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The General Landscape – Comparison of Generators 

◆ We use the invariant mass of the hadronic system:  W2 = M2 + Q2 (1 – x ) / x to classify 
the type of interaction we are studying.

◆ By far the majority of contemporary studies in n-nucleus interactions have been of QE 
and D production that is W ≤ 1.4 GeV

◆ However, there is plenty of activity going on above this W cut!  For example with a 6 
GeV n on Fe – excluding QE.
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The General Landscape - Comparison of Generators 
◆ Since over 50% of the DUNE events have W greater than the Delta mass (W ≈≥ 

1.4 GeV), we need to consider what we do(little)/do-not(big) know about this 
region!

◆ This region includes a series of higher mass resonances that dwindle in number as 
W increases.  For example, if we take W > 1.7 GeV to be “above” a majority of 
these resonances then the Q2 distributions for a 6 GeV n on Fe are predicted to 
look like this.  Corrections to NEUT and GENIE yield improved agreement.
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Q2 distributions
Fe, Eν=6.0 GeV

Neutrino Anti-neutrino

W>1.7 GeV

Similar to previous slide

Neutrino - 2018
2016

C. Bronner- 2018C. Bronner- 2016



So let’s start our examination of this region with 
Deep-Inelastic Scattering  (Q2 > 1 GeV2 and W > 2 GeV)

◆ Why study Deep-Inelastic Scattering??
◆ Better understand the quark / parton structure of the free and bound nucleon.
◆ Test the predictions of (nuclear) Quantum Chromodynamics (QCD).

◆ How do we do study it?
▼ Measure total and differential cross sections in x, Q2 and W off various nuclei.
▼ Extract the corresponding “nuclear structure functions” Fi(x,Q2) with i = 1,2 

and 3.
▼ Use the nuclear cross sections or nuclear Fi in global fits to determine nuclear

parton distribution functions (nPDF).
▼ Determine bound nucleon partonic nuclear effects by ratios of s or Fi off a 

range of nuclei.
▼ Determine quark hadronization by examining the make-up - multiplicities as 

function of z ≈ Ei / EH and particle ID - of the hadron shower.
» Determine “hadron formation lengths” by comparing z distribution of various A.
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Neutrino Interaction Structure Functions 

!!In terms of the parton distribution functions we found (2) :  

•!Compare coefficients of y with the general Lorentz Invariant form (p.321) and  
   assume Bjorken scaling, i.e. 

•!Re-writing (2) 

  and equating powers of y 

  gives: 

 Prof. M.A. Thomson Michaelmas 2011 345 

NOTE: again we get the Callan-Gross relation 

No surprise, underlying process is scattering from point-like spin-1/2 quarks 

!!Experimentally measure       and        from y distributions at fixed x    
"! Different y dependencies (from different rest frame angular distributions)  
   allow contributions from the two structure functions to be measured  

Determine            and           separately  

!!Substituting back in to expression for differential cross section:  

!!Then use                                                and   

��Measurement�� 

�
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The Fundamentals
Deep-Inelastic Scattering  (Q2 > 1 GeV2 and W > 2 GeV)



Measuring Structure Functions F2 and xF3
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uDxF3 from a model
uRL model
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F2 (add s’s) xF3 (subtract s’s)

u Radiative corrections applied
u Isoscalar correction applied

16 Kevin McFarland

The same argument that leads to a back-scattering or high y suppression of the cross
section for neutrino-antiquark scattering also holds for antineutrino-quark scattering, and
similarly antineutrino-antiquark scattering has no suppression. Therefore

dσ(νq)

dxdy
= dσ(ν̄ q̄)

dxdy
∝ 1,

dσ(ν̄q)

dxdy
= dσ(νq̄)

dxdy
∝ (1 − y)2. (22)

This fact, combined with the smaller momentum fraction carried by antiquarks than is
carried by quarks (Figure 10), means that the total anti-neutrino cross section is approx-
imation factor of two smaller than the neutrino cross section on nucleons. Differential
cross sections of each are shown in Figure 11.

3.2.2 Structure Functions in Deep Inelastic Scattering

We have approached deep inelastic scattering both from its interpretation as neutrino-
quark elastic scattering, and also by purely considering the kinematics. Beyond kinematic
constraints, conservation laws and Lorentz invariance also provide model independent
constraints on the possible forms of inelastic scattering cross section, and in this picture,
information about the structure of the target is contained in a number of general “structure
functions”. If we consider the case of zero lepton mass, there are three structure functions
that can be used to describe the scattering, 2xF1, F2 and xF3:

dσν,ν̄

dxdy
∝
[

y22xF1(x, Q2) +
(

2 − 2y −
MT xy

E

)

F2(x, Q2) ± y(2 − y)xF3(x, Q2)
]

. (23)

Note that xF3 is a structure function that is not present in electromagnetic interactions,
and is only allowed because of the parity violation of the weak interaction.

