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When Neutrinos Encounter Nuclei	
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What happens when the mini-mass Neutrino encounters a very massive 
Nucleus? 
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The Exquisite Goal���
and the Hazards that Block our Way	



  Actually understanding the interaction of a lower energy 
neutrino in a massive nucleus is just as important as improving 
measurements of the oscillation parameters … 	



  except to the funding agencies!!	
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Main (4-Nail) Hazard: Knowledge of ν-Nucleus Interactions ���
What do we observe in our detectors constructed of heavy nuclei?	



   Yc-like (Em):  Yield in our detectors is dependent on	
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  The events we observe in our detectors are convolutions of: 	

   	


	



Yc-like (Em)  α  φν(Ε’≥ Εm)   X   σc,d,e..(Ε’≥ Εm)   X   Nucc,d,e..àc (Ε’≥ Εm)	


	



  Yc-like (Em) is the event energy and channel / topology of the event 
observed in the detector.  It is  called c-like at Em since it is detected 
as channel c with energy Em but may not have been so at interaction.	



	



  The energy Em is the sum of energies coming out of the nucleus that 
are measureable in the detector.	



	



  That is the topology and energy measured in the detector is not 
necessarily what was produced at the initial interaction.  The 
neutrino physics analyses depend on the initial interaction.	
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Neutrino Nucleus Scattering���
What do we observe in our detectors?	





���
���

Neutrino Nucleus Scattering���
Neutrino Flux Term: φν(Ε’≥ Εm) ���

In-situ Flux Measurement: ν – e scattering	
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44

ν-e Scattering

• E > 0.8 GeV
– High background rate and tough reconstruction at low energy

• Predict 147 signal events for 3.43×1020 Protons On Target (POT) 
– ~100 events when you fold in (reconstruction + selection) efficiency of ~ 70%

• Not a large sample in low energy run but still useful to constrain absolute 
flux
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ν
e
 CCQE cross section

(J. Wolcott, NuFact 2014)

Reduction of 5-10% in the flux prediction and 5-10% in 
predicted uncertainty as well.

Using ν – e results, we can apply an additional constraint to the flux.

Here, the a priori is the HP corrected flux.

> 15	





  The events we observe in our detectors are convolutions of: 	

   	


Yc-like (Ed)  α  φν(Ε’≥ Εd)   X   σc,d,e..(Ε’≥ Εd)   X   Nucc,d,e..àc (Ε’≥ Εd)	


	



  σc,d,e..(Ε’) is the measured or the Monte Carlo (model) energy 
dependent neutrino cross section off a nucleon within a nucleus.	



	



  Limited statistics ANL and BNL bubble chamber data 	

 	

 	

     
off D2 from the 80’s is what we have ie. 1 π production.	



	


	


	


	



  Recent combined analyses of ANL and BNL data using 	

 	

              
ratios of σQE to σTot have claimed to resolve flux issues 	

 	

 	

   
and we now could have a much improved combined fit. 	



	



  However a recent study by Sato suggests that nuclear 	

 	

             
effects in deuterium have to be carefully considered.	
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Neutrino Nucleus Scattering���
Cross Section Term: σc,d,e..(Ε’≥ Εd) 	



Wilkinson et al. – arXiv:1411.4482  

Previous single-pion datasets
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FIG. 8: Comparison of the ⌫µp ! µ�p⇡+ cross-sections
for both ANL and BNL, obtained by multiplying the
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comparison, but was not used when producing the
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VI. CONCLUSIONS

In this work we have digitized and reanalysed ANL
and BNL data for ⌫µ �D2 scattering, and demonstrated
that there is good agreement between ANL and BNL
for the ratio �⌫µp!µ�p⇡+/�CCQE. This indicates that
the outstanding ANL–BNL single pion production “puz-
zle” results from discrepancies in the flux predictions,
which is in accordance with previous analyses of the
same data [1][10], which found that ANL and BNL agree

within their published flux uncertainties. Using these
ratios, we exploit the fact that the CCQE cross-section
for interactions on deuterium is well understood to ex-
tract ⌫µp ! µ�p⇡+ cross-sections for both ANL and
BNL. Although we only show statistical errors, the flux
errors cancel, and the remaining normalization errors are
small, and are likely to partially cancel when taking the
ratio. Additional errors in the shape of the distributions
from the energy resolution are likely to be small, and are
unlikely to significantly distort the cross-section. Com-
paring our extracted results to the published ANL and
BNL cross-sections, we found better agreement with ANL
than BNL. However, we stress that both experiments
gave large normalization uncertainties on their fluxes, so
this is not indicative of a problem with the BNL results.
The extracted cross-sections presented here resolve the
longstanding ANL–BNL “puzzle”, and should be used in
future fits where this data is used to constrain the axial
form factor for pion production on nucleons. The re-
duced error on this parameter will be of use to future
neutrino oscillation measurements, and in interpreting
the increasing body of single pion production data from
nuclear targets [23–29], where nuclear effects have yet to
be fully understood.

ACKNOWLEDGMENTS

This work developed from studies performed by the
T2K experiment’s neutrino interaction working group,
who we thank for their encouragement and comments,
and discussions at the NuInt series of conferences. We
are grateful to Anthony Mann for helpful comments on
an earlier presentation of this work. This material is
based upon work supported by the US Department of
Energy under Grant de-sc0008475 and by the UK STFC
as a PhD studentship.

