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The theory of high-energy neutrino scattering
Credit: IceCube/NASA

× ?
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Credit: IceCube/NASA

- Increase theory/experiment dialogue

Intro:

- Summary of recent theoretical progress

- Highlight the current limitations

- Avenues for future work

× ?
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Glashow resonance

We will discuss the process:   ν(ν̄) + A → X

projectile target (atom)
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Recent theoretical progress in this regime

We will discuss the process:   ν(ν̄) + A → X

projectile target (atom)
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Theoretical progress for   energy   scattering𝒪(TeV) ν

1) Deep Inelastic Scattering (DIS)  
(Bertone), Gauld, Rojo - arXiv:1610.09373, (1808.02034)  
Gauld - arXiv: 1905.03792  

2) Resonant scattering (nuclear target)  
Ballett et al. - arXiv:1807.10973  
Gauld - arXiv:1905.03792  
Beacom, Zhou arXiv:1910.08090, 1910.10720  

3) Scattering upon atomic electrons (Glashow resonance)  
Gauld - arXiv: 1905.03792

× ?
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DIS structure functions
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‣ Modern PDF sets including LHCb data 
NNPDF3.1sx+LHCb arXiv:1710.05935, 1808.02034

‣ Include nuclear corrections (and uncertainties)  
EPPS16 arXiv:1612.05741 , nNNPDF1.0 arXiv:1904.00018

‣ Account for heavy quark mass effects 
FONLL (Forte et al.) arXiv:1001.2312

‣ Describe with DGLAP and small-  resummation effects 
HELL-x (Bonvini et al.) arXiv:1610.02153, 1708.07510, 1805.06460, 1805.08785  
APFEL (Bertone et al.) arXiv:1310.1394

x

Neutrino-nucleon Deep Inelastic Scattering

Lots of recent progress: DIS structure functions
X

N(p)

W/Z(q)

ν(k) ℓ/ν(k′)

quark

quark′



Incoming neutrino probes the photon field of the nucleus  A

 Q2 = − q2
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Resonant scattering processes

1)   : probe inelastic photon field of nucleons 
Gauld - arXiv:1905.03792  
luxQED (Manohar et al.) arXiv:1607.04266, DGLAP (Bertone et al.) arXiv: 1508.07002

2)   : probe elastic photon field of nucleons 
Gauld - arXiv:1905.03792

3)   : resolve photon field of entire nucleus 
Ballett et al. - arXiv:1807.10973  
Beacom, Zhou arXiv:1910.08090, 1910.10720

Q2 ∼ m2
W

Q2 ∼ m2
N

Q2 ≲ m2
N

X

A/N(p)

γ(q)

ν(k)
W

ℓ

ℓ̄



Incoming neutrino probes the photon field of the nucleus  A

 Q2 = − q2

 10

Resonant scattering processes

X

A/N(p)

γ(q)

ν(k)
W

ℓ

ℓ̄

All approaches have a common form:  
 
 dσνT = hT

γ ( ̂s, Q2) d ̂σνγ→X( ̂s, Q2)

hadronic flux 
of photons

partonic cross-section 
for  νγ → Wℓ
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Glashow resonance

‣ Fully differential NLO QCD+EW computation  

‣ Accounts for off-shell, non-factorisable, ISR LL corrections 

‣ Resultant predictions: 10% corrections (1% uncertainty)  
Gauld - arXiv:1905.03792

Neutrino scatters on atomic electron:   s = (pe + pν)2 ≈ 2 me Eν1

ν̄e

e−

f̄

f ′

W−

1

2 me Eν ≈ m2
w , for Eν ∼ 6 PeV
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Total cross-section

Garcia et al. - arXiv:2004.04756

All processes implemented within GENIE-HEDIS module  
See Alfonso's talk for related discussion and attenuation effects
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Error budget

EPPS16

Gauld - arXiv:1905.03792

DIS nuclear uncertainties (bound PDFs) are limiting factor  
See my back-up or Juan's talk for more details
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Progress/limitations: Part I

N = T · d⌦
Z

Ai,Detector
e↵ (E⌫) · �⌫i (E⌫) · �Detector

⌫ (E⌫) dE⌫
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Neutrino fluxEffective areaTime cross-section

