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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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Fig. 1. A side-view of the NOMAD detector.

with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.
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• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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Introduction

• From discovery of neutrino oscillation to an era of precision measurements

• Remaining questions: CP violation, mass ordering,                                           neutrino 
anomalies: sterile neutrinos?

• To answer all of these questions we need                                                                             
to understand neutrino nucleus interaction physics

• Neither the cross sections nor nuclear effects for neutrino interactions in the few GeV 
region are well know

• A reliable model of neutrino interactions on heavy nuclei at low energies is essential for 
precise neutrino oscillations experiment

3

Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?
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Muon Monitors
Figure courtesy Ž. Pavlović

The NuMI Beam

FLUKA 
Production 

Models

120 GeV p beam on C target

35xE12 protons on target (POT) per “spill” at ~0.5 
Hz
Beam power of 300–350 kW 

Focus π+ and K+ (or π- and K-) for νμ (νμ) beam 

π+, K+ → μ+ νμ in decay pipe

Muon monitors to augment flux estimation
Tune Eν spectrum by moving target and horn

Will run in “low energy” and “medium energy” 
beam configurations 

~210 m 
of rock

Expected neutrino flux

FLUKA:  A. Ferrari, P.R. Sala, A. Fasso`, and J. Ranft, 
CERN-2005-10 (2005), INFN/TC_05/11, SLAC-R-773

MINER A
Neutrino Beam
• A beam of protons interact with a target and produce pions and kaons

• We use magnetic horns to focus the charged particles. These charge particles decay and produce 
the neutrino beam

• Long baseline experiments use near and far detectors to study                                                               
neutrino oscillations

• To get sufficient statistic for oscillations we use powerful beams

• These powerful beams produce large statistics for near detector                                    
experiments to study neutrino scattering

• Different technologies are used to detect neutrinos

95m Decay region 
Neutrino beam 

π+ 

Beam  
dump 

Pions and kaons 
decay to neutrinos 

Carbon  
Target  

30 GeV  
Proton 
beam 

3 Magnetic 
focusing 
``horns”  

Accelerator-based neutrino sources 

Neutrinos are produced as a tertiary beam: 
1.  Protons hit a target, producing pions and kaons which decay to 

neutrinos 
2.  Resulting beam is >99% muon neutrino flavor, small νe component 

from muon, kaon decay; ~7% antineutrino component 
3.  Can switch magnetic horn polarization to focus π- and produce an 

predominantly antineutrino beam (with a ~10% neutrino component)  

7/24/2015 K. Mahn, FNAL W&C seminar 10 
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Near Detector Long Baseline Oscillation Experiments 
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•Critical component of global effort to understand the nature of the neutrino 

•Measurements of neutrino mixing parameters 

•Will measure the neutrino mass hierarchy and CP-violation 

•Ingredients: 

•Intense neutrino beam 

•MASSIVE detector composed of heavy nuclei (C, H2O,  Fe, Ar) FAR away 

from the beam source 

 

 

 

 

 

 

 

 

Fermilab Joint Experimental-Theoretical Seminar                         Brandon Eberly, University of Pittsburgh 
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J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84, 1307-1341, 2012 

Original image:  Symmetry Magazine, May 2005 

1300 km to LBNE 

far detector 

↵ �⇥ � ⇥ ✏Near Detector: Event Rates

Far Detector: Event Rates ↵ �⇥ � ⇥ ✏⇥ P⌫µ!⌫e
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Neutrino oscillations

atmospheric and 
long baseline

reactor and 
long baseline

solar and 
reactor

• From Reactor plus Solar 

• From atmospheric and accelerator

• From neutrino reactor experiments, through the observation of electron 
antineutrino disappearance,      is now best known mixing angle 

• From accelerator experiments looking for either mass hierarchy or CP 
violation

Parameter Measurements

†Δm21
2 = 7.50−0.20

+0.19 ×10−5  eV2 tan2θ12 = 0.452−0.033
+0.035

†† Δm32
2 = 2.32−0.08

+0.12 ×10−3  eV2 *sin2 (2θ23) > 0.96(90% C.L.)

DoubleChooz:
Daya Bay: 
RENO:†††

T2K: Observed electron neutrino appearance signal at 7.3 
NOvA:  Observed electron neutrino appearance signal at 3.3     for primary selector 
and 5.5    for secondary selector
 Favor                          normal mass ordering ⇡ < �CP < 2⇡

�
�

�

0.090± 0.030
0.084± 0.005
0.088± 0.011

✓13

†PRD 83.052002(2011)

††PRL 106. 181801(2011)
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Vhttp://theory.fnal.gov/jetp/talks/20150806_nova_docdb.pdf

†VPhys. Rev. D 91, 072010 †V

V

sin22✓13 †††

arXiv:1406.7763

Phys.Rev.Lett 115 (2015)11,111802

Phys.Rev. Lett 108 (2012)191802

http://theory.fnal.gov/jetp/talks/20150806_nova_docdb.pdf
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Current Neutrino Program 
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• Covering only neutrinos made with accelerator at low GeV 

• We have many neutrino experiments around the world

• Fermilab is planning a big program for neutrinos. The neutrino program contains a short 
baseline, long baseline and neutrino scattering experiments

• The short baseline program will study neutrino anomalies and sterile neutrinos 
• Several experiments: MiniBooNE, LAriaT, ICARUS, SBND, MicroBooNE

• The long baseline program is making precision measurements, muon neutrino 
appearance, muon neutrino disappearance, search for CPV and mass hierarchy 
• Oscillation experiments MINOS, NOvA, T2K, DUNE and HyperK

• Scattering experiment: MINERvA, MiniBooNE,  ArgoNeuT,  T2K,  NOvA, MicroBooNE



Minerba Betancourt/INT Workshop 09/29/15

• DUNE will use a wideband beam peaked at 2.5-3.0 GeV

• Far detector will be a LArTPC detector and current design for near detector is a fine 
grained tracker with low density 

• We need to understand the neutrino interactions well, especially if near and far detectors 
are made with different technologies

• Science program covers CPV in the leptonic sector, mass hierarchy, precision oscillation 
physics for the 3-flavor paradigm, nucleon decay and supernova burst

• How different levels of systematic uncertainties impact                                                                   
the CP violation in DUNE:
• Oscillation experiments see differences between                                                                               

near detector data and MC simulation well above                                                       the 
systematic errors assumed here                    

• Systematic uncertainties are important for the CP                                                           
violation measurement                                                                                                      

DUNE Experiment

7

How different levels of systematic uncertainties impact the CP violation!
in ELBNF
• CP violation sensitivities as a function of exposure !
!
!
!
!
!
!
!
!
!
!
!
!
!

• Oscillation experiments see differences between near detector data and MC generators well 
above the systematic errors assumed here!

• Systematic uncertainties are important for the CP violation measurement

3

An Experimental Program in Neutrinos, Nucleon Decay and Astroparticle Physics Enabled by the Fermilab Long-Baseline Neutrino Facility 

Systematic Uncertainty in ELBNF 

WINP, 4 February 2015 ETW: What is needed for LBNF? 

12 

!  Effect of systematics approximated using signal 
and background normalization uncertainties 
which are treated as uncorrelated among the 
modes (νe, νe, νµ, νµ) and represent the residual 
uncertainty expected after constraints from the 
near detector and the four-sample fit are 
applied 
!  Actual experimental sensitivity to systematic 

uncertainty will depend on details of the neutrino 
beam and detector performance and will include 
both normalization and shape uncertainty 

!  Example shown here illustrates that control of 
normalization uncertainty at the few % level will 
be needed for discovery of CP violation at the 5σ 
level 

!  Current ELBNF efforts focus on evaluating ability 
of ND and FD samples to constrain  individual 
sources of uncertainty – sets requirements for 
detector performance & external constraints 

How different levels of systematic uncertainties impact the CP violation!
in ELBNF
• CP violation sensitivities as a function of exposure !
!
!
!
!
!
!
!
!
!
!
!
!
!

