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Above a few GeV the  dominant interaction process is
n-N deep inelastic scattering

Q2 Þ propagator ¯

Q2 Þ parton distribution functions 

Most of the contribution to DIS cross-section comes from:

Can calculate numerically at Next-to-Leading-Order (NLO) … no significant further change at NNLO
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where some of the Lorentz-invariant quantities are also given in the laboratory centre-of-

mass frame where the target nucleon is at rest. In these expressions, mN is the nucleon

mass, E⌫ and E
0 are the incoming- and outgoing-lepton energies, and k, q, and p are the

four-momenta of the neutrino, the gauge boson, and the nucleon (see Fig. 2.1).

The main ingredients for the theoretical prediction of the double-di↵erential cross-

section defined in Eq. (2.1) are the structure functions F
⌫(⌫̄)N
i=2,3,L(x,Q

2), which describe

the underlying QCD dynamics of the scattering process. Structure functions factorise as

follows:
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corresponding to the convolution of the universal PDFs (fa) with the process-dependent

coe�cient functions (Ci,a). Typically, coe�cient functions are computed in perturbation

theory as a truncated expansion in powers of the strong coupling ↵s.

Before discussing the theoretical accuracy of the structure function predictions, it is

useful to illustrate the kinematic coverage of the UHE neutrino-nucleon cross-section for

some representative values of the incoming neutrino energy E⌫ . To do so, we compute the

total CC neutrino-nucleon cross-section integrating Eq. (2.1) over the relevant kinematic

region. The computation is performed at NLO using the NLO fixed-order NNPDF3.1sx

central PDF set [34] assuming an isoscalar target.2

Fig. 2.2 shows the integration regions on the (log10x vs. log10Q
2) plane that contribute

most (20%, 40%, 60%, and 80%) to the total cross-section for E⌫ = 5 ⇥ 108 GeV (left)

and E⌫ = 5 ⇥ 1010 GeV (right). The dot-dashed diagonal line indicates the upper bound

of the integration of Q2 as a function of x, that is given by Q
2
max(x) = 2mNE⌫x. For

E⌫ = 5 ⇥ 108 (5 ⇥ 1010) GeV, the main contribution to the cross-section arises from the

region with Q
2
' M

2
W

and x ' 2⇥ 10�5 (2⇥ 10�7), with sensitivity to the small-x region

down to x ' 10�6 (10�8). This pattern is the consequence of two separate e↵ects. For

Q
2
� M

2
W

the contribution to the total cross-section is power-suppressed by the W -boson

propagator, see Eq. (2.1). For Q
2
⌧ M

2
W
, instead, the suppression of the cross-section is

driven by the decrease of PDFs as Q2 decreases.

In the kinematic regions highlighted in Fig. 2.2, fixed-order calculations are a↵ected by

the presence of large logaritms of x that spoil the perturbative convergence, see Refs. [31,

32, 61] and references therein. However, it has been shown that fixed-order calculations

2That is, a nucleus assumed to be composed of equal numbers of free protons and neutrons and where

nuclear e↵ects are neglected. The PDFs for such a nucleon can be obtained by assuming isospin symmetry

to connect protons and neutrons.
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As the neutrino energy increases, low values of Bjorken-x are being probed

So to determine the DIS cross-section accurately it is essential to have 
measurements of PDFs down to as low x as is possible … for En higher than 
~103 TeV we have to evolve these further (using the DGLAP formalism)

M
er

ts
ch

, C
oo

pe
r-S

ar
ka

r &
 S

ar
ka

r, 
JH

EP
 0

8:
04

2,
20

11

(Warning: Off-the-shelf PDFs, e.g. on  http://lhapdf.hepforge.org,  often ‘freeze’ below some low 
value of Bjorken-x (i.e. values are set to zero), so care must be taken at very high En to avoid errors!)