DIS: reliable predictions for   neutrino energies
‣ Modern inputs and (N)NLO computations available
‣ Bottleneck is the knowledge of nuclear corrections 

(which will improve with input from collider data)  

DIS: predictions less reliable for   neutrino energies
‣ Requires careful extrapolation of  
‣ Not currently available (rely on model-based approach)

𝒪(TeV)

𝒪(GeV)
Fν

i (x, Q2 → 0)

DIS: not differential in QCD (based on structure functions)
‣ If goal is to reconstruct   an exclusive approach desiredEν
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DIS: only QCD corrections included
‣ Weak corrections (partly) absorbed by choice of  
‣ Typically fine for PDF fits, whose DIS data (mostly charged 

lepton processes) is less sensitive to EW parameters 
(see talk from Maarten also)

s2
w,eff

1

ν̄e

e−

f̄

f ′

W−

1

Glashow resonance computation

Progress/limitations: Part II
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All ingredients computed in Gauld - arXiv:1905.03792
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Many recent theoretical developments:
‣  DIS predictions more reliable
‣ Formalism/predictions for resonant channels
‣ See Alfonso’s talk for recent applications

Lots to be done:
‣ NNLOPS for  DIS predictions (fully exclusive)
‣ Extrapolation of  DIS for  
‣ EW corrections for   DIS
‣ Inclusion of LHC nuclear constraints
…

ν

ν
ν Q2 → 0

ν

Thanks for your attention. Comments welcome!
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X
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γ(q)
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ℓ
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See Ballett et al., arXiv:1807.10973, Beacom, Zhou, arXiv: 1910.08090, 1910.10720

Neutrino probes photon field of entire nucleus 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Hadronic flux:   
F: Electro-Magnetic Nuclear Form Factor
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Off-shell cross-section

Coherent scattering on nucleus
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where |M|
2
µ⌫ is the squared matrix-element for the leptonic process ⌫(k) + �(q) ! f with

the spin-index of the off-shell photon left open. In this work we are interested in the contri-
bution to W-boson production, where f = W`. The relevant amplitude is given in the Ap-
pendix of Ref. [31], and we have implemented analytic expressions for the contracted squared
matrix-elements appearing in Eq. (2.6). As before, the phase space integration is performed
numerically to allow for maximum flexibility. In practice, the phase space is parameterised
in the centre-of-mass frame of the incoming neutrino and off-shell photon, and a transforma-
tion to the lab frame is performed with a series of boosts and rotations (see Appendix A of
Ref. [32]). In this way, lab-frame observables are easily accessible without the need to rely on
any approximation.

As a cross-check, we have also implemented an alternative computation of this process
based on the Equivalent Photon Approximation (EPA) [80–82] for W-boson production as
in [29]. We find (in agreement with [31]) that the EPA leads to an over-estimation of the
inclusive cross section in the electron channel (breakdown of the EPA), while for muon and
tau channels we find agreement between the two methods. This behaviour is expected as
the impact of the off-shell effects is most relevant when Q & m`, which is a kinematic region
frequently encountered for the electron channel, but not for the muon and tau channels as
the electro-magnetic nuclear form factor falls off steeply for Q & 0.1 GeV.

2.1.4 Elastic and diffractive scattering

At momentum transfer values of Q ⇠ GeV, the neutrino may instead resolve the photon field
of individual nucleons. In this case, similarly as in coherent neutrino scattering, it is possible
to produce an on-shell W-boson, which can occur for E⌫ & 3 ⇥ 103 GeV. As previously
discussed, when describing the DIS resonant process, we use a description of the photon PDF
of the proton which has been obtained using the luxQED formalism. This PDF includes
an elastic component which is extracted from knowledge of the electric and magnetic Sachs
form factors of the proton, which have in turn been fitted from low momentum-exchange
e
�p scattering data [83]2. This elastic component therefore contributes to the calculation of

the DIS resonant process on proton targets as discussed above. This component is therefore
included in the contributions we label as ‘DIS resonant’.