• Oscillation experiments see differences between near detector data and generators well 
above the systematic errors assumed here!

• Systematic uncertainties are important for the CP violation measurement

3

5–118 Chapter 5: Physics Opportunities with a High Resolution Near Detector
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exposure in kton-years. The band represents the range of signal and background normalization
errors.

Scientific Opportunities with LBNE

Scientific Opportunities with the Long-Baseline Neutrino Experiment
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Neutrino Cross Section up to DIS
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• Measurements for neutrino charged current interaction, colors correspond the classification 
from the simulation

Minerba Betancourt/Moriond QCD 2014

• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

• In both cases we count events induced by given type of neutrinos

• Main channel: Quasi-Elastic scattering

• Important background: Pion production

Neutrino QE Scattering and Pion Production 
Motivation

2
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Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

CC Resonance 
nucleon excites to 
resonance state

CC Deep Inelastic  
nucleon breaks upT2K NOvA

LBNE

J. A. Formaggio, G. Zeller,  
Reviews of Modern Physics, 84 (2012)
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Neutrino Interactions

• Charged current processes are signal channels for oscillation experiments

• Due to nuclear effects combined with cross section, the channels and neutrino energy 
measured in detectors are not  necessarily the same as produced in the initial interaction

• A nuclear model is needed to relate detected channel and energy with initially produced 
channel and energy

• A pattern of neutrino oscillation is analyzed based on distributions of detected particles 
and it is crucial to have a reliable MC generator to read this pattern correctly

• Recent experimental data is not well described by current models

• Understanding the neutrino interactions with nuclei is vital for precision oscillation 
measurements

9
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J. A. Formaggio, G. Zeller,  
Reviews of Modern Physics, 84 (2012)

Minerba Betancourt

Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state

Pion Absorption: Due to final state
interactions particles can interact with
nucleons before exiting the nucleus

CC Quasi-Elastic CC Resonance
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Nuclear Physics of GeV ν-nucleus Interactions!

19!

⌫
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+ 
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+ 
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q

hadrons

Eν
Incoming" EDetected"

Produced"
Channel"

Detected"
Topology"

Initial Nucleon State!
(RFG, SF, MEC, SRC..)!

Formation Lengths,!
Final-State Interaction!

Cross Sections !

What we want!  –  What we get!"

Jorge Morfin, INFO 2015

Nuclear Physics of GeV ν-nucleus Interactions!

19!

⌫
lepton

+ 

+ 
+ 

+ 
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+ 

q

hadrons

Eν
Incoming" EDetected"

Produced"
Channel"

Detected"
Topology"

Initial Nucleon State!
(RFG, SF, MEC, SRC..)!

Formation Lengths,!
Final-State Interaction!

Cross Sections !

What we want!  –  What we get!"

Neutrino Nucleus Scattering
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Neutrino Nucleus Scattering

11

• The events we observe on our detectors are convolutions of

• The community models these last two terms in event generators:
• Provide information on how signal and background events should appear in our detectors if 

the model is correct
• Provide means for estimating systematic error on measurements 

• Current Generator used by experimental community -each with their own models of the 
nuclear environment
• GENIE ArgoNeut, MicroBooNE, MINOS, MINERvA, NOvA, T2K, DUNE
• NEUT SuperKamiokande, K2K, SciBooNE, T2K
• NuWro K2K, MINERvA

• GIBUU Nuclear Transport Model

Yc�like(Ed) ↵ �⌫(E
0 � Ed)⌦ �(E0 � Ed)⌦Nuc(E0 � Ed)
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Charged Current Quasi-elastic Scattering
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• Quasi-elastic is one of the simplest channel in neutrino scattering

• We use a free nucleon CCQE formalism:

• where A, B and C depend on the form factor F1, F2 and the axial form factor FA 

• Most of the form factors are known, except the axial form factor FA. This is parameterized as 
a dipole

• Recent effort: 

• A new model-independent description of the axial mass form factor called Z-Expansion 
from Bhubanjyoti B., Richard H. and Gil P., Phys. Rev. D 84 073006

• New effort to to calculate the shape of FA in lattice QCD, “The Nucleon Axial-Vector 
Form Factor at the Physical Point with the HISQ Ensembles”, A. Bazavov et al. Fermilab 
Lattice and MILC collaborations

• We are looking forward to the contribution with lattice QCD 

d�

dQ2
QE

=

M2G2
F cos

2 ✓C
8⇡E2

⌫

{A(Q2
)±B(Q2

)

s� u

M2
+ C(Q2

)

(s� u)2

M4
}

Charged Current Quasi-Elastic Scattering (CCQE)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

A goal of neutrino experiments is to measure FA 

More details at talks from Martha Constantinou and Aaron Meyer 
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• Quasi-elastic gives the largest contributions for the signal in many oscillation experiment

• Early neutrino scattering experiments used bubble chambers filled with D2 with 
excellent quasi-elastic purity 97-99%

• Modern experiments use different targets, such as carbon, iron, oxygen, liquid argon.. etc 

• We have more statistics, but with the heavy targets we have more nuclear effects 

• In addition quasi-elastic purities are much lower, below 80%

• The QE selection varies from experiment to experiment, some experiments uses only 
the muon and other use the proton and muon

14
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Fig. 10. The θh distributions for single track νµ (left) and ν̄µ (right) samples: comparison of MC distributions (histograms)
with the real data (points with error bars).

Run 15049 Event 11514
Eν = 57.00 GeV

Q
 2

 = 0.60 GeV
 2

W
 2

 = 1.44 GeV
 2

Pt
mis

 = 0.05 GeV
Muon track: P = 56.39 GeV; θ = 0.78˚ 

Proton track: P = 1.02 GeV; θ = 52.7˚ 

Fig. 11. A typical example of data event (run 15049 event 11514) identified as νµn → µ−p in this analysis. Long track is
identified as muon, short track is assumed to be proton.

An example of the 2-track event from real data iden-
tified as νµn → µ−p is displayed in Fig. 11.

NOMAD
MiniBooNE

Quasi-Elastic Scattering 

�

MiniBooNE: Cherenkov detector

6

‣ 9T4@4<V=a�P4B4OB=@�&�A44�9T4@4<V=a�
WUSTB�@U<SA�S4<4@MB4P�Nd�OTM@S4P�
>M@BUOW4A�

‣ A==VU<S�R=@2�
!
!
!

‣ 8MOVS@=C<PA�O=X4�R@=X�AXMWW�
U<B@U<AUO�ν4�@MB4�U<�BT4�N4MX�M<P�M<d�
νµ�U<B4@MOBU=<A�BTMB�W4Ma4�M�AU<SW4�
@4O=<AB@COB4P�>T=B=<�U<�BT4�RU<MW�
ABMB4�

‣ 9T4@4<V=a�P4B4OB=@�OM<�<=B�
PUABU<SCUAT�4W4OB@=<�R@=X�AU<SW4�
SMXXM

⌫µ ! ⌫e
⌫̄µ ! ⌫̄e

MINERvA

Q

2 = 2E⌫(Eµ � pµcos✓µ)�m

2
µ



Minerba Betancourt/INT Workshop 09/29/15

• These experiments measured the axial mass MA, pretty good agreement between the 
experiments

15

S. Zeller, IF seminar, 02/13/14 

Historical Data 
10 

Q2 (GeV2) 

•  primary aim was to measure the axial-vector form factor (MA~ 1.0 GeV) 

Miller, PRD 26, 537 (1982) 

Baker, PRD 23, 2499 (1981) 