http://lhapdf.hepforge.org/


The H1 & ZEUS experiments at HERA were the
first to measure DIS at high Q2 and low
Bjorken-x … an unexpected finding was the very 
steep rise of the gluon PDF at low x which has 
significance for high energy neutrino interactions

Scaling violations in perfect accordance with pQCD



The cross-section using modern PDFs is up to ~40% below
the previous ‘standard’ calculation of Gandhi et al (1998) 

We also quantified the uncertainty to be < 5-10% even
at the highest energies … in the framework of pQCD

At very high energies where very low-x is being 
probed, recombination/saturation effects may 
reduce the cross-section by a factor of up to ~2 … 
However DGLAP evolution appears to fit well all
experimental data – so no imperative for this yet! 
(although fit does improve with BFKL resummation)
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Agrees with low energy (>10 GeV) data



After the full HERA data release 

we updated the ν-N cross-section 

@ NLO using HERAPDF1.5, 

including the effect of heavy 

quarks on the DGLAP evolution

… the full code is implemented in:

We find good agreement between different PDF sets after rejecting unphysical members which 

would have yielded negative values for the structure function FL (or violated the Froissart bound) 
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https://dispred.hepforge.org/

This is the cross-section implemented 
in NuGen and other event generators

https://dispred.hepforge.org/


the ν-N cross-section prediction can be tested by examining the 
zenith angle dependence of an isotropic ν flux viewed through the Earth

Preliminary Reference Earth Model (PREM), 1981
Earth diameter ⇒ interaction length at Eν ~ 40 TeV

NB: The flux of atmospheric neutrinos (which dominate up to ~105 GeV) is isotropic 
… also a good approximation for the extragalactic flux … galactic component is <18%
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CSMS 2011 n

CSMS 2011   

Weighted

⌫̄
inferred experim

entally 

from
 Earth absorption

No evidence of deviation from SM up to ~980 TeV

Powerful probe of new physics beyond the SM (e.g. leptoquarks, new dimensions) 
should be able to probe up to ~1010 GeV using cosmogenic n - with IceCube-Gen2

Ic
eC

ub
e

Co
lla

bo
ra

ti
on

, N
at

ur
e 
55

1:
59

6,
20

17



Another test of new physics is the inelasticity distribution .. 

Predicted y-distribution
SM expectation matches the 5-yr data!

Forecast with 7-yr dataset
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(Courtesey Gary Binder)

with the cascades being reconstructed as more downward
going. This zenith angle distribution is sensitive to the
amount of optical scattering in the bulk ice and in the hole
ice, and we find increased scattering can produce a down-
ward bias in the distribution. Our fits, discussed below, also
confirm this observation and find somewhat higher levels of
optical scattering than the IceCube baseline.

VII. INELASTICITY FIT

With the reconstruction results from Sec. VI, we can
characterize the distribution of visible inelasticity across
energy. The visible inelasticity distribution is shown in
Fig. 7 for four half-decade energy bins, from 1 to 100 TeV;
a fifth bin is used for energies above 100 TeV. The data
are compared to predictions based on the CSMS cross

section calculation, weighted by the expected neutrino and
antineutrino fluxes. The flux models used are the best-fit
atmospheric and astrophysical models to be described in
Sec. VIII. The data are in good agreement with the
predictions.
To further characterize the inelasticity distribution in a

model-independent fashion, ideally we would use these
visible inelasticity distributions to unfold dσ=dy, but there
are several complications. The detection efficiency drops at
low energies for very large y because the track is no longer
visible. It also drops for small y at low energies because
there is not enough light visible in the detector. Because of
these strongly varying efficiencies, the limited statistics,
and the limited resolution, we do not attempt to unfold the
data to present dσ=dy distributions. Instead, we parametrize

FIG. 7. The reconstructed visible inelasticity distribution in five different bins of reconstructed energy. Observed data are shown in
black. Error bars show 68% Feldman-Cousins confidence intervals for the event rate in each bin [57]. The result of fitting the distribution
to the parametrization of Eq. (10) is shown with dashed green lines. The prediction of the CSMS differential CC cross section are shown
for neutrinos with solid blue lines and antineutrinos with dashed blue lines. The total CC charm contribution is shown in magenta,
illustrating its flatter inelasticity distribution. The best-fit flux models of Table II are assumed for all predictions.
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As experimental precision improves, further theoretical issues need to be considered