Alternatively, this contribution can be directly computed using the same formalism as
presented for coherent scattering discussed above. The differential cross section as presented
in Eq. (2.5) is also applied in this case. The hadronic flux-functions must then be replaced with
those for individual nucleons (neutrons and protons). The relevant functions are provided in
Eq. (2.19a, 2.19b) of Ref. [37], which can be written in terms of the electric and magnetic
Sachs form factors (see Appendix A of the same work). An implementation of this process
has also been made available in HEDIS, where an analytic dipole form of the Sachs form factors
has been used, with the option to also include Pauli blocking effects [84].

2
Note that these fits of the Sachs form factors deviate from those obtained from the simple dipole form.

– 9 –

Same formalism for 
Diffractive/elastic scattering
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Neutrino scattering on electron target: theory
Preformed differential 2to2 calculation at NLO+ISR LL

‣ All fermion final states (electrons, quarks, leptons)  

‣ Complex Mass Scheme (resonant production)  

‣ Includes ISR LL corrections + soft exponentiation  
 

‣ Analytic computation in terms of complex 1-loop scalars

‣ Results obtained numerically with CUBA (Vegas)

‣ Dipole subtraction for QCD+QED

‣ All of this implemented in (f90) Glashow generator

Gauld, arXiv: 1905.03792

Denner at al.  hep-ph/0505042

YFS Annals Phys. 13, 379 (1961). Beenakker et al. hep-ph/9602351  
New calculation based on massive OME, Blumlein et al. arXiv: 1107.4638

Hahn, hep-ph/0404043

Catani, Seymour hep-ph/9605323, Dittmaier hep-ph/9904440

Gauld, arXiv: 1905.03792

OneLOop, Van Hameren et al. arXiv 0903.4665, 1007.4716
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Neutrino scattering on electron target: theory

Baseline predictions in the  :  

 

αGF
− scheme

αGF
= α0 (1 + Δr) , δZGF

e = δZe −
1
2

Δr

Central prediction:     σcen = σLO(1 + δEW)(1 + δQCD)

Δr = Δα(MZ) −
δs2

w

s2
w

+
ΣW

T (0) − ΣW
T (μW)

μW
+

α0

4πs2
w (6 +

7 − 4s2
w

2s2
w

ln[c2
w])

Assess uncertainty due to: 
‣   and   variation (ISR and  )
‣ scheme dependence ( )
‣ additive vs multiplicative QCD corrections

μF μR αs
α0

Account for higher-order ISR effects using Structure Function
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Neutrino scattering on electron target: results

10% correction at NLO (1% uncertainty)  
Main effect is ISR:    α/π ln(mw/me)Pee(z)



A Multi-PeV Uncontained Cascade

5

Event Vertex

Saturated PMT‘s

The event vertex is outside the detector
and the PMTs closest to the vertex are
saturated.

⇒ Challenging Reconstruction

Best reconstruction achieved by DirectFit:
ABC (Approximate Bayesian Computing) 
method using event resimulations.

Time

Early Late
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Neutrino scattering on electron target: data

Glashow event observed! 
IceCube (hadronic chan.)  

 
 
Christian Haack 
EPS HEP 2019

Erec. = 6.04+0.63
�0.61 PeV
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IceCube-Gen2: ~30 events with 10 years of data 
 
KM3NeT: ~6 events with 15years of data
KM3NeT: pos.sissa.it/358/955

Biehl et al. arXiv: 1611.07983

https://indico.cern.ch/event/577856/contributions/3422129/

Impact of NLO+LL corrections on event rate:  
(most importantly: it is precise) 1 −

NNLO+LL

NLO
= 0.07

http://pos.sissa.it/358/955
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Neutrino scattering on electron target: data

Testing neutrino generation scenarios (UHE cosmic rays)
Will be meaningful in ~2030 or so

7

FIG. 1: Expected number of Glashow events in the ideal pp and p� scenarios as a function of the exposure for ↵ = 2.0. The bands

represents the 90% C.L. interval from the statistical (Poissonian) uncertainty and the model uncertainties on the oscillation

parameters, assuming a true pp and p� scenario in the left and right panel, respectively. The vertical lines indicate when the

other scenario can be excluded.

muon decays alleviates the problem somewhat. At the
end, the di↵erence compared to the reference pp case is
up to 16% (↵ = 2), 22% (↵ = 2.3), and 30% (↵ = 2.6).
We discuss this issue in detail in Appendix A. Note that
in the following, we will only show the pp curve includ-
ing the Monte Carlo simulation, where the result hardly
depends on which of the three Monte Carlo event rate
generator is used. For a discussion of the e↵ect of kaons,
which is however small, see Appendix B.