BNL, D2 
MA=1.07 ± 0.06 GeV 

1,236 events 

ANL, D2 
MA=1.00 ± 0.05 GeV 

1,737 events 

FNAL, D2 
MA=1.05 ± 0.16 GeV 

362 events 

recognized as 
an important 

ingredient 
in the analysis 

of NCs 
so carefully  

scrutinized CC 
equivalent 

Kitagaki, PRD 28, 436 (1983) 

2222 )/1()( �� AAA MQgQG

22222 )/1()/()()( �� � VnpME MQQGQG PP

Form Factors 

Vector 

Standard dipole parameterization 

Axial 
26.1 Ag

2/)021.0026.1( cGeVM A r 

from neutron E decay 

10/8/2015 M. Martini,  NuFact15 7 

from Q-deuterium CCQE and from  S electroproduction   

Quasi-Elastic Scattering Measurement from 
Deuterium Experiments

Baker, PRD 23, 2499 (1981) Miller, PRD 26, 537 (1982) Kitagaki, PRD 28, 436 (1983)

MA = 1.07± 0.06GeV MA = 1.00± 0.05GeV MA = 1.05± 0.16GeV
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• Some examples of modern experiments:
•  NOMAD experiment uses carbon as a target and a tracker detector with high energy 

experiment <E>=24GeV, both 1 and 2 track were measured  (purity 50%).                  
Signal definition: quasi-elastic events

• MiniBooNE uses carbon as a target and a Cherenkov detector with low energy 
<E>=0.8GeV, analysis used                with no pions (purity 77%).                                 
Signal definition: events with no pions

  

Charged Current Quasi-Elastic

 Dominant contribution at T2K flux : QE approximation assumed to 

compute E
ν
 (from E

µ
) for all selected events in SuperKamiokande

 MC description tuned from bubble 

chambers νH data

● possibility of interactions with NN pairs 
(aka 2p2h and MEC effects)

● long range correlation between nucleons 
(aka RPA)

→ wrong modelling would cause bias on oscillation parameters

 Final State Interaction only included in 

MC models: CC1π with pion re-absorption 

included in signal (CC0π)

6/18

Effort ongoing to include them in MC

Martini et al., Phys.Rev. C80 (2009) 065501

MiniBooNE Collaboration, Phys.Rev. D81 (2010) 092005

 MiniBoone measurement shows large 
discrepancy wrt to this model (large M

A
QE) 

→ explication from theoretical models 
including :

νµ CC

Data is compared against a prediction based on Relativistic Fermi Gas Model

MiniBoonNE data fits better to 
an Axial Mass 1.35 GeV
while NOMAD fits to an Axial 
Mass of 1 GeV 

puzzle?

Quasi-Elastic Scattering (CCQE)
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• Different models for CCQE

• Inclusion of the multinucleon emission channel (np-nh) gives better agreement with 
MiniBooNE data without increasing the axial mass

• Theorists have made a lot effort these past years to improve the models 

Quasi-Elastic Scattering Models
Comparison of different theoretical models for Quasielastic    

L. Alvarez-Ruso , arXiv:1012.3871 (Neutrino 2010)  

10/8/2015 M. Martini,  NuFact15 10 

SF: Spectral Function 
LFG: Local Fermi Gas 
RPA: Random Phase Approximation 
RMF: Relativistic Mean Field 
GiBUU: Transport Equation  

Comparison of models and Monte Carlo: 
Boyd, Dytman, Hernandez, Sobczyk, Tacik , 
AIP Conf.Proc. 1189 (2009) 60-73 
 

puzzle??   
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Charged Current Quasi-Elastic Scattering from 
MINERvA
• MINERvA uses a tracking detector made of carbon, results will show the data collected with an energy  

<E>=3.5GeV

• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE 
single differential cross section and discriminates between nuclear models

• Analyses using the muon information use a quasi-elastic signal definition and the purity is 49% for 
neutrinos, while the analysis using the proton information uses cc quasi-elastic like and the purity is 
~65%

• Data prefers a model with nucleon-nucleon correlations for the muon analyses

MINER‹A discriminates between nuclear models via lepton kinematics
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Neutrino ⌫µ + n ! µ� + p

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only

Neutrino⌫µ + n ! µ� + p

Phys Rev D. 91, 071301 (2015)
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Data from LArTPC ArgoNeut 

19

• First liquid argon experiment in a low (1-10 GeV) energy neutrino beam. Prototype 
experiment with 240 Kg of active volume

• Proton energy threshold 21 MeV kinetic energy

• Beautiful technology that allows to learn about features of neutrino interactions that have 
not been possible to explore with existing experiments

• Published inclusive muon neutrino charged current                                                  
differential cross section as a function of momentum

• Studied a data sample of (muon+2p) and found 19 events                                                         
with two proton
•  From which four events has back to back protons pairs                                                                                                                        

First time these events are observed 

32

Visually the signature of these events gives the appearance of a hammer, !
with the muon forming the handle and the back-to-back protons forming the head.

cos(γ)<-0.95

(µ-+2p) data sample - 4 “Hammer Events”

!-p
p

4
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FIG. 3: The measured ⌫µ CC flux-integrated di↵erential cross
section (per argon nucleus) in muon momentum.

section measurement bin in order to obtain the di↵eren-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-
lying neutrino cross section predictions for the various
interaction channels.

Although comparing the di↵erential cross section re-
sults to other measurements is di�cult, the total cross
section can be extracted with the complete sample size
(379 events), background expectation (18 events), and
overall detection e�ciency (49.5%). The total cross sec-
tion includes the bins outside of the ✓

µ

and P
µ

di↵erential
cross section measurement ranges. The measured total
⌫
µ

CC cross section is �/E
⌫

=(7.3±1.2)⇥10�39

cm

2

GeV

per
isoscalar nucleon at hE

⌫

i = 4.3 GeV, consistent with the
most precise total cross section measurements available

at these energies [1, 2]. The argon-to-isoscalar correction
has been applied in arriving at this value.
The first two weeks of the ArgoNeuT physics run, com-

prising the entirety of the neutrino-mode data acquisi-
tion, have been analyzed. An additional 1.25⇥1020 POT
taken in anti-neutrino mode over the 5.5 month physics
run is currently being analyzed. LArSoft reconstruction,
ArgoNeuT-MINOS track matching e�ciency, and mea-
surement resolution will be augmented for future anal-
yses. Subsequent work will demonstrate the complete
power of LArTPC technology with dE

dx

-based particle
identification and calorimetry in general.
ArgoNeuT has performed the first ⌫

µ

CC di↵eren-
tial cross section measurements for scattering on ar-
gon. The results are consistent with the GENIE neu-
trino event generator predictions from 0�< ✓

µ

< 36� and
0< P

µ

< 25 GeV/c and the measured total ⌫
µ

CC cross
section at hE

⌫

i = 4.3 GeV is consistent with the world’s
data. The di↵erential cross sections elucidate the behav-
ior of the outgoing muon in ⌫

µ

CC interactions, informa-
tion useful for tuning neutrino event generators, reducing
the systematics associated with a long baseline neutrino
oscillation experiment’s near-far comparison, and inform-
ing the theory of the neutrino-nucleus interaction in gen-
eral. In addition to importance in understanding neu-
trino scattering and relevance for neutrino oscillations,
these measurements represent a significant step forward
for LArTPC technology as they are among the first with
such a device.
We gratefully acknowledge the cooperation of the

MINOS collaboration in providing their data for use in
this analysis. We wish to acknowledge the support of
Fermilab, the Department of Energy, and the National
Science Foundation in ArgoNeuT’s construction, opera-
tion, and data analysis.
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• T2K measured the CCQE with the INGRID detector.  This detector uses a fully active 
tracking detector and located on-axis from the neutrino beam peak at 1.5 GeV

• Both one and two track events are measured, purity for one track events is 76% and 
purity for two track events is 85%