* Heavy quark mass effects on DGLAP evolution: bottom to top quark splitting

However the exact way the b� t contribution turns on is under discussion (⇒ ~5% syst. uncertainty) 

2

determined to less than 0.5 degree.
In the Class 2 shower events, the energy of the inci-

dent neutrino is reasonably well determined, while the
neutrino direction has large uncertainty (with a median
uncertainty of 10 degrees).

Thus, the two Classes of events are complementary in
their physics information. The neutrino flux is steeply
falling up to 100 TeV, as expected for neutrinos of at-
mospheric origin. Above 240 TeV, the neutrino flux has
a flatter energy spectrum that is consistent with a E�2

⌫
power law, typical of an astrophysics Fermi acceleration
mechanism of cosmic rays [17]. Whether there is a maxi-
mum energy cut-o↵ of the neutrino flux remains an open
question.

The three most energetic shower events have energies
of 1.041 PeV, 1.141 PeV and 2.0 PeV, with 15% energy
resolution. A track event was found with an exceptionally
high-energy muon and 2.6 ± 0.3 PeV deposited energy.
These are the highest energy neutrinos ever recorded
by any experiment. The high-energy neutrino flux in-
ferred by IceCube depends on the e↵ective area of the
detector, under the assumption that the neutrino inclu-
sive cross-section can be accurately modeled by charged-
current and neutral-current DIS on light-quark flavors.
Our study evaluates the impact of the b-quark to t-quark
and the s-quark to c-quark transitions, treating the b-
quark as a massless parton in the proton [18, 19] in the 5-
flavor formalism. In addition, we simulate the muon dis-
tributions in dimuon events for a further probe of heavy
quark contributions. Our focus is on events in which the
deep inelastic interaction on a proton target of a ⌫µ gives
a fast primary muon.

II. SLOW SCALING IN TOP-QUARK

PRODUCTION

In a 4-flavor parton scheme (4FS), the leading-order
(LO) partonic process for the QCD production of a b-
quark is gluon to bb̄ and the top-quark is produced from
the b-quark in an overall 2 to 3 particle process. In the
4FS, the integration over the final-state bottom-quark
momenta leads to logarithmic dependence on mb. In a
5-flavor scheme (5FS), these logarithms are re-summed
to all orders in the strong coupling into a b-quark parton
distribution function (PDF).

In the 5FS, the b-quark mass is set to zero, and all
collinear divergences are absorbed into the PDF through
mass factorization. The dependence on the b-quark mass
is encoded as a boundary condition on the Renormaliza-
tion Group Equations. In the 5FS, top-production in DIS
is a 2 to 2 particle process. We adopt the 5FS for our
calculations for e↵ectiveness, since either the 4FS or 5FS
scheme should give the same cross-section. [20] A simi-
lar use of the b-parton PDF in the calculation of Higgs
production at colliders can be found in [20, 21].

The leading order Feynman diagram for top-quark pro-
duction in the 5FS via the weak charged-current neutrino

⌫ l�

W+

b

t

b

f̄ 0

f

FIG. 1: Leading order Feynman diagram for neutrino pro-
duction of the t-quark from the b-quark parton in the nu-
cleon, ⌫b ! `t. The W-boson decays to a fermion and an
anti-fermion

interaction is shown in Fig. 1, along with the top-quark
decay to a b-quark and a real W-boson.
The charged current subprocess ⌫b ! `t gives the deep

inelastic t-quark production cross-section. In the excel-
lent approximation that the quark mixing matrix element
Vtb = 1, the di↵erential DIS cross section is given by

d�

dxdy
=

G2
F (ŝ�m2

t )m
4
W

⇡(Q2 +m2
W )2

b(x0, µ2) , (1)

where the momentum transfer q = p⌫ � p` sets the
scale Q2 = �q2 > 0. The Bjorken scaling variables are
x = Q2/2p · q and y = pN · q/mN , with Q2 = sxy;
y = (E⌫ � E`)/E⌫ = Eh/E⌫ is the fraction of the neu-
trino energy that is transferred to hadrons. The CM en-
ergy squared of ⌫N scattering is s = 2mNE⌫ , neglecting
the small m2

