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Abstract. Evidence for an extraterrestrial ﬂux of ultra-high-energy neutrinos, in the order of PeV, has opened a new era in Neutrino Astronomy. An essential ingredient for
the determination of neutrino ﬂuxes from the number of observed events is the precise
knowledge of the neutrino-nucleon cross section. In this work, based on [1], we present
a quantitative study of σνN in the neutrino energy range 104 < Eν < 1014 GeV within two
transversal QCD approaches: NLO DGLAP evolution using diﬀerent sets of PDFs and
BK small-x evolution with running coupling and kinematical corrections. Further, we
translate this theoretical uncertainty into upper bounds for the ultra-high-energy neutrino
ﬂux for diﬀerent experiments.

1 Introduction
In 2013, the IceCube Collaboration [2] announced the detection of 28 neutrino events of astrophysical
origin from TeV to PeV energies. To probe this region of UHE a new generation of experiments
is already operating or being deployed. Thus, the Auger collaboration has recently reported on the
limits of neutrino ﬂuxes from 108 to 1010 GeV in [3]. Also, the LUNASKA project [4] will perform
related measurements at even higher energies (Eν ≥ 1012 GeV) using the Square Kilometre Array
[5]. Among the possible astrophysical scenarios, cosmogenic neutrinos could be produced in the
scattering of protons oﬀ cosmic microwave background photons that would result in a non-negligible
ﬂux of neutrinos impinging on Earth up to energies of Eν ∼ 1012 GeV. Neutrinos with higher energies
may arise in top-down models of UHE cosmic rays.
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 Z 0 exchanges, respectively. The
expression of the diﬀerential cross section in the ﬁxed-target frame is:
⎞2
⎛
d2 σCC,NC
G2F s ⎜⎜⎜ Mi2 ⎟⎟⎟
νN
⎟⎠
⎜⎝
=
dxdy
π Mi2 + Q2

y CC,NC
F
× xy2 F1CC,NC (x, Q2 ) + (1 − y)F2CC,NC (x, Q2 ) + xy 1 −
(x, Q2 )
2 3

(1)
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where G F is the Fermi coupling constant, Eν is the neutrino energy, s = 2MN Eν with MN the nucleon
mass and Mi denotes the mass of the charged or neutral gauge boson exchanged. The information
about the partonic structure of the nucleon is encoded in the structure functions Fi (x, Q2 ). The kinematics of this process is described in terms of the virtuality of the gauge boson Q2 , the fraction of
the nucleon’s momentum carried by the struck quark Bjorken-x and the inelasticity y = Q2 /(xs). The
integral of the diﬀerential cross section Eq. 1 is dominated by values of Q2 ∼ Mi2 = 104 GeV2 . Hence
the typical x value probed is x ∼ Mi2 /2MN Eν . For Eν > 108 GeV this translates into x < 10−5 , that
2
is, we are going to explore the region of small-x and Q2 values of ∼ MZ,W
. This kinematic region
hasn’t been probed so far in ground based accelerators such as HERA or the LHC. Thus, the study
of σνN provides a test for the diﬀerent QCD frameworks that describe the scale dependence of parton
distribution functions. In particular, we have computed σνN within two orthogonal QCD approaches:
NLO DGLAP and running coupling BK evolution. Clearly, the reliability of either approach in this
intermediate kinematic region cannot be determined on a priori theoretical arguments. This is so because, at a parametric level, one expects that both large logarithmic corrections ∼ ln Q2 and ln 1/x
resumed in either case to be relevant in that kinematic regime. In our view the use of one or another
QCD evolution scheme should be considered as a systematic uncertainty associated to the theoretical
estimate of the νN cross section.

2 Improved parton model and DGLAP evolution
In the QCD improved parton model the structure functions Fi (x, Q2 ) are linear combinations of parton
distribution functions. We have chosen two sets of PDFs, NNPDF3.0 [6] and MSTW08 [7]. Both sets
correspond to DGLAP evolution at NLO accuracy.
In our previous discussion about the kinematical region explored in the neutrino-nucleon interaction we have indicated that high Eν is equivalent to small values of x. The most recent update of
the experimental DIS data available [6] explores x down to ∼ 10−5 − 10−6 . The PDFs are essentially
unconstrained below this barrier and these uncertainties are fully propagated to the neutrino-nucleon
cross section. This uncertainty, however, is not universal for all the PDFs 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 it is displayed in Fig. 1 [1]. In the left plot of Fig. 1 it is shown the neutrino-nucleon cross
section calculated with the MSTW08 PDF set. It can be seen how the error bands increase while rising
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 MSTW08
and NNPDF3.0 PDF sets, both for charged and neutral currents. The prediction with the NNPDF3.0
set is higher for Eν  108 GeV becoming incompatible with the MSTW08 set within the error band at
the highest neutrino 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.

