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We present a quantitative study of the uN cross section in the neutrino energy range 10* < E, < 10" GeV
within two transversal QCD approaches: next-to-leading-order Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution using different sets of parton distribution functions and Balitsky-Kovchegov (BK)
small-x evolution with running coupling and kinematical corrections. We show that the nonlinear effects
embodied in the BK equation yield a slower raise in the cross section for E, = 108 GeV than the usual
DGLAP-based calculation. Finally, we translate this theoretical uncertainty into upper bounds for the
ultrahigh-energy neutrino flux for different experiments.
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I. INTRODUCTION

The observation of neutrino events with energies in the
order of PeV by the IceCube Observatory [1] has opened
a new era in neutrino physics. Currently ongoing and
proposed experimental programs aim at the determination
of the neutrino flux for energies of the incident neutrinos
several orders of magnitude higher than those measurable
at IceCube. Thus, the Auger Collaboration has recently
reported on the limits of neutrino fluxes at ultrahigh energy
(UHE) in Ref. [2]. Also, the LUNASKA project [3] performs
related measurements using the Square Kilometre Array [4].
Among the several astrophysical scenarios proposed as a
source of UHE neutrinos, the interaction of UHE cosmic rays
with the cosmic microwave background would result in a
non-negligible flux of neutrinos impinging on Earth up to
energies of E, ~ 1012714 GeV.

An essential ingredient for the determination of neutrino
fluxes from experimental data is the precise knowledge of
the neutrino-nucleon (vN) cross section, as it relates the
neutrino flux with the number of observed events at a given
neutrino energy. However, the study of the vN cross section
(o,n) at UHE implies probing QCD in a kinematic regime
unexplored so far in ground-based accelerators, like HERA
or the LHC. This region is characterized by very small
values of Bjorken-x (x <1077 for E, = 10'' GeV) and
virtualities of the order of the electroweak boson mass
squared, Q% ~ M% y,, ~ 10* GeV? (for a more precise dis-
cussion of the kinematics, see Sec. II). Thus, a reliable
calculation of o,y in the previously uncharted kinematic
territory relevant for UHE neutrino interactions requires
theoretically controlled extrapolations from the well-tested
region of phase space studied in collider experiments.
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Calculating the cross section of any high-energy had-
ronic collision, like the vN studied in this work, requires
a priori knowledge of the partonic structure of the proton
at all relevant observation scales. In practice, such infor-
mation is provided by phenomenological parton fits to
previously existing data based on the use of perturbative
QCD renormalization group equations in the framework of
well-defined factorization theorems.

The different QCD approaches for the description of the
scale dependence of parton distribution functions (PDFs)—
analogously, for gauge-invariant operators encoding the
parton flux into the collision—share a similar strategy of
resumming radiative terms enhanced by large logarithms
to all orders. The most widely used framework is the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions [5-7], that is, the renormalization group equations
that describe the scale dependence of parton distribution
functions through a resummation of large logarithms
~ayIn Q%/Q3, with Q, some initial scale. The DGLAP
equations have been successfully and intensively tested
against experimental data and, together with asymptotic
freedom and factorization theorems, provide a fundamental
tool for establishing controlled theoretical predictions.
Successful as they are, the DGLAP equations are also
expected to break down in some kinematic regimes. In
particular, at small values of Bjorken-x, large logarithms
~ag In(xy/x) emerge and also need to be resummed to all
orders.