• Results agree with the predictions of neutrino interaction models

20

OnDaxis%CCQE%
•  INGRID%used%to%measure%

CCQE%cross%secFon%with%
onDaxis%flux%(peak%1.5%
GeV)%

•  2%bin%measurement%in%
neutrino%energy%

•  KinemaFc%cuts%used%to%
enhance%CCQE%purity%

•  Sample%split%into%1D%and%
2Dtrack%samples%

•  Large%amount%of%model%
dependence%seen,%and%
tension%between%1D%and%
2Dtrack%samples%

•  Perhaps%kinemaFc%cuts%
not%wellDunderstood?%

Andy%Furmanski% 8%
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Pion Production
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Charged Pion Production

22

• Next important channel for neutrino oscillation and increasing the W toward the QCD limit

• Most experiments use the Rein-Sehgal model for         resonance production
• More recent models by M. Athar, Salamanca-Valencia, M. Pascos

• Experimentalist’s dilemma: Whichever model you use, it will be poorly constrained by       data

• All the generator are tuned to bubble chamber deuterium data

Resonance Pion Production Model 

                             11 

 
 

Fermilab Joint Experimental-Theoretical Seminar                         Brandon Eberly, University of Pittsburgh 

•Most experiments use the Rein-Sehgal model for νN resonance production 
•More recent models by M. Athar, Salamanca-Valencia, M. Pascos 
 

•Experimentalist’s  dilemma:  Whichever  model  you  use,  it  will  be  poorly  
constrained by νN data  

O. Lalakulich & U. Mosel, NuInt12 

Multiplying by the well-known CCQE cross section gives the
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I H2, D2 CCQE measurements generally consistent
I Use GENIE 2.8 cross section (MA = 0.99 GeV)

I
Not circular, since MA from Q2

shape, not normalization

I Result consistent with GENIE �++ cross section

�•�•• 12

Old bubble chamber deuterium data
Recent reanalysis of deuterium data finds 
consistency between ANL and BNL 

⌫N

⌫N

O. Lalakulich&U. Mosel, Nuint 12 PRD 90, 112017 (2014)
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• Data is compared against a theoretical model (GIBUU)

• Data prefers GIBBU with no final state interaction for both        and 

• We know there is final state interactions in both channels, but this is an excellent 
sample of how difficult is to untangle the underlying neutrino interaction model from 
nuclear effects

Comparison of      and      Models with Data from 
MiniBooNE 

23

A step up in W to pion production"
Comparison of π0 and π± Models with Data!

40 

 
 
 
 
 
GiBUU results confirmed by Hernandez & Nieves 

Pion Spectra in MB 
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bands: 
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arXiv:0910.2835 

NUINT 2014 

Hard to understand: 
pion data agree with 
Fermi-motion folded free 
cross cection, but fsi must  
be there 

GiBUU 

L. Alvarez-Ruso, IFIC                                                          NuInt12

π production
 GENIE vs GiBUU NCπ

 Largest discrepancies seem to be in the cross sections before FSI
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 controversy   
• Theories (with ' medium effects and pion rescattering) do not agree with pion KE spectrum  

Hernandez et al.  
Phys.Rev. D87 (2013) 113009 

Lalakulich, Mosel , Phys.Rev. C 87 (2013) 014602 

Valencia GiBUU 

[Meson production in resonance region: S. Nakamura talk]   

Upper boundary: BNL input 
Lower boundary: ANL input 

MiniBooNE flux-integrated  CC1S+ differential cross section 
function of TS 

MiniBooNE Phys. Rev. D 83 052007 (2011)  
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• Differential cross section as a function of pion kinetic energy, left absolutely normalized and right area 
normalized

Introduction

Kinematic Equations and Definitions PITT

En = Eµ +EH

Q2 = 2En(Eµ �pµ cos(qµn))�m2

µ

W2

exp =�Q2 +m2

p +2mpEH

Wgen : Wexp w/o the assumption of a nucleon at rest

C.L. McGivern Analysis Meeting 4 / 14

Comparison of neutrino     Models with Data from 
MINERvA (W<1.4 GeV)

24

A step up in W to pion production"
Comparison of π0 and π± Models with Data!
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More details: charged pion  (W<1.4 GeV) "
absolute cross section – model comparisons!

46 

•  NEUT and NuWro normalization agree the best with data.   
•  GiBUU, GENIE normalizations disfavored by a couple σ 
•  GENIE (with FSI), NEUT, and NuWro predict the data shape well  
•  Except for Athar, data is unable to distinguish different FSI models  
 

NEUT and NuWro normalization agree the best with data 
GIBBU, GENIE normalization disfavored 

FSI Conclusions for Pion Energy "
(Multi model - Shape Comparisons) !

  GENIE (with FSI), NEUT, and NuWro predict the data shape well!
   Data is unable to distinguish different FSI models !

44 

Motivation Previous Measurements

FSI Conclusions for Pion Energy (Shape Comparisons)

GENIE (with FSI), NEUT, and NuWro predict the data shape well
Data is unable to distinguish different FSI models

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 16 / 56

GENIE (with FSI), NEUT, and NuWro predict the shape 
well. Except for Athar, data is unable to distinguish 
different FSI model 

arXiv:1406.6415
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W<1.4 GeV Analyses

25

• No models describe all data sets well

• MiniBooNE <E>=0.8 GeV: best theory models (GIBUU) strongly disagree in shape

• MINERvA <E>=3.5 GeV: Event generator has shape but not magnitude 

Summary for W < 1.4 GeV Analysis!

47 

  MiniBooNE  - Eν~1 GeV!
  Best theory models (GiBUU, Valencia) strongly disagree in shape!
  Event generators have shape right, but problems in detail!
!

  MINERvA - <Eν> = 4 GeV !
  Dominantly Δ resonance formation, decay in "

nucleus, very similar to MiniBooNE)!
  Event generators have shape but not magnitude!
  Event generators show the absolute need for ! !              including FSI!!
  GiBUU has shape right, but wrong magnitude!
!

  No models describes all data sets well!"
  Theory based calculations have better physics "

(nuclear corrections), but don’t describe data"
better than simpler event generator codes.!

arXiv:1406.6415
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Multi pi zone (W<1.8 GeV) at MINERvA

26

• Neutrino pion and antineutrino pi0 analyses for W<1.8 GeV

• Using the lepton information, these measurements are sensitive to nuclear structure

• In charged pion both GENIE and NEUT over estimate the cross section 

• In neutral pions GENIE and NEUT agree better with data than NuWro, expect in the first bin

• The Q2 spectrum provides the most detail and no single model describes both the charged and neutral 
distributions

• Experimental data pointing to the need of improved nuclear models

Up into the multi-π zone (W < 1.8 GeV) from the lepton side: "
Cross section model comparisons for Q2!

  In charged pion both GENIE and NEUT over estimate the cross section (as in the 
muon variables)!

  In the shape analysis, GENIE agrees well with data except in lowest Q2 bin of the 
neutral pions.!

  In lowest Q2 bin of the charged pions, coherent production in NuWro & NEUT!50 

Cross Section Results and Model Comparisons Neutrino Energy and Q2

Cross Section as a Function of Q2

The shape difference is the most interesting feature

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 50 / 56

Cross Section Results and Model Comparisons Neutrino Energy and Q2

Cross Section as a Function of Q2

The shape difference is the most interesting feature

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 50 / 56

http://minerva-docdb.fnal.gov/cgi-bin/RetrieveFile?docid=11203&filename=JTES_20150626.pdf&version=4
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Charged Current 1    from T2K

27

17M. Nirkko, University of Bern

CC-1π in water (FGD2)

> Pion kinematics: Both generators seem 

to overestimate this channel!

> Total xsec 1.5 sigma lower than GENIE

PRELIMINARY

PRELIMINARY

PRELIMINARY

17M. Nirkko, University of Bern

CC-1π in water (FGD2)

> Pion kinematics: Both generators seem 

to overestimate this channel!