Photohadronic interactions do not only include the �-
resonance in Eq. (1), but also direct (t-channel) pion
production, higher resonances, and high-energy multi-
pion processes [53] – especially the latter lead to almost
⇡�/⇡+ ' 1; see e.g. Refs. [34, 54] for an illustration of the
individual contributions. Since these processes lead to ⇡�

production as well, an intrinsic contamination with ⇡� is
expected. This contamination depends on the target pho-
ton spectrum, and can lead to a ⌫̄e/⌫e ratio at the source
of about 25%-50% (AGNs/GRBs) to 100% (10 eV ther-
mal target photon spectrum); see Fig. 10 in Ref. [34].2

As an additional complication, since the pion spectrum
depends on the photon spectrum and is, in general, not
a simple power law, the pion and muon decays have in
this case been computed numerically taking into account
the re-distribution functions of the secondaries [55].

Here we pick two representative examples in the mid-
dle of extremes. In Ref. [16], the target photons are as-
sumed to be generated by the synchrotron radiation of

2 Note that the ⌫̄e alone are not su�cient to describe the impact on
the Glashow resonance, as ⌫̄µ may mix into ⌫̄e - as we discussed
earlier.

co-accelerated electrons, which is a typical assumption
for AGNs. This model has been fit to IceCube data in
Ref. [56], where it has been demonstrated that the indi-
cation for a cuto↵ at PeV energies can be interpreted in
terms of a limited maximal proton energy or strong mag-
netic field e↵ects. We pick one benchmark point (TP8,
size of acceleration region R ' 1019 km, B ' 10�6 G)
from that scenario with a su�ciently large proton energy
to allow for Glashow resonant events, which at the same
time implies that photohadronic contaminations cannot
be avoided because of the high available center-of-mass
energies. The parameters for this benchmark correspond
to the scale of galaxy clusters, and the predicted flavor
composition (⇠⌫e : ⇠⌫µ : ⇠⌫⌧ : ⇠⌫̄e : ⇠⌫̄µ : ⇠⌫̄⌧ ) at the source
that is equal to (0.27 : 0.32 : 0 : 0.09 : 0.32 : 0). As
an alternative, we present a GRB example [17, 57] repre-
sentative for sources with stronger magnetic fields. Here
the parameters have been chosen not to be in the muon
damped regime at the Glashow resonance3 – a case which
we discuss below; the flavor composition at the source is
(0.27 : 0.31 : 0 : 0.09 : 0.33 : 0).

In Fig. 2 we show a comparison among the Monte
Carlo results and the ideal p� case. The two p� ex-
amples are, in spite of very di↵erent astrophysical envi-

3 The parameters are L� = 1051 erg s�1, variability timescale tv =
0.1 s, Lorentz factor � = 300, redshift z = 2, and a broken power
law photon spectrum with photon break "b = 1 keV in the shock
rest frame, first spectral index ↵ = �1 and second spectral index
� = �2. A smaller value for tv would lead to spectral cooling
breaks dominated by adiabatic losses, and to muon cooling at
the Glashow resonance; see Fig. 5.

Biehl et al. arXiv: 1611.07983
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Low/Moderate energy neutrino scattering

22
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.
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Neutrino-nucleon Deep Inelastic Scattering

Coefficient functions: exhibit perturbative expansion of the form  
  

These coefficients known to second order (in some cases third)

Ci,a = α0
s C0

i,a + α1
s C1

i,a + α2
s C2

i,a + . . .