There is an approximate simplification with a model of massless, free spin-1/2 partons,
first derived by Callan and Gross, 2xF1 = F2. The Callan-Gross relation implies that the
intermediate boson is completely transverse, and so violations of Callan-Gross are often
parameterized by RL, defined so that

RL ≡
σL

σT

=
F2

2xF1

(

1 +
4MT x2

Q2

)

. (24)

Contributions to RL arise because of processes internal to the target, like gluon splitting
g → qq̄ which are calculable in perturbative QCD, and because of the target mass, MT

Continuing with the assumptions of the validity of the Callan-Gross relation and of
massless targets, we can match the y dependence of the structure functions with the
y dependence of elastic scattering from quarks and anti-quarks to make assignments of
structure functions with parton distributions. In this limit, the coefficient in front of xF3

simplifies to 1− (1− y)2, and the coefficient multiplying 2xF1 = F2 is 1 + (1− y)2. From
Equation 22, the former would be associated with the non-singlet contribution of q − q̄
and the later with the sum q + q̄. Furthermore, for the charged-current, there is a charge
selection, namely, a neutrino cannot produce a quark or anti-quark by sending its W+ to
a target quark unless that target quark has negative charge; otherwise, the resulting final
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Measurements of F2 and xF3
Expressed in the language of quarks
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 Prof. M.A. Thomson Michaelmas 2011 346 

!!Neutrino experiments require large detectors (often iron) i.e. isoscalar target 

!!For electron – nucleon scattering: 

•!For an isoscalar target 

•!Note that the factor                                   and by comparing neutrino to  
   electron scattering structure functions measure the sum of quark charges   

Experiment:    0.29 ±± 0.02 

 Prof. M.A. Thomson Michaelmas 2011 347 

Measurements of F2(x) and F3(x) 
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•!CDHS Experiment  

!! Difference in neutrino structure  
     functions measures anti-quark 
     (sea) parton distribution functions 

Sea contribution goes to zero 
Sea dominates so expect xF3  
to go to zero as q(x) = q(x) 

QED DIS 



Most “Recent” DIS Experiments

◆ There followed a long string of n scattering experiments in US and 
Europe.

◆ MINERvA is not a “DIS experiment” but can/will contribute to DIS studies.

8

En range     
(< En>)(GeV) Run Target A Eµ

scale
EHAD
scale Detector

NuTeV
(CCFR)

30-360(120) 96-97 Fe 0.7% 0.43% Coarse

NOMAD 10-200(27) 95-98 Various (mainly 
C) -- --- Fine-

grained

CHORUS 10-200(27) 95-98 Pb 2% 5% Fine-
grained

MINERvA 2 – 50(6) 10-20 He, C, O, CH, 
Fe, Pb 2.1-3.2% Finer-

grained



NuTeV F2 Measurement on Fe

9u At x>0.4 NuTeV is systematically higher than CCFR

u Comparison of NuTeV F2 with global fits



NuTeV xF3 Measurement
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uAt x>0.5 NuTeV is systematically above CCFR
uNuTeV F2 agrees with theory for medium x.
u At low x different Q2 dependence.
u At high x (x>0.5) NuTeV is systematically higher.
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Parton Distribution Functions:
What Can We Learn With All Six Structure Functions?

Why there is dF2 and dxF3 in expressions for F2 and xF3
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Parton Distribution Functions:
What Can We Learn With All Six Structure Functions?

Neutrinos have the ability to directly resolve flavor of the nucleon’s constituents: 
n interacts with d, s, u, and c while n interacts with u, c, d and s.

From: Marianette Wospakrik mayawosp@gmail.com
Subject: Re: Cross section ratios.

Date: November 13, 2017 at 3:20 PM
To: Jorge G Morfin morfin@fnal.gov, Anne Norrick aenorrick@email.wm.edu

Hi Jorge and Anne,

I found this equation from one of your talks, Jorge (http://lss.fnal.gov/archive/2012/conf/fermilab-conf-12-809-
ppd.pdf) and just want to make sure that this is the dsig/dxdQ^2 equation that we want to use or maybe there
is a better formalism?

I am also fine with the format of the answer. We can use a lookup function to get the dsig/dxdQ^2 for certain
value of x and Q^2. What do you think Anne?

Thanks,
Maya

On Mon, Nov 13, 2017 at 10:07 AM, Jorge G Morfin <morfin@fnal.gov> wrote:
Hi,

Please send the full expression for dsig/dxdQ^2 to Olek and answer his question 3 about the format
of the answer.  

I’ll take care of question 2 - we are asking for the cross section not the event rate so he can just
include terms proportional to the neutrino energy that we will convolute with the flux.