N contribution. From kinematics, the frac-
tional momentum of the b-parton is x0 = x+m2

t/ys. The
subprocess CM energy squared is ŝ = (p⌫ + pb)2 = x0s.
The domains of the x, y variables are

m2
t/s < y < 1 and 0 < x < 1� m2

t
sy . (2)

Note that b(x0, µ2) is evaluated at the slow scaling vari-
able, i.e. x0.
After variable substitutions, we also obtain the formula

d�

dxdy
=

G2
F (2mNE⌫x+m2

t/y �m2
t )m

4
W

⇡(m2
W + 2mNE⌫xy)2

b(x+ m2
t

sy , µ
2) ,

(3)
with y(1 � x) > m2

t/s. Note that the numerator factor
(xs+m2

t/y �m2
t ) �! xs when ŝ � m2

t , and thus xb(x)
is obtained in Eq. (3) well above threshold. A similar
formula applies to the anti-neutrino case. In our calcula-
tions we take mt for both factorization and renormaliza-
tion scales, as found in other applications to reproduce
NLO and NNLO results in a LO calulation[20, 21]

III. CROSS SECTIONS AND y-DISTRIBUTIONS

The calculated neutrino DIS charged-current cross sec-
tions are shown in Fig. 2 versus the neutrino energy.
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FIG. 2: Deep-inelastic ⌫µ cross-section for charged-current
scattering on a proton target. The upper curve is the standard
result for u, d, s, c partons. The middle curve shows the cross-
section from the s-quark to c-quark process. The bottom
curve is the DIS contribution from scattering on the b-quark
parton to produce the t-quark reaction.

The upper curve is the result for 4 light parton flavors
(u, d, s, c); NLO QCD corrections[22] are found to be -1%
of the LO result at all energies and thus are insignificant.
However, the calculated DIS cross sections are subject to
possible overall uncertainties associated with the PDFs,
but again these will be independent of neutrino energy.
The lower curve in Fig. 2 is the contribution from top-
quark production. Above 10 PeV the top-quark cross
section approaches 5 percent of the usual CC result. The
middle curve is the contribution from of c-quark produc-
tion from the s-quark. Single charm production is about
25 percent of the total DIS. The weak production of the
charm quark from the strange quark in the proton has
a low neutrino energy threshold and the energy depen-
dence is quite unlike the steep rise with energy of top
quark production.

Physics with a high threshold energy, like the top, will
first become evident at low x and high y. The distribu-
tions in the scaling variable y = 1 � Eµ/E⌫ are shown
in Fig. 3a, for three choices of neutrino energy: 0.1 PeV
(close to the threshold for top production), 1 PeV (an
energy for which the background from atmospheric neu-
trinos is negligible) and 10 PeV (where the y-distribution
for top production approaches the shape of the usual re-
sult of 4-quark flavors). The y-distribution at 0.1 PeV
clearly exhibits the kinematic suppression from the top-
quark threshold.

