neutrino interac-
tion. Furthermore, in this work we are interested in the dis-
tribution of neutrino events in terms of the deposited energy
in the interval 60 TeV< EE .M. < 10 PeV and considers all
the incoming neutrino directions.

In order to estimate �Astro and γ for the distinct QCD
models, we will perform a data analysis of the IceCube UHE
neutrino data through the Maximum Likelihood formalism.
Given the low statistics, we assume that the data follow the
Poisson Distribution. To take into account the systematic
errors we use the Pull Method [52]. Moreover, Wilks’ The-
orem [53] states that the statistic −2ln(L) follows a distri-
bution of the X 2 type. In this context, one can write the X 2

function as

X 2 ≡ −2 ln(L) + Systematics

= 2
n∑

i=1

{
(Ei − Oi ) + Oi ln

(
Oi

Ei

)}

+
m∑

j=1

(
θ j − θ∗

j

σ j

)2

, (15)
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Fig. 2 The number of neutrino events are compared with our results for
the energy distribution of events. For comparison, the fits obtained by
IceCube Collaboration are also shown (grey lines). Our results (colored
lines) are calculated for the respective B.F. P. values for the extragalactic
neutrino flux shown in Table 1

where prior information about the values for some param-
eters θ j are included in the likelihood function. Gaussian
penalties then reject solutions where the best fit value for the
parameter θ∗

j is different from its prior value. We include the
systematic errors relative to the normalization of the differ-
ent backgrounds: atmospheric muon flux, �μ, conventional
atmospheric neutrino flux, �ν , atmospheric prompt neutri-
nos, �νpt . Also, we take into account the error associated with
the energy resolution, δE . The respective priors and allowed
intervals are defined for example in [54] and are respec-
tively (1.00 ± 0.5; 1.00 ± 0.30; 0.00 ± 0.65; 1.00 ± 0.15).
For the four QCD models, we found that the values for the
pull parameters associated with the best-fit point (B.F.P.) are
consistent with each other and with the values reported by
[54] in few percent level. The only exception is that in our
analysis a slightly higher contribution of prompt neutrinos,
�νpt ≈ 0.20, was preferred in all the cases. In any case, this
value is in agreement with the allowed interval of 68% of
confidence level (C.L.) reported in [54] for this parameter.
Indeed, we obtained a good description of the energy depen-
dence of IceCube data for all four models. In Table 1 we
show the best fit points we obtained for the parameters γ and
�astro for the different interaction models we use. As can be
seen, the variation in the value of the minimum of X 2 is of
≈ 3%.

In Fig. 2 we show our results for the number of events
obtained when the respective values of the B.F.P. are assumed
for both extra-galactic neutrino flux and neutrino background
(colored lines) and compare it with the IceCube data. We also
show in the shaded areas the background for the case where
all the normalizations are set to one (which includes the limit

Table 1 Best fit values for the extra-galactic neutrino flux derived
assuming different approaches for the QCD dynamics

γ ± δγ �astro ± δ�astro(f.u.) X 2
min

DGLAP (CT14)

2.90+0.23
−0.22 0.64+0.33

−0.28 10.81

BFKL (BGR18)

2.94+0.19
−0.26 0.72+0.44

−0.20 10.90

CGC (IIMS)

3.03+0.20
−0.18 1.04+0.48

−0.47 11.02

BBMT

2.94+0.26
−0.25 0.72+0.33

−0.40 10.76

at 90% of C.L. of the prompt neutrino background reported in
[48]). We call it Full Background. On the other hand, the pre-
dictions derived using the values we found for the B.F.P. are
denoted by Minimized Background. From Fig. 2 and Table 1
it is clear that the four different QCD dynamics led to an
equivalently good description of the energy dependence of
the IceCube data set. Moreover, the predictions for the power
index B.F.P. due to all the models do agree in the 68% limit
and the relative difference between the �X 2

min from each
model is negligible (3%). Nevertheless, when we compare
the B.F.P. due to the DGLAP (CT14) and CGC (IIMS) mod-
els, we obtained a difference of a factor ≈ 1.6 in the value of
�astro, while for the power index γ the maximum variation
we found is of the order of ≈ 5%. Notice that this difference
of 5% has the same order of magnitude as δγ , whose val-
ues associated with the different models are contained in the
interval 6% ≤ δγ ≤ 9%, as it can be seen in Table 1.

In what follows, we show our results for the sensitivity
of the energy distribution of IceCube events to the extra-
galactic neutrino flux parameters. In the central panel of
Fig. 3, we show our results for the allowed region for the
extra-galactic flux parameters. For comparison, the results
from the IceCube Collaboration summarized in [48] are also
shown both for the B.F.P. and the allowed region at 68% of
confidence level. In the two auxiliary panels, we show our
results for the marginalization with respect to the respective
parameters. It is not necessary to say that our goal is not to
determine what are the B.F.P. for the extra-galactic neutrino
flux but to estimate how these values depend on the assump-
tions about QCD dynamics at such high neutrino energies.
For instance, the significantly smaller cross-section result-
ing from the CGC (IIMS) model implies that the X 2 analy-
sis prefers a higher value of the �astro parameter when we
compare with the values favored when we use the DGLAP
(CT14), BFKL (BGR18) and BBMT models. Nonetheless,
the expected number of events in the more energetic bins is
mostly due to the product of extra-galactic neutrino flux times
the Glashow resonant cross-section. Indeed, the higher value
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Fig. 3 Likelihood analysis for the High - Energy Starting Events
(HESE). Our results are compared with the different analyses performed
by the IceCube Collaboration in Ref. [48], which consider both the
energy dependence and the angular distribution of events. In all cases
points refer to the best fit and the allowed region at 68% of C.L. is also
shown

of the �astro needed by the CGC (IIMS) model to explain the
events in the interval of 60 TeV ≤ Evis ≤ 5 PeV, the higher
the number of events due to Glashow resonance. Henceforth,
despite its small statistical significance, the number of events
observed around 6 PeV could theoretically contribute to solv-
ing the problem of entanglement between the extra-galactic
neutrino flux and C.C. neutrino cross-section. We found that
a slightly higher value of γ is sufficient to compensate for
the higher flux normalization necessary in the CGC (IIMS)
analysis, and do not overestimate the number of events due
to the Glashow resonance. At the same time, such increment
on γ is not large enough to worse the description of the other
bins.