> Total xsec 1.5 sigma lower than GENIE

PRELIMINARY

PRELIMINARY

PRELIMINARY

• Results from T2K in the water target

• Two track events in fiducial volume

• Main background are carbon and charged current non-1pi interactions 

• The generators GENIE and NEUT overestimate the data

⇡

M. Nirkko, NuFact 2015
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Charged Current Inclusive and Deep Inelastic 
Scattering (Ratios of scattering off nuclear targets)
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Charged Lepton Nuclear Effects
• Reminder: F2/nucleon changes as a function of A

• Measured in                not in 

• Neutrino event generator relies on measurements from charged leptons

29

Joel Mousseau 7

Charged Lepton Nuclear Effects

Scaling variable Bjorken x. In the 
parton model, x is the fractional 
momentum of the struck quark

● Shadowing and 
Anti-shadowing: Depletion 
of cross section at low x, 
presumably compensated 
by a enhancement from x ~ 
0.1 – 0.3. Shadowing is well 
understood experimentally 
and theoretically.

● EMC Effect: no universally 
accepted cause (though 
many theories). What is 
known is that it is a strong 
function of local nuclear 
density.

● Fermi motion: Each quark 
is allowed to have a 
maximum momentum of x = 
A, so increasing A increases 
maximum allowable x. 

76!

  F2 / nucleon changes as a function of A.  Specifically measured in µ/e - A not in ν � Α"

  Good reason to consider nuclear effects are DIFFERENT in ν - A.  
  Presence of axial-vector current.   
  SPECULATION: Stronger shadowing for ν -A but somewhat weaker “EMC” 

effect. 
  Different nuclear effects for valance and sea --> different shadowing for xF3 

compared to F2.   

Studies of DIS x-dependent"
Nuclear Effects with Neutrinos !

    

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 

x  sea quark valence quark 

Shadowing and Anti-shadowing: 
Depletion of cross section at low x, 
presumably compensated by enhancement 
f rom x~0.1-0.3. Shadowing is wel l 
understood experimentally and theoretically 
EMC effect: no universally accepted 
cause(though many theories). What is 
known is that it is strong function of local 
nuclear density 
Fermi motion: Each quark is allowed to 
have a maximum momentum of x=A, so 
increasing A increases maximum allowable 
x 

⌫ �A
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Neutrino Deep Inelastic Scattering off Iron from 
NuTeV
• The NuTeV experiment collected data using high purity neutrino and antineutrino with energies 

30-500 GeV at Fermilab

• NuTeV used a calorimeter detector made of Iron and liquid scintillator 

• Structure functions for iron are determined from fits to linear combinations of neutrino and 
antineutrino differential cross sections             

• At moderate x, NuTeV results                                                                                                        
agrees with CCFR data 

• There is some disagreement for x>0.40

30
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FIG. 10. xF3(x,Q2) NuTeV (solid circles) compared with previous measurements; CCFR97 (open circles) and CDHSW
(triangles). The data are corrected to an isoscalar (iron) target and for QED radiative effects as described in the text. The
curve shows the NuTeV model.

18

The NuTeV data are presented along with a full point-to-point covariance matrix that provides the correlation
coefficient between any two cross section data points. We have found that these correlations are large for neighboring
bins. Previous measurements by [2] and [3] did not provide such a data correlation matrix. The covariance matrix,
Mαβ, is given by

Mαβ =
7

∑

i

δi|αδi|β ,

where δi|α is the 1σ shift in data point α due to systematic uncertainty i. The 2.1% flux normalization uncertainty
can be included in the covariance matrix by adding a term

M ′
αβ = Mαβ + (0.021)2

d2σ

dxdy

D

α

d2σ

dxdy

D

β

The statistical uncertainty is added in quadrature to the diagonal elements of the data covariance matrix.
Separate data vectors and covariance matrices are obtained for the neutrino and antineutrino cross sections. There

are 1423 (Nν
DATA = 1423) neutrino and 1195 (Nν

DATA = 1195) antineutrino data points. A χ2 with respect to a
theoretical model can be calculated using

χ2 = (6)

=

Nν
DAT A
∑

α,β=1

[

d2σ

dxdy

th

α

−
d2σ

dxdy

D

α

]

(M−1
ν )αβ

[

d2σ

dxdy

th

β

−
d2σ

dxdy

D

β

]

+

Nν
DAT A
∑

α,β=1

[

d2σ

dxdy

th

α

−
d2σ

dxdy

D

α

]

(M−1
ν )αβ

[

d2σ

dxdy

th

β

−
d2σ

dxdy

D

β

]

,

where d2σ
dxdy

D

α
is the measured differential cross section and d2σ

dxdy

th

α
is the model prediction for data point α.

IV. STRUCTURE FUNCTIONS

Structure functions, F2(x, Q2) and xF3(x, Q2), can be determined from fits to linear combinations of the neutrino
and antineutrino differential cross sections. The sum of the differential cross sections can be expressed as

d2σ

dxdy

ν

+
d2σ

dxdy

ν

=
G2

F ME

π

[

2
(

1 − y −
Mxy

2E
(7)

+
y2

2

1 + 4M2x2/Q2

1 + RL

)

F2 + y
(

1 −
y

2

)

∆xF3

]

.

where F2 is the average of F ν
2 and F ν

2 . The last term is proportional to the difference in xF3 for neutrino and
antineutrino probes, ∆xF3 = xF ν

3 − xF ν
3 , which at leading order is 4x (s − c), (assuming symmetric s and c seas).

Cross sections are corrected for the excess of neutrons over protons in the iron target (5.67%) so that the presented
structure functions are for an isoscalar target. A correction was also applied to remove QED radiative effects [12].
To extract F2(x, Q2) we use ∆xF3 from a NLO QCD model as input (TRVFS [14]). The input value of RL(x, Q2)
comes from a fit to the world’s measurements [15]. The NuTeV measurement of F2(x, Q2) on an isoscalar-iron target
is shown in Figure 9. The structure function, F2(x, Q2) is compared with previous measurements from CDHSW [2]
and CCFR [3].

15

CCFR used the same detector as NUTeV in earlier experiment 
CDHSW CERN experiment Phys.Rev. D 74, 012008
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Neutrino Deep Inelastic Scattering on Lead from 
CHORUS
• The CHORUS experiment collected data using lead as target, high purity neutrino and antineutrino 

with energies 10-200 GeV

• Extract the neutrino lead structure functions 

• The data for F2 favors the CCFR data over the CDHSW data

• CHORUS measured the xF3 and reported the measurements agrees with CCFR and CDHSW

31

CHORUS Collaboration / Physics Letters B 632 (2006) 65–75 73

Fig. 4. Comparison of our F2(x,Q2) results with measurements from CCFR and CDHSW. The inner bars represent the statistical uncertainties and the outer bars
the quadratic sum of statistical and systematic uncertainties. Numerical values of these measurements are available in Ref. [28].

are shown in Fig. 2. The differential cross-section has not been
corrected for the non-isoscalarity of the target and thus refers to
the cross-section on the material of the CHORUS calorimeter,
which is 93% lead, 3.5% iron and 3.5% other materials.
The differential cross-section of the model is shown as a

curve in Fig. 2. The agreement between the measurement and
the model validates the use of the model for the calculation of
the acceptance and smearing corrections applied to the data.
Several characteristic properties of the differential neutrino–

nucleon cross-section can be observed in Fig. 2. The numer-
ical values of all measurements reported in the figures are
available in Ref. [28]. At low x, it is expected that the cross-
section is dominated by scattering off sea quarks, and in-
deed the relative difference between the measured neutrino and
anti-neutrino cross-sections is small. Scaling violations, pre-
dicted by QCD, are also visible: at low x the cross-section
increases with Eν , while at high x the cross-section decreases
with Eν .