The theoretical distribution in the y variable from scat-
tering on light partons has been used by the IceCube col-
laboration in estimating the neutrino energy of through-

going muon events from the Cherenkov light. Figure 3b
compares the average-y values, hyi, for production from
4-quark flavors with that from top-production. There are
substantial di↵erences in hyi for neutrino energies of 1-
10 PeV. Thus, since E⌫ = Ehadron/y, a higher neutrino
energy would be inferred for an event assuming produc-
tion from light partons then would be the case if it is a
top-quark event. However, the importance of this e↵ect
should be modest, since the top cross section at a neu-
trino energy of 1 PeV is only at the 5 percent level. At
the highest energies in Fig. 3b, the 4-flavor and t-quark
results for hyi are converging, since sea quarks then dom-
inate the cross sections. We note that the trend towards
smaller y with increasing energy, for both the usual CC
and t-quark cross-sections, is a consequence of the the
Q2 dependence of the W -propagator, which suppresses
high-y contributions.

IV. DIMUON EVENTS

In addition to a primary muon in the DIS of ⌫µs, the
decays of a top quark into B-mesons or a charm quark
into D-mesons will lead to additional muons in about 10
percent of heavy quark events. In the following we label
the most energetic muon in an event as µ1, which mostly
will be the primary muon from the neutrino production
vertex and that of the second most energetic muon as
µ2, which will mostly be the muon from the decay of the
heavy quark.

At high neutrino energies, µ2 will typically also
have moderately high energy due to the large Lorentz
boost from the center-of-mass frame to the laboratory
frame. We simulate the predicted kinematic distribu-
tions of these muons from heavy quark decays using
MadGraph5 [23] for the production cross sections and
PYTHIA6 [24] for the hadronizations into B and D
mesons as well as their decays. Top quarks decay be-
fore hadronization, so we include the spin correlations of
production and decay in that case.

The muon transverse momentum and energy distribu-
tions are shown in Fig. 4 and the angular separations of
the two leading (in energy) muons are shown in Fig. 5, at
an incoming neutrino energy of 1 PeV. In each figure, ⌫b
represents a b to t conversion, ⌫s represents s to c con-
version, etc. All muons in the final state, both from the
neutrino-vertex and those from a real W -boson, when
present, as well as the B,D decays, are included. The
muons from decays of the longer lived pions and kaons are
not included as they will lose energy quickly and range
out during their propagation in the ice or rock.

The radiation of a W or Z boson, from internal and
external particles of the lowest order weak processes, are
also a potential source of multi-lepton events when the
W or Z decay to muons (or the W and Z decay to c
and b quarks that subsequently decay to muons). We
have calculated these contributions to dimuon events and
found that they are about an order of magnitude smaller

J
H
E
P
0
8
(
2
0
1
1
)
0
4
2

100 104 106 108 1010 1012

!0.2

!0.1

0.0

0.1

0.2

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5
w
#
b

Ν CC xsec $HERAPDF1.5% w# b quark

Ν CC xsec $CSS%

100 104 106 108 1010 1012

!0.2

!0.1

0.0

0.1

0.2

EΝ !GeV"
re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5
w
#o
b

Ν CC xsec $HERAPDF1.5% w#o b quark

Ν CC xsec $CSS%

100 104 106 108 1010 1012

!0.2

!0.1

0.0

0.1

0.2

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν NC xsec $HERAPDF1.5%

Ν NC xsec $CSS%

Figure 11. The relative deviation of the cross-section calculated by CSS [30] from our result for
the HERAPDF1.5 central member. For the CC cross-section (left) we compare to HERAPDF1.5
with (upper panel) and without (lower panel) the b-quark contribution. For NC scattering (right)
the b-quark was included already by CSS [30] and the agreement is excellent.
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Figure 12. The relative deviation of the ANIS [62] and GENIE [64] cross-sections from the
HERAPDF1.5 central member.

In figure 12 we compare our results for HERAPDF1.5 to the cross-sections used in the

neutrino event generator ANIS [62] which is based on CTEQ5D. Note that at energies below

a TeV (which is the most important energy range for neutrino telescopes like IceCube [63])

there is a ∼ 10% discrepancy. We also compare the CC cross-section for HERAPDF1.5

to its value in the GENIE low energy neutrino event generator [64] at around 100 GeV,

finding the match to be consistent within errors.
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Figure 2.6. The CC (left) and NC (right) neutrino-nucleon cross-sections (adding the contributions
from neutrinos and antineutrinos) for an H2O molecule computed with the EPPS16 nPDF set and
presented as a function of the neutrino projectile energy E⌫(⌫̄). The quoted 1� confidence-level (CL)
uncertainty bands include only the uncertainty from the nuclear PDF fit, and have been evaluated
using the asymmetric Hessian prescription. Each distribution has been normalised with respect to
the baseline free-nucleon prediction.