In turn, analogous resummation schemes aimed at
describing the small-x evolution of a hadron structure have
also been developed. In this direction in the kinematic
(x, Q%) plane, orthogonal to DGLAP evolution, the relevant
logarithms are ~a;, In(xy/x), resummed to all orders in the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) approach [8,9].
Additionally, the enhancement of gluon emission at small
x naturally leads to the presence of large gluon densities in
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the proton and to the need of nonlinear recombination
terms in order to stabilize the diffusion towards the infrared
characteristic of BFKL evolution. Most importantly, the
presence of nonlinear terms is ultimately related to the
preservation of unitarity of the theory. Both the resumma-
tion of small-x logarithms and the inclusion of nonlinear
density-dependent corrections are consistently accounted
for by the Balitsky-Kovchegov (BK) equation [10,11],
which corresponds to the large-N,. limit of the Balitsky-
Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-Kovner
[11-14] hierarchy of coupled nonlinear evolution equa-
tions. The presence of nonlinear terms in the small-x
evolution equations limits the growth rate of gluon number
densities for modes of transverse momentum smaller
than the saturation scale Q; (see Sec. II B for a precise
definition). This novel, semihard dynamical scale marks the
onset of nonlinear corrections in QCD evolution and leads
to distinctive dynamical effects such as the generation of
geometric scaling [15]. The ability of the BK equation
at running coupling accuracy to describe the Bjorken-x
dependence of the structure functions in deeply inelastic
electron-proton scattering (DIS) measured at HERA has
been well established in a series of recent works [16—18].
Furthermore, it was shown in Ref. [19] that BK-based
fits to low-x HERA data are more stable than analogous
DGLAP fits under the change in the boundary conditions.
The unintegrated gluon distributions resulting from these
BK global fits to HERA data have found many successful
phenomenological applications in the analysis of data from
the proton-proton, proton-nucleus, and nucleus-nucleus
experimental programs at RHIC and the LHC (see, e.g.,
[20] for a review), providing strong evidence of the
presence of nonlinear saturation effects in available
experimental data.

The natural question arises of which of these two
orthogonal QCD approaches, DGLAP or BK, is better
suited to extrapolate our well-established knowledge of
parton structure to the region of phase space probed in UHE
neutrino of very small-x and high Q? values. Clearly, the
reliability of either approach in this intermediate kinematic
region cannot be determined on a priori theoretical argu-
ments. This is so because, at a parametric level, one expects
that both large logarithmic corrections ~In Q% and In1/x
resummed in either approach to be relevant in that
kinematic regime. It is also clear that claims in favor of
one particular approach should not be done solely on the
basis of agreement with previous experimental data: it is
well known that one can obtain an excellent fit to the
HERA low-x data with a very reduced number of free
parameters. Such is a necessary but not sufficient condition.
Furthermore, beyond describing existing data, the useful-
ness of a given approach rests on its predictive power
towards kinematic regions experimentally unexplored so
far. This latter condition lessens the reliability of phenom-
enological models not equipped with a well-defined QCD
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dynamical input. In our view, the use of one or another
approach should be considered as a systematic uncertainty
associated to the theoretical estimate to the vN cross
section. It is the goal of this work to provide a precise
quantitative reference for such systematic uncertainty.
As we shall explain in detail in the following sections,
we find that the differences arising in the calculation of the
neutrino-nucleon cross section at UHE due to the choice
of either the DGLAP or BK approaches are sizable for
energies of the incident neutrino E, > 108 GeV. These
differences become as large as a factor 4.5 for the highest
neutrino energies of E, = 10'* GeV studied here. In line
with our expectations, the values of the vN total cross
sections obtained within the BK evolution approach are
systematically smaller than those obtained within the
DGLAP approach due to the presence of nonlinear recom-
bination effects accounted for in the BK approach.

This paper is organized as follows. In the next section, a
brief review of the underlying formalism of neutrino deep
inelastic scattering is presented. A systematic study of the
DGLAP approach at next-to-leading order has been per-
formed in Sec. II A including the corresponding error
bands for both charged and neutral current interactions. In
Sec. II B, we introduce state-of-the-art saturation effects in
the computation of ¢, through numerical solutions of the
BK equation including running coupling and kinematical
corrections. Finally, as a phenomenological application we
recalculate the limits of the UHE neutrino flux obtained by
various experiments with our new parametrization for the
cross section.

II. NEUTRINO-NUCLEON CROSS SECTION

The inelastic interaction of neutrinos with nucleons is
described in terms of charged current (CC) and neutral
current (NC) interactions, which proceed through W+ and
7Y exchanges, respectively. The expression of the differ-
ential cross section in the fixed-target frame is [21]

d2655NC _ Gis M? 2
dedy 7 \M? + Q?

 [FEEN 00 4 (1) 02)

+ xy<1 - ;) FONC(x, Qz)] , (2.1)

where G is the Fermi coupling constant, E,, is the neutrino
energy, s = 2MyE, with My the nucleon mass, and M,
denotes the mass of the charged or neutral gauge boson
exchanged. The kinematics of this process is described in
terms of the virtuality of the gauge boson @2, the fraction
of the nucleon’s momentum carried by the struck quark
Bjorken-x, and the inelasticity y = Q?/(xs). The extension
of our results to the case of the neutrino-nucleus cross
section is straightforward. Nuclear effects like nuclear
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shadowing or other destructive interference effects can
be neglected at high virtualities (see, e.g., the nuclear
PDF sets in Ref. [22]). This allows one to consider nuclei
as an ensemble of A independent nucleons, leading to a
trivial scaling of the total cross section with the atomic
number A. Furthermore, we will assume an isoscalar target
N=(p+n)/2 which is a good approximation to the
typical neutrino detector material.