3 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
colourless quark-antiquark dipole. Subsequently, the qq̄ dipole scatters oﬀ the hadronic target via
multiple gluon exchanges. The DIS structure functions for neutrino-nucleon scattering in the dipole
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Figure 1. Left: the neutrino-nucleon cross section at NLO with MSTW08 PDFs. Right: comparison between the
results for σνN obtained with MSTW08 and NNPDF3.0.

model are given by
CC,NC
FT,L
(x, Q2 ) =

Q2
4π

1

d2 bd2 r
0

±

2

,Z
2
dz ψW
T,L (z, Q , r) Ndip (x, r, b).
0

(2)

All the information about the strong interactions in Eq. (2) is encoded in Ndip (x, r, b), the dipolehadron scattering matrix. 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
∂N(r, x)
=
∂ ln(x0 /x)

d2 r1 K(r, r1 , r2 ) [N(r1 , x) + N(r2 , x) − N(r, x) − N(r1 , x)N(r2 , x)]

(3)

where x0 is the initial value of Bjorken-x and K is the evolution kernel, which plays an analogous
role to the DGLAP splitting functions. The evolution kernel is currently known to NLO accuracy
in α s ln 1/x [8] and also at running coupling accuracy [9–11]. However, NLO BK evolution turns
unstable for a large class of initial conditions [12]. Therefore, we have solved the BK equation either
at running coupling accuracy and also adding double logarithmic corrections recently calculated in
[13, 14] to the evolution kernel. We have used the parametrizations of the dipole scattering amplitude
obtained in [15, 16] and [17] after ﬁtting all available data on the reduced cross sections measured
in ep collisions at HERA with x < 10−2 . The kernel was evaluated at running coupling accuracy
(RUN) and including large double transverse logarithmic corrections (DLA). For comparison, we shall
also calculate the neutrino-nucleon cross section using the GBW [18], IIM [19] and Soyez [20] phenomenological models for the quark-antiquark dipole cross section (PHENO).
We present in Fig. 2 our results for the νN total cross section as a function of the neutrino energy
calculated within the dipole model. 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
Eν = 1014 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. Finally, the results obtained from the PHENO parametrizations yield an

02013-p.3

EPJ Web of Conferences

−30.0
−30.5

log10 (σνN /cm2 )

−31.0
−31.5
−32.0
−32.5
RUN Q2ﬁt =50 GeV2

−33.0

RUN Q2ﬁt =500 GeV2

−33.5

DLA Q2ﬁt =50 GeV2

DLA Q2ﬁt =500 GeV2

−34.0
.

−34.5

PHENO

4

6

8

10
log10 (Eν /GeV)

12

14

Figure 2. The neutrino-nucleon cross section calculated within the dipole model using diﬀerent parametrizations
for the dipole cross section, σqq̄ : RUN, DLA and PHENO.

even smaller value of the cross section at high energies. Once the evolution kernel for BK is ﬁxed,
the value of σνN 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 Q2ﬁt = 50 and 500 GeV2 respectively. We conclude that the main systematic uncertainty in
the calculation of σνN within the dipole model stems from the precise dynamical input embodied in
the evolution kernel, and not from the initial conditions for the evolution.

4 DGLAP vs BK
The main result of our study is shown in Fig. 3. In this plot we compare the values for σνN 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 uncertainty band
associated to the BK-based results is related to the choice of running coupling or running coupling
plus DLA corrections evolution schemes for the high-energy extrapolation. We see that the DGLAP
and BK approaches yield similar results for σνN up to energies Eν ∼ 108 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 between DGLAP and BK approaches become as high as
a factor ∼ 4.5 at the highest neutrino energy Eν = 1014 GeV.

5 Astrophysical implications
In absence of a uniﬁed theoretical framework for the description of QCD scattering in the full kinematic (x, Q2 )-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 event rate at a neutrino telescope is given by
Nevt =

 
i=1,2,3 νi ,ν̄i

dEν

dφν
ων (Eν )
dEν i
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Figure 3. Neutrino-nucleon cross section calculated with NLO DGLAP with NNPDF3.0 and with running coupling BK.
Table 1. Theoretical uncertainty in σνN for diﬀerent experiments covering the whole range of energies
considered in this work.

Experiment
Auger [3]
ANITA-2 [21]
LUNASKA [22]

Energy range [GeV]
108 − 1010
109 − 1014
≥ 1012

σDGLAP
/σBK
νN
νN
∼ 1.3 − 1.7
∼ 1.5 − 4.5
 2.5

It is proportional to the ﬂux (φν ), the exposure (E) and the cross section (σνN ). Importantly, the exposures can also depend on the neutrino-nucleon cross section. The current upper bounds on the UHE
neutrino ﬂux have been obtained adopting the DGLAp ν-nucleon cross sections. In table 1 we show
how these bounds could be enlarged for diﬀerent experiments due to the theoretical uncertainty coming from σνN . Neutrino radio-detection experiments based on the Askaryan eﬀect, such as ANITA-2
and LUNASKA, explore the extremely high energy range. They are the best playground to test our
predictions that start to diﬀer signiﬁcantly from those of DGLAP for Eν  108 GeV. We have shown
that for the energies explored by the LUNASKA experiments, Eν ∼ 1014 GeV, the current upper
bounds could be enlarged by a factor of up to ∼ 4.5.

6 Conclusions
In summary, 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 cross sections obtained in
the BK framework are systematically smaller than those calculated within the DGLAP framework, the
diﬀerence between these two approaches bein as large as a factor 4.5 at the hightest neutrino energy
studied in this work Eν = 1014 GeV. These systematic diﬀerences in the theoretical calculation of
the total neutrino-nucleon cross section aﬀect directly the experimental determination of the neutrino
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ﬂuxes of astrophysical origin. Our current understanding of the hadronic structure would be improved
by an electron-ion collider thus reducing the theoretical uncertainty of σνN .
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