We find a suppression of the cross-section for (anti)neutrino energies E⌫(⌫̄) & 106 GeV

due to the shadowing e↵ect present in the nPDFs at small-x. The central value is reduced

by 3% for E⌫(⌫̄) = 106 GeV, and by as much as 10% for E⌫(⌫̄) = 1010 GeV. However, it

should be noted that while a suppression of the cross-section is preferred, the uncertainty

of the nuclear corrections are almost as large as the shift of the central value. Therefore,

using EPPS16, the significance of nuclear modifications is mostly within the 1� level. At

lower energies, instead, the impact of the nuclear corrections becomes less important. The

results of Fig. 2.6 indicate that nuclear corrections represent a large source of theoretical

uncertainty in the predictions of the UHE neutrino-nucleon cross-section. Therefore, it is

necessary to account for such e↵ects to provide reliable predictions.

In Sect. 4, where predictions are provided for the total UHE cross-sections, the impact

of nuclear corrections is accounted for in a factorised form. To illustrate this procedure,

we consider here the construction of the cross-section for the neutrino-induced scattering

on an oxygen nucleus. First, the nuclear modification factor R⌫O(E⌫) is computed with

the EPPS16 nPDFs as follows:

R⌫O(E⌫) ⌘

✓
�
EPPS16
⌫O

(E⌫)

�free
⌫I

(E⌫)

◆
, (2.10)

where �free
⌫I

(E⌫) is the cross-section for an isoscalar target computed with the central CT14

NLO free-nucleon PDFs, and the normalisation is such that R⌫O(E⌫) ! A = 16 in the

limit of vanishing nuclear e↵ects. Note that the flavour symmetry of PDFs at small-x

implies that Eq. (2.10) gives essentially the same results for both NC and CC scattering,

as also seen from Fig. 2.6.

This modification factor is then applied to the cross-section for an isoscalar target

computed with a di↵erent set of free-nucleon PDFs according to

e�⌫O(E⌫) = R⌫O(E⌫)e�⌫I(E⌫) , (2.11)
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* Nuclear binding effects (‘shadowing’): 
There is no experimental evidence for shadowing but it can 
depress the cross-section by ~5-10% at high energies according 
to some theoretical estimates (although uncertainties are large) 

* Other contributions: E.g. Glashow resonance, ng (Seckel 1998)VOLUME 80, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 2 FEBRUARY 1998

FIG. 1. Two amplitudes contributing to ng ! lW1: (a) is
“Compton-like,” while (b) involves a three-gauge coupling.
Both must be included to maintain gauge invariance.

where y ≠ sym2
W and s ≠ s pn 1 pgd2, GF is Fermi’s

constant, and a is the fine structure constant which runs
to ,1y128 near mW .

One application of ng scattering is absorption of
ultrahigh energy neutrinos off the microwave photon
background. The potential importance of this process
is illustrated in Fig. 3, where the neg cross sections
is compared to relevant nn and nn cross sections at
the same center of mass energies [14]. The figure is
dominated by processes involving intermediate Z bosons
at resonance, but at higher energies the ng cross section
is comparable or larger than that for the nn reactions.

In a cosmological setting, the absorption rate is calcu-
lated by integrating the cross section over the distribution
of the target species. There are six flavors of neutrino and
several processes to sum over. On the other hand, photons
have two spin degrees of freedom, and are more numerous
than neutrinos by virtue of their higher temperature and
boson statistics. Figure 4 shows the ratio of these absorp-
tion rates to that for cosmological expansion. Near the Z
resonance, absorption is dominated by that process, but at
higher energies ng is important. Above the Z resonance
the nn processes mostly result in charged and neutral lep-
tons, whereas the ng process produces W1 bosons which
mostly decay to quarks. Thus, not only is the amplitude
of the absorption modified, but also the character of the
cascade products.