The integral of the differential cross section Eq. (2.1)
is dominated by values of Q? ~ M? = 10* GeV?. Hence
the typical x value probed is Xy, ~M?/2MyE,. For
E, > 10% GeV this translates into X, < 107>; that is,
for ultrahigh-energy neutrinos we are going to work in the
region of small-x and Q values of ~M?% .

Once the underlying formalism has been presented, in
the following sections we are going to compute the
structure functions F;(x, Q%) in both the DGLAP and
BK frameworks.

A. Improved parton model and DGLAP evolution

In the QCD improved parton model, the structure
functions F;(x, Q%) are linear combinations of parton
distribution functions. Explicit expressions for F;(x, Q%)
both at leading order (LO) and next-to-leading order (NLO)
are given in Appendix A. The contribution of top sea
quarks is completely negligible in the phase space region of
our study [23]. So it is the contribution of F5“N® in the
energy range that we are dealing with; therefore, we are not
going to consider it in our further numerical calculations.
We have chosen two sets of PDFs: NNPDF3.0 [24] and
MSTWOS8 [25]. Both sets of parton distribution function
correspond to DGLAP evolution at NLO accuracy. Even
though the two PDF sets rely on the same theoretical
framework, differences in the implementation like, for
instance, the choice of initial conditions for the evolution
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and other details result in slightly different values of the
parton distribution functions.

We have found, in agreement with Refs. [23,26-30], that
the purely NLO, a,-dependent terms in the calculation of
the structure functions are negligible (<5%) compared to
the LO terms, provided that the corresponding linear
combinations of PDFs appearing in the leading-order
expression of the structure functions, Egs. (A1l)-(A6),
are evaluated at NLO accuracy. We have computed o,y
in two different ways: using the leading-order expressions
for the F;(x,Q?%) of Egs. (Al)~(A6) with the PDFs
evaluated at NLO and with the NLO expressions for
Fi(x, Q%) of Egs. (A7)~(A12). The former is labeled as
6% ® PDFN'O in Fig. 1 and is the one commonly used in
the literature, where a,-dependent terms are disregarded.
The latter is tagged as 6™-° ® PDFN-O and corresponds to
the strict calculation of the NLO cross section. The result of
these two calculations are shown in Fig. 1, left top plot,
whereas their ratio

NLO PDFNLO
g0 ®PDEL 22)
o"° ® PDFNLO

is shown in the bottom plot. The value of R stays close to
unity and almost constant for all the neutrino energy range
studied here. This result is better understood by exploring
the relative contribution to the differential neutrino-nucleon
cross section of each individual parton flavor at both
LO and NLO accuracies, shown in the right plot of
Fig. 1 for Q%> = 10* GeV?, which is the typical Q* value
that dominates in this process. Because of the very strong
rise of the gluon distribution function at small x—observed
in HERA data and accounted for in the PDF sets used
here—it may be expected that this contribution, which
appears only in the calculation of the cross section at strict
NLO accuracy, would become the dominant one at
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FIG. 1 (color online). Left: Comparison of 6~© @ PDFN- and ™0 ® PDFN-C together with their ratio. Right: PDFs and c®

PDF of quarks and gluons as a function of x.
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FIG. 2 (color online). The neutrino-nucleon cross section
do/dx with 68% C.L. error bands for E, = 1031214 GeV as
a function of x calculated with the NNPDF3.0 PDF set.

sufficiently high E,. However, this is not the case, as
the smallness of the coupling and the convolution with the
coefficient functions compensate for the growth in the
gluon distribution at very small values of x. We conclude
that the leading terms of the NLO expressions Eqs. (A7)—
(A12) provide an accurate prediction of the UHE vN cross
section.