Thanks,

       Jor!
Fermilab - Neutrino
  morfin@fnal.gov
   1 630 840 4561

Begin forwarded message:

From: Aleksander Kusina <aleksander.kusina@ifj.edu.pl>
Subject: Re: Cross section ratios.

X = 0.1 - 0.125
Q2 = 2 - 4 GeV2

Meant to give an impression 
only!
Kinematic cuts in (1-y) not 
shown.

(1-y)2

Neutrino
Statistical + 5% systematic

Anti-Neutrino
Statistical only

R = Rwhitlow



Summary of NuTeV n Scattering Results

13

NuTeV accumulated over 3 million neutrino / antineutrino events 
with  20 ≤ En ≤ 400 GeV.

NuTeV considered over 20 systematic uncertainties.

NuTeV s agrees with other n experiments and theory for medium x. 
At low x different Q2 dependence.
At high x (> 0.5) NuTeV is systematically higher.

NuTeV extracts the strange quark distribution via charm 
production using both n and n and gets a value of S(x)

All of the NuTeV Results are for n – Fe interactions and where 
necessary have assumed the nuclear corrections for neutrino 
interactions are the same as l�.  Is this really the case?
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◆ F2 / nucleon changes as a function of A. Measured in µ/e - A not in n - A
◆ Good reason to consider nuclear effects are DIFFERENT in n - A.

▼ Presence of axial-vector current.  
▼ SPECULATION: Much stronger shadowing for n -A but somewhat weaker “EMC” effect.
▼ Different nuclear effects for valance and sea --> different shadowing for xF3 compared to F2. 
▼ Different nuclear effects for d and u quarks.  

Knowledge of  Nuclear Effects with Neutrinos: 
essentially NON-EXISTENT

0.7

0.8

0.9

1

1.1

1.2

0.001 0.01 0.1 1

EMC
NMC
E139
E665

shadowing EMC effect

Fermi motion

xsea quark valence quark



Nuclear Structure Function Corrections  ℓ� (Fe/D2)

15

◆ Good reason to consider nuclear effects are DIFFERENT in n - A.
▼ Presence of axial-vector current.  
▼ Different nuclear effects for valance and sea --> different shadowing and 

antishadowing for xF3 compared to F2. 
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Nuclear PDFs from neutrino deep inelastic scattering

I. Schienbein (SMU & LPSC-Grenoble, J-Y. Yu (SMU)
C. Keppel (Hampton & JeffersonLab) J.G.M. (Fermilab), 

F. Olness (SMU), J.F. Owens (Florida State U)
(nCTEQ)

Phys.Rev. D80 (2009) 094004
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F2 Structure Function Ratios: n-Iron

52 L. Alvarez-Ruso et al. / Progress in Particle and Nuclear Physics 100 (2018) 1–68

Fig. 17. Left panel: Ratio between the NuTeV and CCFRmeasurements of the (anti)neutrino differential cross-sections on Fe target. Each x point is averaged
over all available measurements in different bins of E and y. Figure from Ref. [421]. Right panel: Comparison between the values of the structure function
F2 determined from (anti)neutrino and charged lepton DIS on an Fe target. The neutrino data are scaled by 5/18 to account for the quark charges.
Source: Figure from Ref. [431].

available data from (anti)neutrino DIS off proton and deuterium still comes from the early bubble chamber experiments
ANL [412], BNL [413], BEBC [414,415], and FNAL. In spite of the excellent experimental resolution of these bubble chamber
measurements, the overall statistics is rather limited and totally insufficient for modern needs (e.g. only about 9000 ⌫̄ and
5000 ⌫ events were collected by BEBC on hydrogen [415]). There is a growing voice for new high-statistics measurements
of (anti)neutrino interactions off hydrogen and deuterium within the community.

Measurements from heavy nuclear targets are more abundant but are often limited by the experimental granularity and
resolution. Some of the existing higher statistics measurements also provide somewhat conflicting results. Early bubble
chamber measurements (ANL, BNL, BEBC, and FNAL) also took data with heavy nuclei like neon, propane and freon. The
first high statistics measurements (O(107) events) were performed by relatively coarse detectors like CDHS (iron) [416,417]
and CHARM/CHARM II (marble/glass) [418] mostly based upon large passive nuclear targets. The CCFR [419,420] and
NuTeV [421,422] experiments (iron) are based upon the same technique and can be considered the firstmodern experiments.
The E531 [423] and CHORUS [424] experiments performed high resolution measurements of neutrino interactions (most
notably charm production) in nuclear emulsions with hAi ⇠ 80. The CHORUS experiment also performed cross section
measurements using the lead calorimeter as a target [425]. The NOMAD experiment provides high resolutionmeasurements
from carbon and iron targets [385,426]. The MINOS experiment performed cross section measurements in iron [427], albeit
with somewhat limited experimental resolution. More recently, theMINER⌫A experiment hasmeasured CC induced ⌫-A DIS
cross sections on polystyrene, graphite, iron and lead targets [428,429].