6. Structure function extraction

To extract structure functions corresponding to an isoscalar
target, the cross-section data are corrected for radiative effects
and for the 9.7% excess of neutrons in the target, based on
the difference between the u and d (ū and d̄) distributions in
the GRV98LO parton distributions. Isoscalarity corrections are
most significant at high x, but never exceed 15%. The cross-
section points are grouped in bins of (x, Q2). The binning in x

is the same as used for the differential cross-section measure-
ment. The binning in Q2 is equidistant in log(Q2) and divides
the range 0.1–100 GeV2/c2 into 15 bins. The low-Q2 bins have
more entries at low y, while the high-Q2 bins have more en-
tries at high y. A correction is applied to shift the cross-section
points to the centre of each Q2 bin.
The y dependence of both neutrino and anti-neutrino data

is then used to extract the structure functions F2(x,Q2),
xF3(x,Q2), and R(x,Q2), by applying a linear 3-parameter
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nucleon cross-section can be observed in Fig. 2. The numer-
ical values of all measurements reported in the figures are
available in Ref. [28]. At low x, it is expected that the cross-
section is dominated by scattering off sea quarks, and in-
deed the relative difference between the measured neutrino and
anti-neutrino cross-sections is small. Scaling violations, pre-
dicted by QCD, are also visible: at low x the cross-section
increases with Eν , while at high x the cross-section decreases
with Eν .

6. Structure function extraction

To extract structure functions corresponding to an isoscalar
target, the cross-section data are corrected for radiative effects
and for the 9.7% excess of neutrons in the target, based on
the difference between the u and d (ū and d̄) distributions in
the GRV98LO parton distributions. Isoscalarity corrections are
most significant at high x, but never exceed 15%. The cross-
section points are grouped in bins of (x, Q2). The binning in x

is the same as used for the differential cross-section measure-
ment. The binning in Q2 is equidistant in log(Q2) and divides
the range 0.1–100 GeV2/c2 into 15 bins. The low-Q2 bins have
more entries at low y, while the high-Q2 bins have more en-
tries at high y. A correction is applied to shift the cross-section
points to the centre of each Q2 bin.
The y dependence of both neutrino and anti-neutrino data

is then used to extract the structure functions F2(x,Q2),
xF3(x,Q2), and R(x,Q2), by applying a linear 3-parameter
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Fig. 4. Comparison of our F2(x,Q2) results with measurements from CCFR and CDHSW. The inner bars represent the statistical uncertainties and the outer bars
the quadratic sum of statistical and systematic uncertainties. Numerical values of these measurements are available in Ref. [28].
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• An analysis from nCTEQ collaboration tries to fit for nuclear effects by comparing NuTeV structure 
functions on iron to predicted “n+p” structure functions and comparing to predictions from charged 
lepton effects

• Result show different behavior as a function of x, particularly in the shadowing region

• Low Q2 and low x neutrino data cause tension with the shadowing observed in charged lepton data

Figure 49: Nuclear correction factor R for the average F2 structure function in charged current ⌫Fe

scattering at Q

2 =1.2, 2.0, 3.2 and 5.0 GeV

2 compared to the measured NuTeV points. The green
dashed curve curve shows the result of the nCTEQ analysis of ⌫ A (CHORUS, CCFR and NuTeV)
di↵erential cross sections plotted in terms of the average F

Fe
2 divided by the results obtained with

the reference fit (free-proton) PDFs. For comparison, the nCTEQ fit to the charged-lepton data from
Figure 46 is shown by the solid blue curve.

nCTEQ: Shadowing in ⌫-A Scattering As concluded above, the nCTEQ fit to `

±
A and DY data

is generally consistent with the SLAC/NMC parameterization and HKN fits to calibrate and certify
the nCTEQ method. However, the nCTEQ fits ⌫Fe scattering in Figures 47, 48 and 49 do not agree
with the charged-lepton nucleus fits. Although there is a general tension over most of the x-range, the
biggest di↵erence is in the shadowing region, where the non-existent turn-over of the NuTeV ⌫Fe cross
section data in the shadowing region at lower Q2 is again evident. Since lower Q2 data dominates the
low-x region, this also explains the lack of any shadowing turnover at all in the ratio of cross-sections
in Figure‘43.

8.3.3 Global Fits: The Eskola-Paukkunen-Salgado (EPS) Nuclear Parton Distributions
and Correction Factors

Although the discussion of nuclear parton distributions began in the late 70’s[228], it was with the
early work of K. J. Eskola and colleagues [229] that the more modern era of extracting nuclear parton
distributions via global fits to a variety of lepton-nucleus data began. Their systematic consideration of
⌫A scattering was treated in their work of 2009, published in 2010 [230], and then revisited to specifically
address the consistency of ⌫A DIS results and general nPDF results [231].

Their analysis [230] uses method 2 with the CTEQ6.6 free-nucleon PDFs as their basis set. It is
important to note that instead of using the full covariant error matrix, they have chosen to add the
statistical and systematic uncertainties in quadrature when computing �

2. This implies that the total
errors they are using are larger than those used by nCTEQ and thus have less discriminatory power
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• Bodek and Yang have introduced a refined model which is used by many of the neutrino 
event generator

• The model has been developed for both neutrino and electron nucleon inelastic scattering 
cross sections using leading order parton distribution function

• The model describes the inelastic electron and muon F2 data in proton and deuteron targets

Transition Region between RES and DIS

33
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The normalization of the various experiments are al-
lowed to float within their errors with the normalization of
the SLAC proton data set to 1.0. The fit yields normaliza-
tion factors of 0.986± 0.002, 0.979± 0.003, 0.998± 0.003,
1.008±0.003, 1.001±0.004, and 0.987±0.005 for the SLAC
deuterium data, BCDMS proton data, BCDMS deuterium
data, NMC proton data, NMC deuterium data, and H1
proton data, respectively. With these normalization, the
GRV98 PDFs with our modifications should be multiplied
by N = 1.026± 0.003.

Note that we apply a small d/u correction to the GRV98
PDFs. This correction increases the valence d quark dis-
tribution at large x and is extracted from NMC data for
FD

2 /FP
2 .

Comparisons of our fit to various sets of inelastic elec-
tron and muon F2 data on proton and deuteron targets
are shown in Figures 2 (for SLAC, BCDMS and NMC).
Comparisons to H1(electron-proton) data at low values
of x are shown in Figure 3. Our e↵ective LO model de-
scribes the inelastic charged lepton F2 data both in the
low x as well as in the high x regions. The model also
provides a very good description of both low energy and
high energy photo-production cross sections[33] on proton
and deuteron targets for incident photon energies above
⌫ = 1 GeV (which corresponds W > 1.7 GeV) as shown
in Figure 4. For W < 1.7 GeV, as discussed in the next
section, the model describes the average cross section over
the resonance region.

As seen in the figures our fit describes all of the data,
including photo-production data in the continuum region.

5 Comparison to resonance production data

Comparisons of the model fit to hydrogen and deuterium
electron scattering data in the resonance region [34] are
shown in Figure 5. As expected from quark-hadron du-
ality [35], our model provides a reasonable description of
both the inelastic region as well as the average value of the
F2 data in the resonance region (down to Q2 = 0), includ-
ing the region of the first resonance (W = 1.23 GeV/c2).
We find also good agreement with the most recent FL

and F2 data in the resonance region from the E94-110,
and JUPITER experiments [34,36] at Jlab, as shown in
Fig. 6. Our predictions for FL are obtained using our F2

model and the R1998 [37] parametrization (as discussed in
section 9). We find good agreement with quark hadron du-
ality down to very low Q2. Other studies[31] with unmod-
ified GRV PDFs find large deviations from quark-hadron
duality in the resonance region for electron and muon scat-
tering. This is because those studies do not include any
low Q2 K factors and use the scaling variable ⇠ (while we
use the modified scaling variable ⇠w). We find that quark
hadron duality works at low Q2 if we use the modified
scaling variable ⇠w, and low Q2 Ki factors.