In our previous discussion about the kinematical region
explored in the neutrino-nucleon interaction, we have
indicated that high E, is equivalent to small values of x.
The most recent update of the experimental data available
of DIS [24] sets the x limit in ~10~> — 107°. The PDFs are
essentially unconstrained below this barrier, and these
uncertainties are fully propagated to the neutrino-nucleon
cross section. Smaller values of Bjorken-x are accessible
in the very forward region of the LHC by the LHCf or
TOTEM experimental programs, but those data are asso-
ciated to very small values of the virtuality 0> < 1 GeV?
and, hence, fall outside the domain of applicability of the
DGLAP approach, valid only for perturbatively large Q>
values. In Fig. 2, we can observe how the x value providing
the largest contribution to the total neutrino-nucleon cross
section shifts towards smaller values when increasing the

|

2 1 "
o) =5 [ @b [ a0 n PN gyl b,

where z is the fraction of longitudinal momentum of the
gauge boson carried by the quark, r is the transverse
separation between the quark and the antiquark, and b is the
impact parameter of the dipole-target collision (henceforth,
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neutrino energy. The uncertainty in the PDFs in that region
is directly translated into the error bands for the cross
section, given at 68% C.L. As an example, for the highest
neutrino energy we find that the dominant x value is ~107°
and the PDFs have an ~20% error.

This uncertainty, however, is not universal for all the
PDF collaborations even though they use an analogous
procedure: an initial parametrization for the PDF that is
fitted to data followed by DGLAP evolution. Not only the
error bands but also the central value changes from one set
to another, as is shown in Fig. 3. We show the neutrino-
nucleon cross section calculated with the MSTWO08 PDF
set in the left plot of Fig. 3. It can be seen how the error
bands increase while raising the neutrino energy due to the
increasing contribution of small-x values reaching a 30%
uncertainty for the highest energy. The right plot shows the
ratio between the cross section obtained with the MSTWO08
and NNPDF3.0 PDF sets, for both charged and neutral
currents. The prediction stemming from the NNPDF3.0 set
is higher for E, > 10% GeV, becoming incompatible with
the MSTWOS set within the error band at the highest
neutrino’s energy. This illustrates the decreasing predictive
power of the approaches based on DGLAP when extended
in the x direction to values smaller than those included in
their fitting data sets. Moreover, the MSTWO08 PDF set
covers values down to only x = 107, which sets an upper
value of E, = 10'?> GeV for the energies that can be studied
within this parametrization. In turn, the NNPDF routines
provide access to x values down to x = 107! and beyond,
allowing us to extend the energy range of our study up
to E, = 10" GeV. Furthermore, the error bands of
NNPDF3.0 are systematically smaller than the MSTWO08
ones. Thus, in what follows, all the DGLAP-based results
will be calculated by using the NNPDF3.0 PDF set.

B. Dipole model and BK evolution

In the dipole model of DIS at low x, the neutrino-nucleon
cross section affords the following physics interpretation:
long before reaching the target, the exchanged electroweak
boson fluctuates into a colorless quark-antiquark dipole.
Subsequently, the ¢g dipole scatters off the hadronic target
via multiple gluon exchanges. The DIS structure functions
for neutrino-nucleon scattering in the dipole model are
given by

(2.3)

I

boldface notation indicates two-dimensional vectors). The
expressions of the wave functions yr; for the splitting of
the gauge boson, with transverse (T) or longitudinal (L)
polarizations, into a gg dipole at lowest order are given in
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FIG. 3 (color online).
for o,y obtained with MSTWO08 and NNPDF3.0.

Appendix B. All the information about the strong inter-
actions in Eq. (2.3) is encoded in dip(x, 1, b), the dipole-
hadron scattering matrix. Under the translational-invariant
approximation, i.e., assuming that the nucleon is homog-
enous in the transverse plane, it depends only on the
absolute value of the dipole transverse size, r = |r|, such
that the dipole-hadron cross section is given by

qu(x, I") =2 / dszdip(x, r, b) = 200Ndip(x, 7‘), (24)

where o is a parameter that fixes the normalization and
is fitted to experimental data. Although of ultimate non-
perturbative origin, the evolution of the dipole scattering
amplitude towards smaller values of x can be studied
perturbatively via the BK equation. It reads

M:/dzrllqr, ri )N (ry, x) + N (ra, x)

0ln(xy/x)

—N(r,x) =N (r,x)N (rp, x)], (2.5)
where x, is the initial value of Bjorken-x and /C is the
evolution kernel, which plays an analogous role to the
DGLAP splitting functions. The evolution kernel is now
known to NLO accuracy in a,In1/x [31] and also at
running coupling accuracy [32-34]. However, NLO BK
evolution turns unstable for a large class of initial con-
ditions [35]. Therefore, here we shall solve the BK equation
either at running coupling accuracy and also by adding
double logarithmic corrections recently calculated in
Refs. [36,37] to the evolution kernel. These two evolution
schemes proceed through an all-order resummation of just a
subset of terms appearing at NLO accuracy, thus rearrang-
ing the perturbative series.