Massless CC/NC, Zilkstra and van Neerwen (1991-1992)  
Massless (third order) Moch et al. (2005)  
Massive NC, Laenen et al. Nucl. Phys. B392 (1993) 162–228  
Massive CC, Berger et al. arXiv 1601.05430

Form the backbone for experimental determinations of   
For this work, uses the implementation provided by APFEL

fa(z, Q2)

Bertone et al.  arXiv:1310.1394 - https://github.com/scarrazza/apfel

https://github.com/scarrazza/apfel
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Fi(x,Q
2) =

X

a=g,q

Z 1

x

dz

z
Ci,a

⇣x
z
,Q2

⌘
fa

�
z,Q2

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Neutrino-nucleon Deep Inelastic Scattering

For the free PDFs, baseline is NNPDF3.1sx proton fit
NNPDF Collaboration arXiv: 1706.00428, 1710.05935 (isospin symmetry for neutron)

 f (N)
a (x, Q2, A) = Ra(x, Q2, A) ×

Z f (p)
a (x, Q2) + (A − Z) f (n)

a (x, Q2)
A

 
 

 Rσ(x, Q, A) ≡
d2σνN(x, Q, A)

dx dy / d2σνN(x, Q, A = 1)
dx dy

nNNPDF1.0

But don’t the neutrinos probe bound nucleons?

Here we use nNNPDF1.0, apply correction to diff. cross-section
NNPDF Collaboration arXiv: 1904.00018
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Fraction of inclusive cross-section within contours

 GeV810× = 5νE

CC scattering

NNPDF3.1sx NLO
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d2�CC
⌫I

dx dQ2

�
x,Q2, E⌫

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Note! W/Z bosons set scale
d� / Fi(x,Q2)

(Q2 +M2
V )

2
<latexit sha1_base64="UJ8VaG2ziQiAyuIgaTeI+HkSK9k="></latexit>

DGLAP

Neutrino-nucleon Deep Inelastic Scattering

Kinematics, e.g.   neutrino,  500 PeV s = 30 TeV
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Nuclear uncertainties
Issue is there very little data for   collisions.  Analyses:  
nCTEQ15, arXiv: 1509.00792  
EPPS16,  arXiv: 1612.05741
nNNPDF1.0, arXiv: 1904.00018

pA

In the future, can use   
Gauld, arXiv: 1508.07629, LHCb arXiv: 1707.02750

pp → D + X vs pPb → D + X

 Kusina et al., arXiv: 1707.02750; EPPS, arXiv: 1906.02512
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Figure 12. The EPPS16 (left) and nCTEQ15 (right) nuclear modifications for bound-proton PDFs
in Pb nucleus before (EPPS16 blue, nCTEQ15 purple), after reweighting with the LHCb data with
PT > 3 GeV (EPPS16 red, nCTEQ15 blue), and including all data points (dotted curves). The
results are shown at Q2 = 1.69 GeV2 (upper panels) and at Q2 = 10 GeV2 (lower panels).

di↵erent values of x2 (momentum fraction in nucleus) to the D0 cross section in figure 13.

These distributions are based on full NLO GM-VFNS calculation with EPPS16 including the

convolution with fragmentation functions. The results are compared to distributions from

a “matrix-element fitting” approach similar to the one introduced in ref. [78] and applied

in ref. [48] to study the impact of the LHCb data on nPDFs. In the latter method the

squared matrix element |M|
2 for D-meson production is parametrized and the parameters

are fitted to data from p+p collisions assuming that the only contribution is gluon-gluon

initiated 2 ! 2 scattering. The parameters used for the result in figure 13 are obtained

from ref. [78] but the correspondence is not guaranteed to be exact since the details of

the applied two-body phase space are not explicitly defined in the reference. However,

the main point here is that the assumed x1,2 dependence which, together with PDFs,

dictates the shape of the x distributions is rather trivial, of the form |M|
2
/ x1x2. The x

distributions from the full NLO GM-VFNS calculation are shown for PT-integrated case

with and without the lower cut of PT > 3 GeV. As expected, the D0 meson production

at forward rapidities is indeed sensitive to small-x region reaching down to 10�5 in the

– 21 –

Constraints on Pb gluon correlated with quarks and  A ∼ 33