In the Q2 = 0 photoproduction limit, the model pro-
vides a good descriptions of the data for both the inelastic
region as well as in the resonance region as shown in Fig-
ure 4.

Fig. 2. The e↵ective LO PDF model compared to charged
lepton F2 experimental data (SLAC, BCDMS, NMC) at high
x (these data are included in our fit) :[top] F2 proton, [bot] F2

deuteron. The solid lines are our fit, and the dashed lines are
GRV98 .

6 Application to neutrino scattering

For high energy neutrino scattering on quarks and anti-
quarks, the vector and axial contributions are the same.
At very high Q2, where the quark parton model is valid,
both the vector and axial K factors are expected to be 1.0.
Therefore, high Q2 neutrinos and antineutrino structure
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x (these data are included in our fit) :[top] F2 proton, [bot] F2
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6 Application to neutrino scattering

For high energy neutrino scattering on quarks and anti-
quarks, the vector and axial contributions are the same.
At very high Q2, where the quark parton model is valid,
both the vector and axial K factors are expected to be 1.0.
Therefore, high Q2 neutrinos and antineutrino structure

Bodek and Yang’s model compared to charged lepton F2 experimental data (SLAC,BCDMS and NMC) 

Dashed lines are from parton distributions obtained with a global fit (GRV98) 
and solid red lines are Bodek and Yang’s fit

CHORUS Collaboration / Physics Letters B 632 (2006) 65–75 73

Fig. 4. Comparison of our F2(x,Q2) results with measurements from CCFR and CDHSW. The inner bars represent the statistical uncertainties and the outer bars
the quadratic sum of statistical and systematic uncertainties. Numerical values of these measurements are available in Ref. [28].

are shown in Fig. 2. The differential cross-section has not been
corrected for the non-isoscalarity of the target and thus refers to
the cross-section on the material of the CHORUS calorimeter,
which is 93% lead, 3.5% iron and 3.5% other materials.
The differential cross-section of the model is shown as a

curve in Fig. 2. The agreement between the measurement and
the model validates the use of the model for the calculation of
the acceptance and smearing corrections applied to the data.
Several characteristic properties of the differential neutrino–

nucleon cross-section can be observed in Fig. 2. The numer-
ical values of all measurements reported in the figures are
available in Ref. [28]. At low x, it is expected that the cross-
section is dominated by scattering off sea quarks, and in-
deed the relative difference between the measured neutrino and
anti-neutrino cross-sections is small. Scaling violations, pre-
dicted by QCD, are also visible: at low x the cross-section
increases with Eν , while at high x the cross-section decreases
with Eν .

6. Structure function extraction

To extract structure functions corresponding to an isoscalar
target, the cross-section data are corrected for radiative effects
and for the 9.7% excess of neutrons in the target, based on
the difference between the u and d (ū and d̄) distributions in
the GRV98LO parton distributions. Isoscalarity corrections are
most significant at high x, but never exceed 15%. The cross-
section points are grouped in bins of (x, Q2). The binning in x

is the same as used for the differential cross-section measure-
ment. The binning in Q2 is equidistant in log(Q2) and divides
the range 0.1–100 GeV2/c2 into 15 bins. The low-Q2 bins have
more entries at low y, while the high-Q2 bins have more en-
tries at high y. A correction is applied to shift the cross-section
points to the centre of each Q2 bin.
The y dependence of both neutrino and anti-neutrino data

is then used to extract the structure functions F2(x,Q2),
xF3(x,Q2), and R(x,Q2), by applying a linear 3-parameter

arXiv:1011.6592[hep-ph]
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• Comparison of the Bodek and Yang model to neutrino data from on lead (CHORUS) and iron CCFR 
show good agreement 

• Ratios of                   to the default model shown in black and the blue is the ratio of a modified 
version of the model for which the axial structure functions are set equal to the vector structure 
functions
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functions, which is close to the value calculated from
PCAC in the model of Kulagin and Peti[39].

– The value of Caxial
sea = 0.3 is chosen because it yields a

PCAC contribution Faxial)
2 (⇠w = 0.00001, Q2 = 1) =

0.08, which is close to the value calculated in the model
of Kulagin and Peti[39] at Q2=1 (GeV/c)2.

11.2.2 Axial valence

For the valence quarks, we note that the following is a
good approximation to the vector K factor.

Kvector
valence(Q

2) ⇡ [1�G2
D(Q2)] ⇡ Q2

Q2 + 0.18

We use a similar form for the axial K factor for valence
quarks.

Kaxial
valence(Q

2) =
Q2 + P axial

valence

Q2 + 0.18
(type II)

Where P axial
valence = 0.018± 0.09 is chosen to get agreement

with measured high energy neutrino and antineutrino to-
tal cross sections. Therefore,

Kaxial
valence(Q

2) =
Q2 + 0.018± 0.09

Q2 + 0.18
(type II)

which implies that the axialK factor for the valence quarks
at Q2 = 0 is 0.1.

We use the same axial K factor for the u and d valence
quarks.

As mentioned earlier, we assume 2xFaxial
1 = 2xFvector

1 .
This is because the non-zero PCAC component of Faxial

2
at low Q2 is purely longitudinal and therefore does not
contribute to 2xFaxial

1 which is purely transverse.

12 Comparison to Neutrino Data on Heavy
Targets

We now compare the predictions of our model to neu-
trino data on lead (CHORUS [52] ) and iron (CCFR [19,
50]). In these comparison we assume that the ratio of the
structure functions on a nucleus to the structure functions
on free nucleons for neutrinos is the same as measured in
electron/muon scattering for F2.

We assume that the nuclear correction factors are the
same for the axial and vector part of the structure func-
tions. This is a source of systematic error because the nu-
clear shadowing corrections at low x can be di↵erent for
the vector and axial terms (this di↵erence can be only be
accounted for by assuming a specific theoretical model[39]).

The published CHORUS and CCFR data have been
corrected for radiative corrections. In addition, the CHO-
RUS data have been corrected for the neutron excess in
lead. Therefore, we compare the CHORUS data to our
model for an isoscalar target.

Fig. 14. The ratio of charged-current neutrino and antineu-
trino di↵erential cross sections d2�/dxdy on lead from CHO-
RUS [52] to our default model which includes a non zero PCAC
contribution to the sea quarks at low Q2 (BY Type II). The
ratios are shown for energies of 15 and 25 GeV . On the left side
we show the comparison for neutrino cross sections and on the
right side we show the prediction for antineutrinos. The blue
line is the ratio of a modified version of the model for which the
axial structure functions are set equal to the vector structure
functions ( BY Type I) to to the default model which includes
the non zero PCAC axial contribution to the sea quarks at low
Q2 (BY Type II). The CHORUS and CCFR data favor the BY
Type II default model.
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Q2 (BY Type II). The CHORUS and CCFR data favor the BY
Type II default model.
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Ratio between nuclear targets (CC Inclusive, not 
just DIS) from MINERvA
• MINERvA is starting to study X dependent nuclear effects with neutrinos, unique experiment with 

different nuclear targets iron, lead and carbon

• Measurements of CC inclusive ratios for iron to scintillator and lead to scintillator

• Disagreement between data and GENIE generator.  