PHYSICAL REVIEW D 92, 014027 (2015)
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Left: The neutrino-nucleon cross section at NLO with MSTWO08 PDFs. Right: Comparison between the results

Similar to DGLAP evolution, solving the BK equation
is an initial value problem; i.e., it is well defined only
after initial conditions at the initial evolution scale x
have been provided for all values of the dipole size r.
This introduces free parameters to be fitted to data. Here
we shall use the parametrizations of the dipole scattering
data obtained in Refs. [16,17,38] after fitting all available
data on the reduced cross sections measured in ep
collisions at HERA with x < 1072. In these works, the
evolution kernel was evaluated at running coupling accu-
racy [16,17], yielding a very good description of the data
x%/d.o.f. ~ 1. We shall refer to this parametrization as RUN
in what follows. It should be noted that a study of the
neutrino-nucleon cross section using running coupling BK
evolution has been presented in Ref. [39]. More recently, a
new parametrization of the dipole amplitude tested against
the same data set but also including large double transverse
logarithmic corrections in the evolution kernel [37] (also
referred to as kinematic corrections in Ref. [36]) has
been presented in Ref. [38]. Again, the reported fit
results were very good with y?/d.o.f. ~1 in all cases.
We shall refer to this parametrization as DLA in what
follows. The main effect of including double logarithmic
corrections in the evolution kernel is a further slowdown of
the evolution speed towards small x. As a consequence,
the DLA parametrization yields a systematically smaller
value of the neutrino-nucleon cross section than the RUN
parametrization.

The maximum values of virtuality included in both the
RUN and DLA fits is Q% = 500 GeV?>. Therefore, the
initial parametrization are not constrained in the region
0% = 10* GeV? relevant for our calculations. This is an
analogous problem to the extension of DGLAP PDF fits
to the region of very small x previously discussed. An
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important difference, though, is that at high rapidities
Y = In(xy/x), and on account of its nonlinear character,
the solutions of the BK equation become independent of the
initial conditions. In other words, the existence of a fixed
point in BK evolution reduces the dependence on the fit
parameters, resulting in asymptotically universal predic-
tions that are controlled only by the dynamical information
contained in the evolution kernel. A detailed study of this
feature of BK evolution, referred to as scaling in the
literature, can be found in Refs. [40,41]. We have tested
the sensitivity to the initial conditions by reducing the
maximum Q? included in the HERA data fitting set from
500 to 50 GeV?. This implies a change in the initial
conditions for the evolution. We observe that, for a given
evolution scheme (running coupling only or running
coupling plus DLA corrections), this results in a negligible
difference in the calculation of the vN cross sections.

The evaluation of the total neutrino-nucleon cross
section involves integration of the differential cross section
[Eq. (2.1)] over all values of Bjorken-x, 0 <x <1,
whereas the dipole amplitude parametrization used here
is well defined only for x < 1072, Other works in the
literature circumvent this problem by extending analyti-
cally the dipole amplitudes into the region x > 1072, Here,
in order to account for the contributions to the cross
sections from the region 1072 < x < 1, we will assume
NLO DGLAP evolution for this range of x. Furthermore,
we shall fix the normalization o, imposing that the
BK cross section coincides with the DGLAP one at the
lowest neutrino energy we are considering, E, = 10* GeV.
This choice is well motivated, since the (x, Q%)-region
probed at that energy is well described by the DGLAP
formalism, that is, large Q% and moderate x. This procedure
implies increasing the parameter o, of the RUN and
DLA parametrizations by ~20%, from ~25 to ~30 mb
approximately.