Most of the experimental measurements from heavy targets are related to inclusive ⌫ and ⌫̄ cross sections or to exclusive
studies of particle production and multiplicities. Very limited information is currently available on nuclear modifications of
cross sections and structure functions in (anti)neutrino inelastic interactions. The first measurement of nuclear effects was
performed by BEBC from the ratio of neon and deuterium targets [430], providing evidence of nuclear shadowing at smallQ 2

values. The MINER⌫A experiment has recently presented the results of the differential scattering cross section in the form
of ratios d� i

dx / d�CH

dx , i = C, Fe, and Pb [429].

8.5. Comparisons between models and measurements

Experimental measurements of inelastic cross sections are limited and somewhat contradictory. The total cross section
� (E)wasmeasuredwith good accuracy by CDHS [416], CCFR [419], andNuTeV [421] at high energies, resulting in a combined
normalization uncertainty of 2.1% on � (E)/E for E > 40 GeV. The recent measurements by NOMAD [426], MINOS [427] and
MINER⌫A [428] achieved good precisions down to E ⇠ 4 GeV. However, for E < 4 GeV large uncertainties are still present,
especially for anti-neutrino scattering, which has being plagued by scarce measurements. Available models tend to describe
well the total cross sections. We note that partial cancellations of nuclear effects on the total cross sections are expected as
a result of DIS sum rules.

The current understanding of the double differential cross sections d�/dxdy is less clear. The most recent measurements
from CCFR (Fe) [420], NuTeV (Fe) [421] and CHORUS (Pb) [425] indicate tensions among different data sets, albeit the latter
experiment uses a different nuclear target. In particular, while the NuTeV and CCFR measurements agree for x  0.4, for
x > 0.5 theNuTeV data show an excess up to 20% above the CCFR results (Fig. 17). Availablemodels are roughly in agreement
with CCFR and CHORUS at large x values, but cannot fully explain the excess observed in NuTeV data [383,397]. In addition,
the data sets from all available experiments consistently suggest that in the small x < 0.05 region (anti)neutrino cross
sections are significantly higher than predictions obtained by a simple re-scaling of the charged lepton cross sections. The

Recent Jlab analysis of F2 from muon + Fe compared to F2 from
neutrino + Fe scaled by 5/18 to account for quark charges
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F2 Structure Function Ratios: n-Iron
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F2 Structure Function Ratios: n-Iron
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F2 Structure Function Ratios: n-Iron



Conclusions DIS

◆ All high-statistics neutrino data is off nuclear targets. Need nuclear correction factors to 
include data off nuclei in global fits with nucleon data to determine nucleon PDFs. 

◆ Current nuclear correction factors in GENIE use B-Y model that gives only n-isoscalar Fe
correction factor that is then then used for ALL nuclei.

◆ Nuclear correction factors (R) and, consequently, the nuclear parton distribution functions 
are found to be different for neutrino-Fe scattering compared to charged lepton-Fe.  One 
experiment and one nucleus.

◆ There is now fresh evidence that these so-called DIS partonic nuclear effects (EMC 
effect) continue down into the SIS region with W < 2.0 GeV!   (Low-Q scaling, 
duality, and the EMC effect – Arrington et al.)

21



Approach the SIS region 
Unknown Experimentally and Theoretically!!

◆ Let’s now approach the SIS region by first keeping W > 2 GeV and lowering Q then lowering W as 
well.

◆ 1/ Q2 effects - when Q is even smaller than MN then there are non–perturbative QCD effects that 
come into play.

◆ Called dynamic and kinematic “higher twist” terms such as the (kinematic) target mass effect. These 
often represent the interaction of multiple quarks or sensitivity to the pt of quarks.  These dynamic 
higher twist terms are challenging in n-nucleon and even more complicated in n-nucleus scattering.

◆ We can estimate them by assuming a form:
▼ Where the terms H4 and H6 can be fit experimentally but only calculated non—perturbatively.

◆ Continuing down in W we eventually hit resonances and instead of speaking of quarks and 
gluons we start speaking of nucleons and pions!  The physics is continuous so there should 
be a common “quark language = hadron language” à quark-hadron duality! 22

QCD



Enter: Shallow-Inelastic Scattering
◆ Why study Shallow-Inelastic Scattering? (Q2 > ? GeV and W > D res)

▼ How does the physics (language) of quark/partons from DIS meet the physics 
of hadrons (resonances) à quark-hadron duality

▼ Do the partonic nuclear effects of DIS extend down into the SIS region or do 
they suddenly/slowly turn off.