• The high X region is dominated by the quasi-elastic and resonance production
• This suggests we do not model well the A dependence of the quasi-elastic and resonance 

channels which are dominant for the oscillation experiments

• We need better understanding the A dependence of inclusive scattering

35

LE Cross Section Ratios as 
function of x 

•  At x=[0,0.1], we observe a deficit that 
increases with the size of the nucleus 

•  At x>0.7, we observe an excess that also 
increases with size of nucleus 

•  Data show effects not modeled in 
simulation 

•  Expectation from charged lepton data is 
that nuclear effects are smaller 
–  But νs sensitive to xF3 

–   νs also sensitive to axial piece of F2 

23 June 2015 24 PRL 112, 231801  (2014) 
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simulation 

•  Expectation from charged lepton data is 
that nuclear effects are smaller 
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–   νs also sensitive to axial piece of F2 
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DIS Ratios: dσ /dx

●Results are now shown for the deeply inelastic events in C, Fe, Pb 
and CH (not isoscalar corrected).

●X dependent ratios directly translate to x dependent nuclear effects.

●However, we cannot reach the high x events with our current beam 
energy.

●Currently, our simulation assumes the same x-dependent nuclear 
effects for C, Fe and Pb based on charged lepton scattering.

C/CH

Fe/CH
Pb/CH

Deep Inelastic Scattering from MINERvA
• MINERvA produced deep inelastic ratios from nuclear targets to study x dependent nuclear 

effects using the low energy data that has restricted DIS statistics 

• We have a x range from the low x shadowing region through the EMC region 

• The simulation used in the analysis assumes the same x-dependent nuclear effects for C, Fe and 
Pb based on charged lepton scattering

• The data suggest additional nuclear shadowing in the lowest x bin (0<x<0.1) than predicted in 
lead, it is at a value of x and Q2 where shadowing is not normally found in charged lepton nucleus 
scattering 

• In the EMC region (0.3<x<0.75), we see good agreement between data and simulation

36

http://minerva-docdb.fnal.gov/cgi-bin/RetrieveFile?docid=11041&filename=MousseauJTEP.pdf&version=1
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Structure Function Extraction at MINERvA
• MINERvA is collecting data using a higher energy beam. This data set will be used to extract 

the nuclear structure functions for neutrinos

• We expect better than 10% accuracy for structure function extraction

37
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Structure Function Extraction

● Additional neutrino and anti-neutrino data provided by Medium Energy 
beam will allow the extraction of nuclear structure functions for neutrinos. 

● Structure functions = form factors within the expression for the DIS cross 
section. They describe the distribution of quarks within the nucleon or 
nucleus as a function of x.

● Structure function ratios are the most direct route to observing 
x-dependent nuclear effects.

 
 

● Neutrino nuclear structure functions are also vital for future experiments 
and theory. 

Three structure functions describe the ν
μ
 + N and  ν

μ
 + N DIS cross section

Joel Mousseau 56

Structure Function Sensitivity

●We expect better than 10% accuracy for structure function 
extraction.

●However, requires anti-neutrino data be taken and analyzed.

A A
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Study of EMC Effect with MINERvA in the Medium 
Energy Beam

• Predictions for the fractional uncertainties for neutrinos and antineutrinos 
from MINERvA 

38

Physics Reach on EMC Effect 

•  Assume  10E20 in neutrino mode, 12E20 in antineutrino mode 
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Prediction from Cloet model, PRL 109, 182301, shadowing is not include 
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• Strong program aim to understand neutrino scattering in LArTPC: CAPTAIN + MINERvA
• The proposal is to place the CAPTAIN LArTPC in front of MINERvA detector
• High statistics measurements of neutrino interactions                                                        

on argon in the medium energy range                                                                           
(high statistic for deep inelastic interactions)

•  Unique results that will help to constrain models before                                                 
DUNE

• CAPTAIN-MINERvA can measure cross section ratios                                                           
for example argon to carbon

• Study how processes vary on different nuclei

• More precise test of the models can be performed with ratios due to cancelation of large 
systematic uncertainties such as neutrino flux

• MINERvA is collecting more data with the medium energy beam from NOvA and aim to extract 
structure functions and measure partonic nuclear effects using antineutrino data

New Construction and Upgrades from MINERvA

39
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Future Experiments
• Study neutrino anomalies and sterile neutrinos

• Two classes of anomalies pointing at additional physics beyond the standard model in 
the neutrino sector
• The apparent disappearance signal in the low energy anti-neutrinos from nuclear 

reactors
• Evidence for an electron-like excess in interactions coming from neutrinos 

produce in accelerators (LSND and MiniBooNE anomalies)

• None of these results can be described by oscillations between the 3 Standard model 
neutrinos 

• The current short baseline program at Fermilab will use the Booster neutrino beam and 
different detectors MicroBooNE, SBND and ICARUS

• In addition, these experiments will be use to measure cross sections                                                                      

40

Experimental Hints for beyond 3 neutrino mixing b)
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MicroBooNE Experiment

41

• 170 ton LAr TPC in the Fermilab

•Booster Neutrino Beamline MicroBooNE is an important step in the development of large scale LAr TPCs for future 
short and long baseline ν physics
•Status:

•detector was purged, cooled, and filled with liquid argon this past summer 
• on Aug 6, 2015: MicroBooNE saw first tracks! 
• continuing to develop analysis tools to be ready for first physics analyses 
• neutrino data-taking will begin when beam returns on Oct 5th

• MicroBooNE will make the first σν measurements in 40Ar at low energy                                                                               
(Eν ~1 GeV). These analyses will benefit from the well-known BNB flux
•Statistics is huge, for 6 months: CC inclusive 26226, CC 0pi 16757

• physics goals:  
  - address MiniBooNE
    low energy excess

  - make 1st low energy
    neutrino cross section
    measurements on argon 
• R&D goals: 
  - argon fill without evacuation 
  - cold front-end electronics
  - long drift (2.5m)
  - near surface operation
  - event reconstruction 
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Summary
• Neutrino experiments have been making an excellent progress 

• Cross section experiments are producing accurate cross section measurements 

• Neutrino oscillation experiments have started to make precision measurements and 
search for CPV and mass hierarchy

• We need more theoretical contributions, have made progress with understanding neutrino 
scattering data, but still we have huge disagreement with models

• Axial form factor for quasi-elastic

• Better nuclear models for quasi-elastic and pion production scattering

• We need a better understanding of the A dependence for CC inclusive scattering and 
deep inelastic 

• In addition, contributions from QCD will be important for higher energy neutrinos, for 
example IceCube experiment

• For the coming years we will have high neutrino data statistics to test new models and test 
contributions from QCD 
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Systematic Uncertainties

44

Expected number of events at the far detector is tuned based on near 
detector information. Near detector also provides a substantial constraint on 
the uncertainties of νe and νµ events: 

FD(⇥e) = �� ⇤ � �� P (⇥µ ⇥ ⇥e)
ND(⇥µ) = �� ⇤ � �ND

uncertain)es+ νμ++disap.+ νe+app+

ν%%flux+xsec%%
(before)%aGer%%
ND%constraint%

(21.7%)%
±2.7%%

(26.0%)%
±3.2%%
%

ν%%unconstrained%xsec% ±5.0%% ±4.7%%

Far%detector% ±4.0%% ±2.7%%
Total% (23.5%)%

±7.7%%
(26.8%)%
±6.8%%

After ND: expect 21.06 νe candidates 
(background only: 4.97) 

After ND: expect 124.98 νµ events  
(no oscillation: 445.98) 
  

Use of near detectors on T2K 

5/28/15 47 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 48 

Far Detector prediction 
(LID selection) 

� ND data is translated to FD bckgnd 
expectation in each energy bin, using 
Far/Near ratios from simulation 

� FD signal expectation is pinned to  
the ND-selected 𝜈𝜇 CC spectrum 

� Most systematics are assessed via 
variations in the Far/Near ratios 

Some FD sample stats: 
     Signal efficiency relative 
          to containment cuts: 35% 
     Expected overlap in 
          LID/LEM samples: 62%  
          →  Differences in which events  
              each technique selects 

 

 
After all selection, 

0.7% of NC events 
remain, relative to 

those after containment 

Electron Neutrino Appearance Uncertainty from NOvA 

Uncertainties from T2K