For comparison, we shall also calculate the neutrino-
nucleon cross section using the Golec-Biernat—Wiisthoff
[42], Tancu-Itakura-Munier [43], and Soyez [44] phenom-
enological models for the quark-antiquark dipole cross
section, recently used in Ref. [27] for the calculation of the
UN cross section at UHE. Other phenomenological studies
of the neutrino-nucleon cross section in different QCD
approaches, including the dipole model, can be found in
Ref. [45]. We shall refer to these models collectively as
PHENO in what follows. Contrary to the RUN and DLA
parametrizations, these models were fitted to the old HERA
data on structure functions, which have been superseded by
the much more precise combined analyses performed by
the H1 and ZEUS Collaborations [46]. It is also known that
more exclusive features of the PHENO models are incom-
patible with more exclusive data like, e.g., single inclusive
hadron production cross sections in pp collisions (see [20]
for an extended discussion). Finally, the energy dependence
of PHENO models is mostly driven by a fit parameter 4 that
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FIG. 4 (color online). The neutrino-nucleon cross section
calculated within the dipole model by using different para-
metrizations for the dipole cross section, 045 RUN, DLA,
and PHENO.

provides the x dependence of the saturation scale
Q?(x) ~x7*. Thus, their extrapolation beyond the region
of phase space covered by the fitted HERA data is not
supported by a well-defined QCD dynamical input.

We present our results for the vN total cross section as a
function of the neutrino energy calculated within the dipole
model in Fig. 4. We observe that the DLA parametrizations
yield a systematically smaller cross section than the RUN
ones. The differences between the two are of a factor <2 for
E, = 10" GeV. This is an expected result, since the main
role of DLA corrections is to further reduce the phase space
for small-x gluon emission, thus resulting in a slower
growth of the dipole amplitude with decreasing values of x.
Once the evolution kernel for BK is fixed, the value of 5,y
is almost insensitive to the initial conditions for the BK
equations. This is seen by comparing the predictions for
either DLA or RUN parametrizations fitted to different
subsets of HERA data, up to Q3 = 50 and 500 GeV?,
respectively. Finally, the results obtained from the PHENO
parametrizations yield an even smaller value of the cross
section at high energies. We conclude that the main
systematic uncertainty in the calculation of o,y within
the dipole model stems from the precise dynamical input
embodied in the evolution kernel and not from the initial
conditions for the evolution.

We summarize the results of this section in Fig. 5. There,
we compare the values for ¢, obtained under the DGLAP
and BK QCD evolution schemes. The band for the
DGLAP-based calculation originates from the uncertainties
of the NNPDF3.0 PDF set used here. In turn, the uncer-
tainty band associated to the BK-based results is related to
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FIG. 5 (color online). Neutrino-nucleon cross section calcu-
lated with NLO DGLAP with NNPDF3.0 and with running
coupling BK.

the choice of running coupling or running coupling plus
DLA correction evolution schemes for the high-energy
extrapolation. We see that the DGLAP and BK approaches
yield similar results for o, up to energies E, ~ 10 GeV.
For higher neutrino energies, the BK-based approaches
lead to a systematically smaller value of the cross section
than the DGLAP-based calculation. That difference bet-
ween the DGLAP and BK approaches becomes as high as a
factor ~4.5 at the highest neutrino energy E, = 10'* GeV.

III. LIMITS ON ASTROPHYSICAL
NEUTRINO FLUXES

In the absence of a unified theoretical framework for the
description of QCD scattering in the full kinematic (x, Q%)
plane, the differences in the theoretical prediction of the
total neutrino-nucleon cross section induce an uncertainty
in the determination of the upper bounds of astrophysical
neutrino fluxes.

The number of neutrino-induced events, in the form of
penetrating air showers, at an array of water-Cherenkov
surface detectors, like those of the Pierre Auger
Observatory, is

do,
Nevt:/dEudEygtot(Eb)’

where the fotal exposure is calculated given the different
flavor weights @, in the flux and the v-nucleon cross
sections from

Eall) = Y S 0,E) [ aerE) T,

i=1.23 v;.p;

(3.1)

(3.2)
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The exposures are the product of the effective aperture, that
is, the detector-projected area weighted by the detection
probability integrated over a solid angle, and the range of
depths within which the shower must originate to trigger
the device, integrated over time. They are functions of the
shower energy Eg = yE, and depend on the detection
method and the shower type (hadronic or electromagnetic,
according to the nature of their first interaction).
Importantly, they can also depend on the neutrino-nucleon
cross section. In a recent work [2], a detailed calculation
of Auger’s total exposure has been presented from the
combination of three channels: Earth-skimming neutrinos
(ES) and downgoing neutrinos from high angles (DGH)
and low angles (DGL). The first one involves v, CC
interactions, and the other two all flavors with both CC
and NC interactions. Assuming the same flux of all flavors,