▼ Oh – by the way – 50 % of the DUNE events in the SIS + DIS region!
◆ How do we do study it?  MINERvA starting this study!

▼ Measure total and differential cross sections with x, Q2 and W in the SIS 
region off various nuclei.

▼ Extract the corresponding “nuclear structure functions” Fi(x,Q2) with i = 1,2 
and 3 but now with W and Q2 in the SIS region.

▼ Compare the (W) cross sections and Fi(x,Q2) derived in the DIS with the SIS 
equivalents.

▼ Determine bound nucleon partonic nuclear effects by ratios of s or Fi off 
nuclei in the SIS region… 23



What is “Duality”
◆ Relationships between meson–hadron and quark–gluon degrees of freedom.
◆ Quark–hadron duality is a general feature of strongly interacting landscape.
◆ There exist examples where low-energy hadronic phenomena, averaged over 

appropriate energy intervals, closely resemble those at higher energies, calculated in 
terms of quark-gluon degrees of freedom.

◆ Duality is an important ingredient for the Bodek-Yang model that GENIE, NEUT, 
NuWro employ.

◆ Originally studied and confirmed in e-N scattering – how about n-N scattering? 
There is essentially no high-statistics n-N experimental data with W>1.4 GEV for 
tests! Rely on models for resonances and essentially ONE theoretical look at 
duality in n-N scattering.
▼ F2 

ep en: Duality HOLDS in electron–nucleon scattering
▼ F2 

np nn : In neutrino–nucleon scattering duality does NOT hold for proton and 
neutron individually

▼ F2 
np nn : Duality HOLDS for the averaged structure functions.  Need equal 

number of neutrons and protons… 24



Duality HOLDS in electron–nucleon scattering!
What does that mean?

◆ If you take F2 determined from a QCD fit to DIS data and extrapolate down in ξ
- a form of xBj that compensates for low-Q phenomena.  The extrapolation runs 
approximately through the middle of the resonances.

25

UGent.eps

Fep, en
2 : Duality HOLDS in electron–nucleon scattering

Duality holds for both proton and deuteriuim targets (=for neutron target)
Niculescu, PRL85

JLAB: recent experimental data on F2 of
the reactions ep → eX , eD → DX in the
resonance region

solid curve — global fit to the world’s DIS
data by NMC collaboration

The data at various values of Q2 and W
average to a smooth curve if expressed
in terms of ξ.

Olga Lalakulich (Ghent University, Belgium) Duality in Neutrino Reactions NuInt 07 5 / 22

UGent.eps

Scaling variables for duality

The most general scaling variable includes target mass correstion and finite quark
mass

ξB =
Q2 +

q

Q4 + 4m2
qQ2

2mNν(1+
p

1+Q2/ν2)
Barbieri, Ellis, Gaillard, Ross

Nachmann scaling variable ξ

ξ = lim
mq→0

ξB =
2Q2/2mNν

(1+
p

1+Q2/ν2)
=

2x
(1+

q

1+ 4m2
Nx2/Q2)

Expanding ξ in powers of 1/Q2 at high Q2 gives the variable 2mNν+m2
N

Q2 , found
emperically in 1970 by Bloom and Gilman and used in their pioneer work on duality

1
ξ
≈
1
x

„

1+
m2
Nx2
Q2

«

=
2mNν +m2

N
Q2

At very high Q2, neglectingm2
N/Q2, we get ξ ≈ 2x

1+1 = x - Bjorken variable
(see Melnitchouk, Ent, Keppel, Phys.Rep. 406)

Olga Lalakulich (Ghent University, Belgium) Duality in Neutrino Reactions NuInt 07 6 / 22
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The most general scaling variable includes target mass correstion and finite quark
mass

ξB =
Q2 +

q

Q4 + 4m2
qQ2

2mNν(1+
p

1+Q2/ν2)
Barbieri, Ellis, Gaillard, Ross

Nachmann scaling variable ξ

ξ = lim
mq→0

ξB =
2Q2/2mNν

(1+
p

1+Q2/ν2)
=

2x
(1+

q

1+ 4m2
Nx2/Q2)

Expanding ξ in powers of 1/Q2 at high Q2 gives the variable 2mNν+m2
N

Q2 , found
emperically in 1970 by Bloom and Gilman and used in their pioneer work on duality

1
ξ
≈
1
x

„

1+
m2
Nx2
Q2

«

=
2mNν +m2

N
Q2

At very high Q2, neglectingm2
N/Q2, we get ξ ≈ 2x

1+1 = x - Bjorken variable
(see Melnitchouk, Ent, Keppel, Phys.Rep. 406)
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From work of Olga Lalakulich – the one real expert on n-N duality who left the 
field – (Manny Paschos retired and Wally Melnitchouk busy) –