In the present epoch the ng process is important
only for neutrinos with energies En . 1016 GeV, and

FIG. 2. Cross section for ng ! lW1 for three flavors of
neutrino as a function of s the squared center of mass energy.
The threshold is at s ≠ smW 1 mld2.

FIG. 3. Comparison of the neg cross section to that for
various nn and nn processes as a function of s. The sumP

j fjfj does not include fj ≠ ni , li , t, W , or Z.

even then only a fraction of the beam is absorbed.
Pushing back, neutrinos produced with energy Ens1 1
zd . 1016 GeV at redshifts s1 1 zd . 10 would have
been absorbed in their production epoch. A full cascade
calculation must be done [16], evolving the ultrahigh
energy neutrino distribution to lower energies where they
can propagate to the present unabsorbed. That cascade
will be somewhat modified by the inclusion of ng
reactions.

nN ! NlW1. In addition to reactions with real pho-
tons, it is also possible to convert n ! lW1 in an external
electromagnetic field. The most obvious case to consider
is the Coulomb field of a nucleus, where both significant
field strength and momentum transfer are possible.

In the rest frame of the target nucleus, the cross
section per nucleon can be expressed as a convolution

FIG. 4. The ratio of absorption of high energy neutrinos by
the cosmic background of photons and neutrinos to the cosmic
expansion rate. [H0 ≠ 50 skmysecdyMpc, Tg ≠ 2.74 K, and
Tn ≠ s4y11d1y3Tg .] The light lines show absorption by neutri-
nos when (i) all neutrinos have mn ≠ 0 or (ii) the absorbed fla-
vor has mn ≠ 0.1 eV, but the other flavors are massless. These
curves include a sum over the processes in Fig. 3. Absorption
by g’s is slightly subdominant to case (i), but for case (ii) the
Z resonance is shifted to lower energy and the ng process pre-
vails for over two decades in En .
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As the gluon density rises at low x, non-perturbative effects must become 
important … a new phase of QCD - Colour Glass Condensate - has been 

postulated to exist (and has support from RHIC and ALICE data)

This would strongly suppress the n-N #-secn below its (unscreened) SM value
… can we test this experimentally with UHE cosmic neutrinos?
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Non-perturbative transitions between degenerate  SU(2) vacuua (with different B+L #) are 
exponentially suppressed below the “sphaleron” mass: ~ MW/αW ~ 9 TeV (update by Tye & Wong, 

PRD 92:045005,2015) … large cross-sections are predicted for ν-N scattering at higher cms energies

Han & Hooper, PLB 582:21,2004

IceCube has sensitivity to 
electroweak sphalerons

comparable to LHC!

nN: DIS

… or the ν-N cross-section may be much higher than in the SM 
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The perturbative QCD prediction is in fact accurate to �~5% (PDF uncertainties) even at GZK energies 
… so new physics (whether non-pert. SM or BSM) would be easy to identify if we can detect GZK ns
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Summary
q Neutrino telescopes have already measured the n DIS 

cross-section up to cms energies ~10 times higher than are 
attainable at the LHC … finding no deviation from the SM

q This sets constraints on new physics that can increase the 
cross-section e.g. new TeV-scale dimensions, leptoquarks 
(… admittedly these have been ruled out already in Run II)

q There may be new non-perturbative processes in the SM  
which can affect the n DIS cross-section at still higher 
energies, e.g. ‘electroweak sphalerons’ and ‘QCD colour 
glass condensate’ - to probe this will require studying the 
highest energy (GZK) cosmic neutrinos at ~1010 GeV

To probe the energy frontier we must think BIG (Gen2, KM3NeT, …) 