¢v/2 = ¢z/,» = ¢Di’ with

= kE;? (3.3)

dE,

and an upper limit of N, = 2.39 signal events at 90% C.L.,
from zero observed and zero background events, including
the uncertainties in the exposures, they set a limit

P =64x10"° GeVem2srts71,

k
. = deyEzjzgtot(Eu)

(3.4)

This limit applies in the energy interval 10% < E,/GeV <
2.5x 10 and was obtained by adopting the DGLAP
v-nucleon cross sections given in Ref. [47]. The relative
contributions of the three channels to the expected rate are
(ES):(DGH): (DGL) ~ 0.84:0.14:0.02. According to our
running coupling BK calculation with DLA corrections
(see Fig. 5), their result may be based on an overestimated
expectation for the event rate. Neglecting in this case the
dependence of the exposures on the neutrino-nucleon cross
section in Eqgs. (3.1) and (3.2), we obtain that the limit kg,
could be enlarged by a factor of ~1.5, that is, the inverse of
the ratio between the BK cross section and that of DGLAP
at an intermediate value of E, = 10° GeV.

Over an energy interval, 1.6x 10° < E,/GeV <
3.5 x 10°, IceCube [48] has established an upper bound
on the same flux:

koo < 8.3 x 107 GeVem2sr!s7! (3.5)
that should be rescaled similarly.

Even higher energies is the domain of neutrino radio-
detection experiments, based on the coherent radiation
emitted by secondary charged particles traveling faster
than the phase velocity of light in a dense dielectric,
radio-transparent medium, such as ice, sand, or the lunar
regolith (Askaryan effect). A few experiments operate with
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terrestrial ice as the target, monitored with antennas
embedded in ice (RICE [49]), suspended from balloons
(ANITA-2 [50]), or mounted on a satellite (FORTE [51]).
They are sensitive to increasing energy intervals: 108 <
E,/GeV < 10", 10° < E,/GeV < 10'*3, and 10" <
E,/GeV < 107, respectively. In particular, ANITA-2 sets
a 90% C.L. limit to a pure E;? in the energy interval
10° < E,/GeV < 1043 of

kgy <2 x 1077 GeVem™2sr!s™! (3.6)
using the DGLAP prediction for the vN cross sections
given in Ref. [30]. Although the energy explored by
ANITA-2 is higher than that in Auger, we obtain a similar
enhancement factor of ~1.4 at 10'" GeV, since the event
rate scales with 6% according to Ref. [50].

There are also several experiments detecting radio pulses
from neutrino-initiated particle cascades in the Moon,
under the LUNASKA project [3]. They offer the largest
potential aperture, but they are sensitive only to the most
energetic neutrinos (£, > 10'? GeV), so that the pulse is
bright enough to be visible from such a long distance.
Based on a geometric aperture A(E), a 90% C.L. model-
independent limit to a diffuse isotropic flux,

2. 1
o, 23 1 (3.7)
dEu Ev tobsAeff(Ev)

has been presented in Ref. [52], where ¢, is the effective
observing time. An important source of uncertainty is the
cross section that translates almost linearly to the aperture
and hence to the flux limit [3]. The flux limits from these
experiments can be up to a factor of 2.5-4.5 larger in the
energy range from E, = 10'% to 10'* GeV, following the
BK-based result for o, presented in this work.

IV. CONCLUSIONS

We have presented a quantitative study of the neutrino-
nucleon total cross section in two different QCD
approaches: NLO DGLAP and running coupling BK
evolution. We have used state-of-the-art parametrizations
of the parton distribution functions in the DGLAP case and
of the dipole-nucleon scattering amplitude in the BK case.
These parametrizations have been successfully tested
against the available experimental data from HERA and
the LHC. The differences in the cross sections arising from
the use of one or another approach are due to the different
theoretical input driving the extrapolation to the previously
unexplored kinematic territory of UHE neutrino-nucleon

|

2
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collisions. The cross sections obtained in the BK frame-
work are systematically smaller than those calculated
within the DGLAP framework, the difference between these
two approaches being as large as a factor 4.5 at the highest
neutrino energies studied in this work, E, = 10'* GeV. This
is an expected result, since the BK framework includes
dynamical recombination effects that reduce the growth of
the gluon densities, and hence of the total cross section
as well, at small values of Bjorken-x. These systematic
differences in the theoretical calculation of the total neu-
trino-nucleon cross section affect directly the experimental
analyses for the determination of the neutrino fluxes of
astrophysical origin. Neutrino experiments exploring the
extremely high-energy range are the best playground to test
our predictions, that start to differ significantly from those
of DGLAP for E, = 108 GeV. We have shown that for
the energies explored by the LUNASKA experiments,
E, ~ 10" GeV, the actual predictions for the upper bounds
could be enlarged by a factor of up to ~4.5.
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APPENDIX A: LO AND NLO DGLAP
EXPRESSIONS FOR vN SCATTERING