Duality supposedly holds for the averaged neutrino F2
N = (F2

n+F2
p) / 2

26
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F νp, νn
2 : Duality HOLDS for the averaged structure functions
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Local duality in neutrino scattering looks better than in electron scattering:
the ratio does not grow appreciably with Q2
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What about individually n-n and n-p scattering?
Resonance estimates from Lalakulich, Melnitchouk and Paschos

27
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F νp, νn
2 : In neutrino–nucleon scattering duality does NOT hold for proton

and neutron targets separately

Low-lying resonances: F νn(res)
2 < F νp(res)

2 , DIS:F νn(DIS)
2 > F νp(DIS)

2

F νp(res−3/2)
2 = 3F νn(res−3/2)

2
F νp(res−1/2)

2 ≡ 0
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Oops!
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F νp, νn
2 : In neutrino–nucleon scattering duality does NOT hold for proton

and neutron targets separately

Low-lying resonances: F νn(res)
2 < F νp(res)

2 , DIS:F νn(DIS)
2 > F νp(DIS)

2

F νp(res−3/2)
2 = 3F νn(res−3/2)

2
F νp(res−1/2)

2 ≡ 0
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Also does not hold for n and p individually 
when using the Rein-Sehgal Model for n-N Resonances

WARNING: R-S model questionable

28
UGent.eps

Similar results in the framework of Rein–Sehgal Model
Graczyk, Juszczak, Sobczyk, Nucl Phys A781 (19 reso-
nances included in the model)

P33(1232),
P11(1440), D13(1520), S11(1535),

P33(1600),
S11(1650), D15(1675), F15(1680)

Interplay between the resonances with different isospins:

isospin-3/2 resonances give strength to the proton struc-
ture functions, while isospin-1/2 resonances contribute to
the neutron structure function only
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However, it is a different story when talking of NUCLEI not NUCLEON
Even with the carbon nucleus (equal p and n) duality with both incoming 

electrons and neutrinos has challenges 

29
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Duality for carbon nucleus

For nuclei, the Fermi motion and other medium effects broaden resonances, thus
performing averaging
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NUCLEI 

Recent electron scattering measurements at JLab have confirmed the validity of the Bloom-Gilman duality for proton, 
deuterium [2] and iron [3] structure functions. Further experimental efforts are required for neutrino scattering. Among 
the upcoming neutrino experiments, Minerva[16, 17,18] and SciBooNE[19,20, 21] aim at measurements with carbon, 
iron and lead nuclei as targets. 

One of the major issues for nuclear targets is the definition of the nuclear structure functions FA2 3-,. Experimentally 
they are determined from the corresponding cross sections, using Eq. (1). 

We follow the same procedure, using the GiBUU cross sections. So, at the first step the inclusive double differential 
cross section da/dQ^dv is calculated within the GiBUU model. The nucleon is bound in a mean field potential, which 
is parameterized as a sum of a Skyrme term term depending only on density and a momentum-dependent contribution 
of Yukawa-type interaction. Eermi motion of the bound nucleon and Pauli blocking are also considered (see [13] for 
details). 

Previous work [22] has used the analytical formulas for the nucleon structure functions, presented in [6], and directly 
apply nuclear effects to them. Nuclear effects are treated within the independent particle shell model, so that each 
bound nucleon in a nucleus occupies a nuclear shell a with a characteristic binding energy €„ and is described by 
the bound-state spinor ««. The four-momentum of the bound nucleon can be written as p^ = {mj^ — ea,p), thus the 
nucleon is off its mass shell. Both the bound-state spinor Ua{p) and the corresponding binding energies are computed 
in the Hartree approximation to the cr — ft) Walecka-Serot model. 

As shown in [22], this leads to the following definition of the nuclear structure functions 

^2{Q\V)=J^ d'p{2ja+l)na{pW2{Q\v,p' \P\' -PIQ' 

^l 
Pz 6 ' 
qz (p • q) 

(4) 

In Eig. 3, the results of Ghent and Giessen models for the resonance contribution to the F2 /A structure functions 
for a carbon target are shown for several Q^ values. They are compared to experimental data obtained by the 
BCDMS collaboration [23, 24] in muon-carbon scattering in the DIS region {Q^ - 30 - 50 GeV2). They are shown as 
experimental points connected by smooth curves. Eor different Q^ values, the experimental curves agree within 5% in 
most of the B, region, as expected from Bjorken scaling. 