Finally, the IceCube-Gen2 is the planned upgrade in the
IceCube observatory for the next future [37]. As pointed out
in [8], the net effect of such improvement is an increment
on the effective exposure time, which could be of a factor
of 20 (40) in the case of 10 (20) years of IceCube Gen2
data taking. This would lead to a thousands of events in
the energy domain we are interested in here. As a conse-
quence, it is expected to allow the discrimination between
distinct QCD approaches. To extend the analysis to IceCube
Gen2, we assume our predictions for the number of events
derived using the DGLAP (CT14) approach, renormalized
by the new detector exposure, as being the number of events
that will be observed in the future. In this analysis, we fix
the pull parameters as being the respective B.F.P. obtained
above, and which do agree with the values reported in cite
Aartsen: 2015knd. The only exception was the prompt neu-
trino contribution to the background, which we let vary in
the region indicated in the same reference. In Fig. 4 we show

our predictions for the different exposures considered. One
has for the BFKL (BGR) model that the red lines represent
the predictions for the central value of CC and NC neutrino
cross-sections, and the shaded red areas refer to the results of
the superposition of the predictions for the upper and lower
limits of these cross-sections. Given the magnitude of the
errors in the BFKL (BGR) model, the effect of consider it
in the analysis is negligible. The first point to notice is that
it is clear that the increase in the detector exposition, and
consequently in the number of events, implies the reduction
in both the allowed regions associated with the neutrino flux
parameters at 68% and 95% of C.L. The results presented
in Fig. 4a indicate that despite the differences in the B.F.P.,
there is an overlap of the allowed regions associated with the
flux parameters. This superposition at 68% of C.L. implies
in a degree of compatibility between the predictions associ-
ated to the BFKL (BGR18), BBMT and CGC (IIMS) models.
Indeed, the overlap between the BFKL (BGR18) and BBMT
predictions is observed in all the four panels of Fig. 4. On the
other hand, the results presented in Fig. 4b and c show that the
increasing of the time of data taken in fact reduces the region
of overlap between the BFKL (BGR18) and CGC (IIMS)
predictions, but they are still compatible at 68% and 95%
respectively. Finally, Fig. 4d refers to twenty years of expo-
sure combined with the optimistic assumption that the error
in the normalization of the prompt neutrino flux is reduced to
15%. For this case, the superposition of the allowed regions
for the flux parameters associated to the BFKL (BGR18) and
CGC (IIMS) models is no longer present. This is an indica-
tion that, in the optimistic case, the increase of the detector
exposure combined with the reduction of systematic uncer-
tainties should lead to discrimination at 95% of C.L. between
the associated predictions for the flux parameters. However,
it is important to emphasize that even in the optimistic case it
is not possible to discard any of the dynamical models con-
sidered here. One has that assuming that the predictions due
to these different models are valid, then the conclusions about
what are the values of the flux parameters γ and �astro can
be considerably different in each case. Indeed, the values of
the B.F.P. differ for a factor respectively of 1.05 and 1.5. Our
results indicate that the uncertainties in the prompt neutrino
flux play an important role in the description of the data and
further advances in the knowledge about the prompt neutri-
nos would positively impact on the sensitivity of the IceCube
data to the QCD dynamics.

4 Summary

The study of the UHE events at the IceCube is expected
to improve our understanding about the origin, propagation,
and interaction of neutrinos. In particular, the recent data
has been used to constrain the energy behavior of the astro-
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Fig. 4 Effects in the allowed region of parameters due to increments in
the IceCube exposition. a The present exposure associated to 2078 days
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IceCube Gen2 derived assuming that the error in the normalization of
prompt neutrinos is reduced from the current 65–15%. In all the cases,
we assume the DGLAP (CT14) prediction as the observed number of
events

physical neutrino flux as well as to constrain the neutrino–
hadron cross section. One has that variations in these quanti-
ties are expected to modify the flux and event rate at IceCube
detector. In this paper, we have investigated the impact of
different assumptions for the QCD dynamics on the deter-
mination of the astrophysical flux. We have estimated the
distribution of neutrino events at the IceCube considering
the DGLAP, BFKL, CGC and BBMT approaches and find
the best estimates for �astro and γ using a maximum like-
lihood fit comparing the predictions with the distribution of
observed events at IceCube. Our results indicated that con-
cerning the data description, the modifications in the nor-
malization and energy dependence of the neutrino–nucleon
cross section due to the different dynamical approaches can
be compensated by different values for the parameters neu-
trino flux normalization, �astro, and the power index γ , in
such a way that all the models can describe de data success-
fully and cannot be disregard even at 68% of C.L. Moreover,
we also investigated if the increase in the effective exposure
time expected in IceCube-Gen2 will allow us to disentan-
gle the QCD dynamical effects from the description of the
astrophysical neutrino flux. For this case, we have verified
that the higher number of events implies the reduction of the
overlap of the allowed areas for the neutrino flux parame-
ters. However, our results pointed out that the increase of
the detection exposure is not enough to allow us to fully dis-
criminate between the models studied and, consequently, to
constrain the description of the QCD dynamics using only
the data for the energy dependence of the number of events
observed in neutrino telescopes.
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