At LO we find [21] the following structure functions for
charged currents:

ZxFICC(x, QZ) = Fgc(x, Qz), (A1)
1 _
Fgc(x,Qz)zx§(u~|—d+ﬁ+d)+s+c+b, (A2)
1 _
Fgc(x,Qz)zi(u+d—ﬁ—d)—l—s—c+b (A3)
and for neutral current interactions:
2xFYC(x, Q%) = FYC(x, 0?), (A4)

FYC(x, %) = x{l ()2 + () (g + (g2 +d @+ @) + 20(e) + ()]s + b) + 2(gt)? + <g;s>2]c},

(AS)
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TABLE 1. Relevant couplings for neutral current interactions
with 0y, the weak mixing angle.

f g, = T — Qysin0y, gk = —Q;sin®0y
u 1 —2sin’0y ——sm20W

d —14+1sin’0y Lsin?0y

FYC (e, 0%) = 3 [(6h)? ~ (g + (64" = ()"

x(u+d—i—d), (A6)
where the couplings are given in Table I. To account for
NLO corrections, one must add a convolution of the PDFs
with appropriate coefficient functions, including a contri-
bution from gluons. The structure functions at NLO for n,
active flavors read [53]

F{%(x,0%) = Fi%10
a,(0? 1
+—éﬂ ) Cl ® Fiflio +5n/Cl ® g,
(A7)
Fgc(x, Qz) = FCC|L0
(Qz) q cc
+ [C ®F |L0+nfC ®)Cg]
(A8)
2
FEC(r 0 = Bl + 28 (1 @ POl ). (a9)
NC 2\ _ pNC “s(Q) q NC gf 2
Fi&(x, Q%) =F{%[ o+ CI®F, |LO+Z 1)
+(gR))Cl ® g] : (A10)
NC 2 NC a(0%) q NC
F; (X’Q):Fz |Lo+ 7 G, ®F, |LO

+23 ()2
!

a,(Q%)
2

(e ®xg] (ALD)

FY€(x. Q%) = F¥| 0 +

(€5 @ Fiol  (A12)

with
Z[(g{)Z +(gR)! = {20(g%)? + (g%)*1 +3[(98) + (o)1}

f
(A13)
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for n; =35, where the PDFs are evaluated at NLO. The
coefficient functions are given by [21,54]

4 In(1-z)| 142 3.1
Clz) ==42 Inz—2-—
i (2) 3{ -z |, 1-z e 21 —z|,
+3+2z—(1+2)In(1 - z)
2
—5(1-2) (2+”—> +A§’}, (A14)
23
where
Al=-2z,  Al=0, A{=—(1+2), (AI5)

and for the gluon initiated processes:

C?(z)—%{[(l—z)z—i—zz]ln(%) —8z2+8z—1+A-?},

(A16)
where
Al =—-4z(1-z), AJ=A]=0 (Al7)
and
)
Q) =17 as(M?)%‘:lzrf(Qz/M%) ’
_(33-2N)) (AI8)

o 12n

A numerically small disagreement with Ref. [53] was
found. The plus prescription is defined as usual,’ and ®
denotes the convolution defined as

1
Cf®PDF—/ %cf(z)PDFG). (A19)

APPENDIX B: LIGHT CONE WAVE FUNCTIONS
FOR THE DIPOLE MODEL

Explicit expressions for the wave functions squared in
the massless quark limit are as follows [55]:

WA (2 00 = S 12+ (- 2Peki e, (B
Wl (.2 0 =25 2(1 - QK3 (er). (B2)
WA (.2 ) = 55 [(0h)? + (gh)? + ()2 + ()]

x [ + (1 = 2)’|e’Ki er), (B3)

N ef (@) = [ d2lf () = F(D]g(e) — £(1) fi deg(2)
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24
0 2
lwi (r,z, Q)" = o

where

e =z(1-2)0?

and Ky (x) are the modified Bessel functions.

[(g)% + (gi)* + (99)* + (g)*2* (1 = 2)* Q*KG (),
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