When investigating duality for a free nucleon, we took the average over free proton and neutron targets, thus 
considering the isoscalar structure function. Since the carbon nucleus contains an equal number of protons and 
neutrons, averaging over isospin is performed automatically. Due to the Eermi motion of the target nucleons, the 
peaks from the various resonance regions, which were clearly seen for the nucleon target, are hardly distinguishable 
for the carbon nucleus. In general, the curves of the Giessen model are above those of the Gent model, especially (as 
it would be natural to expect) in the second and the third resonance regions. 
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FIGURE 3. (Color online) Resonance curves F | ^/12 as a function of ^, for Q^ = 0.45,0.85,1.4,2.4 and 3.3 GeV^ (indicated 
on the spectra), obtained within Ghent (left) and Giessen (right) models, compared with the experimental data [23, 24] in the DIS 
region at g ,̂̂ ^ = 30, 45 and 50 GeV^. 
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However, it is a different story when talking of 
NUCLEI not NUCLEON – now Fe

30

collaborations. It appears, that the resonance curves slide along the DIS curve, as one would expect from local duality, 
but lie below the DIS measurements. Hence, the computed structure functions do not average to the DIS curve. The 
necessary condition for local duality to hold is thus not fulfilled. 
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O 

FIGURE 5. (color online) The computed resonance curves F2 ^"156 as a function of E,, calculated within Ghent(Ieft) and 
Giessen (right) models for Q^ = 0.2,0.45,0.85, 1.4, and 2.4 GeV^. The calculations are compared with the DIS data from 
Refs. [26, 27]. The DIS data refer to measurements at g ,̂̂ ^ = 7.94, 12.6 and 19.95 GeV^. 

The ratio /j ^^ defined in Eq.(3) is shown in Fig. 6. The curve for the isoscalar free nucleon case is also presented 
for comparison. For the Ghent group plot it is identical to that presented in Ref. [6] with the "fast" fall-off of the axial 
form factors for the isospin-1/2 resonances. For the Giessen group plot it is identical to that in the right panel of Fig. 1. 

Our results show, that for both the Ghent and the Giessen models 1) this ratio is significantly smaller than 1 for all 
Q^; 2) it is significantly smaller than the one for the free nucleon; 3) h is even lower than the corresponding ratio for 
electroproduction; 4) h slightly decreases with Q^. 

To summarize, within the two models, which implement elementary resonance vertices differently and treat nuclear 
effects differently, we obtain qualitatively the same effect, that the resonance structure functions are consistently 
smaller that DIS functions in the same region of Nachtmann variable B,. This is not what one would expect from 
Bloom-Gilman duality. Recall, that in this analysis for nuclei, we included the resonance structure functions, and 
ignore the background ones. To estimate their contribution and compare the results with the nucleon case would be 
one of the primary tasks of coming investigation. 

Further results of the Ghent model are given in [22]. 
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FIGURE 6. (color online) Ratio /^ ^^ defined in Eq. (3) for the free nucleon (dash-dotted line) and Fe calculated within 
Ghent(left) and Giessen(right) models. For Fe the results are displayed for two choices of the underlimit in the integral: 
W =\.\ GeV (solid line) and threshold (dotted line). For each of these two choices we have used two sets of DIS data in determining 
the denominator of Eq. (3). These sets of DIS data are obtained at Qrijs = 12.59 and 19.95 GeV . 
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Still Curious about SIS and DIS Scattering? 
NuSTEC Workshop on Shallow- and Deep- Inelastic Scattering –

Just before (11-13 October) and in same location as NuInt18
https://indico.cern.ch/event/727283/

31

NuSTEC Workshop on Shallow- and Deep-Inelastic Scattering 
11-13 October, Gran Sasso Science Institute, L’Aquila, Italy 

 
1)   General introduction and considerations from non-neutrino communities.                                                                 
A       A) Introduction to SIS/DIS Theory and Models  

B) e-A community studies of the SIS/DIS region 
 
2)   Generator / Transport treatments of the SIS and DIS region.                                     

 A) Improved Rein-Sehgal Model above the Delta                                                      
 B) Status of the Bodek-Yang Model  

  C) Generator/Transport Treatments: 
   GiBUU, GENIE, NEUT, NuWRO   

D) Generator Comparison of SIS/DIS treatment- Overview 
 

3)   Sensitivity of oscillation parameters to the SIS and DIS region.                         
 A) NOvA  

       B) Atmospheric Neutrino Studies, SK and HK 
 
4)   Resonant and non-resonant contributions with W > Delta                                                                                     
A)      A) Isobar models of resonance production  
         B) Dynamical coupled-channel models 
          C) pi-nucleon scattering community studies  
         D) Experimental nu-A higher-W pion production studies 
 
5)   The transition from SIS to DIS                                              

 A) Duality in e-nucleon / nucleus scattering  
        B) Duality in neutrino nucleus scattering                         
       C) Higher Twist and Duality in the SIS/DIS transition  

D) Chiral Field and Regge theory in the transition region  
 

6) Nuclear modifications of structure functions and nuclear PDFs  
         A) Nuclear Medium Effects on Structure Functions I    
         B) Nuclear Medium Effects on Structure Functions II                             
         C) nPDFs from e/mu-A and nu-A scattering I                                                 
         D) nPDFs from e/mu-A and nu-A scattering II 
         E) MINERvA results of Inclusive and DIS on nuclear targets  
 
7) Hadronization in the nuclear environment  

A) Hadronization studies from the e/mu-A community 
B)  The AGKY hadronization model                                                
C) Hadronization in FLUKA and DPMJET                                  
D) NOMAD Hadronization Studies  



Summary and Conclusions
◆ Neutrino scattering can provide an important look at the free and bound nucleon 

from a different (and complimentary) point of view than electro-production.
▼ The ability of neutrinos and anti-neutrinos to taste particular flavors of quarks can help 

isolate nPDFs

◆ There are significant differences in the measurement of DIS (nuclear) 
structure functions by different experiments that must be resolved.

◆ There are indications from one experiment using one nucleus that n and n -induced 
partonic nuclear effects are different than found by ℓ�-A experiments.

◆ Need a systematic experimental study of n-induced partonic nuclear effects.

◆ Need careful experimental and theoretical examination of higher W (above the D) 
single and multi-pion production.

◆ Need to carefully understand the concept of “duality” as exhibited by n and n 
on nuclei and how this co-exists with non-perturbative QCD effects!  Generator 
behavior in the SIS region uses this concept. 32



Additional Details

33
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Iron PDFs
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Present Status: n-scattering 
High xBj parton distributions

◆ Ratio of CTEQ5M (solid) and MRST2001 (dotted) to CTEQ6 for the u and d 
quarks at Q2 = 10 GeV2.  The shaded green envelopes demonstrate the range of 
possible distributions from the CTEQ6 error analysis.

◆ CTEQ / MINERnA working group to investigate high-xBj region.
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◆ F2 / nucleon changes as a function of A. Measured in µ/e - A not in n - A
◆ Good reason to consider nuclear effects are DIFFERENT in n - A.

▼ Presence of axial-vector current.  
▼ SPECULATION: Much stronger shadowing for n -A but somewhat weaker “EMC” effect.
▼ Different nuclear effects for valance and sea --> different shadowing for xF3 compared to F2. 
▼ Different nuclear effects for d and u quarks.  

Knowledge of  Nuclear Effects with Neutrinos: 
essentially NON-EXISTENT
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Formalism

◆ PDF Parameterized at Q0 = 1.3 GeV as

◆ PDFs for a nucleus are constructed as:

◆ Resulting in nuclear structure functions:

◆ The differential cross  sections for CC scattering off a nucleus::



CHORUS Structure Functions: n Pb

39

u First n-Pb differential cross section and structure functions
u CHORUS measurement somewhat favors CCFR over NuTeV
uMuch larger systematic errors than the NuTeV experiment
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Kulagin-Petti Model of Nuclear Effects
hep-ph/0412425

◆ Global Approach -aiming to obtain quantitative calculations covering the complete 
range of x and Q2 available with thorough physics basis for fit to data.

◆ Different effects on structure functions (SF) are taken into account:

◆ Fermi Motion and Binding in nuclear structure functions is calculated from the 
convolution of nuclear spectral function and (bound) nucleon SFs:

◆ Since bound nucleons are off-mass shell there appears dependence on the
nucleon virtuality k2 = (M + e) 2 - k2 where we have introduced an off-shell 
structure function df2(x)

◆ Leptons can scatter off mesons which mediate interactions among bound nucleons 
yielding a nuclear pion correction
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CTEQ study: The Impact of new neutrino DIS (NuTeV 

and Drell-Yan data on large-x parton distributions

Joey Huston - MSU, Cynthia Keppel - Hampton, Steve Kuhlmann - ANL,
JGM - Fermilab, Fred Olness - SMU, Jeff Owens - Florida State,

Jon Pumplin and Dan Stump - MSU

Published in Phys.Rev.D75:054030,2007. 
e-Print: hep-ph/0702159

Had to use l�-Fe correction factors to combine NuTeV n-Fe results with 
E866 p-H and p-D Drell-Yan results. 

Tension between NuTeV and E866 started us on a rather convoluted path 
to extracting nuclear effects from neutrino interactions.  
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NuTeV s(Fe) & CHORUS s(Pb) n scattering
(un-shifted) results compared to reference fit

Kulagin-Petti nuclear corrections for neutrinos

s(Fe or Pb)
s(D2)
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NuTeV(Fe) and CHORUS (Pb) n scattering 
(unshifted) s results compared to reference fit

no nuclear corrections

s(nFe or nPb)
s(n�D2�)
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NuTeV s(Fe) & CHORUS s(Pb) n scattering 
(shifted) results compared to reference fit

Kulagin-Petti nuclear corrections for neutrinos

s(Fe or Pb)
s(�D2�)