[1] K.M. Graczyk, D. Kielczewska, P. Przewlocki, and
J.T. Sobczyk, Phys. Rev. D80, 093001 (2009),
arXiv:0908.2175 [hep-ph]

[2] E. Hernandez, J. Nieves, and M. Valverde, Phys. Rev.
D76, 033005 (2007), arXiv:hep-ph/0701149 [hep-ph]

[3] T. Leitner, O. Buss, L. Alvarez-Ruso, and U. Mosel,
Phys. Rev. C79, 034601 (2009), arXiv:0812.0587 [nucl-
th]

[4] E. Hernandez, J. Nieves, M. Valverde, and M.J. Vicente
Vacas, Phys. Rev. D81, 085046 (2010), arXiv:1001.4416
[hep-ph]

[5] M. Ahn et al. (K2K Collaboration), Phys. Rev. Lett. 90,
041801 (2003), arXiv:hep-ex/0212007 [hep-ex]

[6] K. Abe et al. (T2K Collaboration), Phys. Rev. D
88, 032002 (Aug 2013), http://link.aps.org/doi/10.
1103/PhysRevD.88.032002

[7] O. Lalakulich and U. Mosel, Phys. Rev. C87, 014602
(2013), arXiv:1210.4717 [nucl-th]

[8] C. Adams et al. (LBNE Collaboration)(2013),
arXiv:1307.7335 [hep-ex]

[9] K. Abe et al. (T2K Collaboration)(2014),
arXiv:1409.7469 [hep-ex]

[10] K. M. Graczyk, J. Zmuda, and J. T. Sobczyk(2014),
arXiv:1407.5445 [hep-ph]

[11] M. Mitchell, “Engauge digitizer - digitizing soft-
ware,” Http://digitizer.sourceforge.net/, http:

//digitizer.sourceforge.net/

[12] S. Barish, J. Campbell, G. Charlton, Y. Cho, M. Derrick,
et al., Phys. Rev. D16, 3103 (1977)

[13] G. Radecky, V. Barnes, D. Carmony, A. Garfinkel,
M. Derrick, et al., Phys. Rev. D25, 1161 (1982)

[14] S. Barish, M. Derrick, T. Dombeck, L. Hyman, K. Jaeger,
et al., Phys. Rev. D19, 2521 (1979)

[15] N. Baker, A. Cnops, P. Connolly, S. Kahn, H. Kirk, et al.,
Phys. Rev. D23, 2499 (1981)

[16] N. Baker, P. Connolly, S. Kahn, M. Murtagh, R. Palmer,
et al., Phys. Rev. D25, 617 (1982)



Do we Really Come Close to Understanding���
ν – A Cross sections	
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Do we understand ⌫A cross sections?

ATLAS inclusive jet cross section
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I Universal model, many orders of magnitude
I Wide variation in model predictions
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Charged-current Quasielastic (CCQE) 
νscattering 	



Jorge G. Morfín - Okayama, Japan 
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Charged-current quasielastic (CCQE) ⌫ scattering

I ⌫µ + n! µ� + p

I Two-body kinematics ) Important signal process for oscillation expts

ANL 1982, D2
PRD 26, 537 (1982)

I d�/dQ

2 shape understood in neutrino-nucleon scattering

I Nuclear model: independent nucleons in Fermi gas missing something?
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  The events we observe in our detectors are convolutions of: 	

   	


	



Yc-like (Ed)  α  φν(Ε’≥ Εd)   X   σc,d,e..(Ε’≥ Εd)   X   Nucc,d,e..àc (Ε’≥ Εd)	


	



  Nucc,d,e..àc (E’≥ E) – Nuclear Effects	


 The Supreme Mixer / The Grand Deceiver – a migration 

matrix that mixes produced channel and energy to detected 
channel and energy.	



  There are many nuclear effects that have to be considered that take the 
interaction of a neutrino with energy E’ with the bound nucleon(s) and 
producing initial channel d,e… that will then appear in our detector as energy 
E and channel c.	



  The physics we want to study depends on the initial interaction – not what we 
observe coming out of the nucleus.  How do we move detected quantities 
backwards through the nucleus?	
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Neutrino Nucleus Scattering���
Nuclear Effects Term: Nucc,d,e..àc (Ε’≥ Εd)	





A Step-by-Step Two-Detector���
LBL Oscillation Analysis	



1) Measure neutrino energy and event topology in the near detector.	


	



2) Use the nuclear model to take the detected energy and topology     
	

back to the initial interaction energy and topology.	



	



3) Project this initial interaction distribution, perturbed via an 
	

oscillation hypothesis that changes φν, to the far detector.	



	



4) Following the initial interaction, use the nuclear model to take the 
	

initial energy and topology to a detected energy and topology.	



	



5) Compare with actual measurements in the far detector.	


	



Critical dependence on the nuclear model even with a 
near detector!	



How do we constrain/improve the nuclear model?	
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What are these Nuclear Effects Nucc,d,e..àc (Ε’≥ Ε) 
in Neutrino Nucleus Interactions?	



  Target nucleon in motion – classical Fermi gas model or spectral 
functions (Benhar et al.) or more sophisticated models.	



	



  Certain reactions prohibited - Pauli suppression. 	

 	

 	


	

 	



  Nucleon-nucleon correlations such as MEC and SRC and even RPA 
implying multi-nucleon initial states. 	



	

 	

 	

 	

	



  Cross sections, form factors and structure functions are modified 
within the nuclear environment and parton distribution functions 
within a nucleus are different than in an isolated nucleon. 	



	



  Produced topologies are modified by final-state interactions 
modifying topologies and possibly reducing detected energy.	


  Convolution of σ(nπ)  x formation zone model x  π-charge-exchange/

absorption.	





Before the ν even interacts, what is the initial 
state of nucleons within the nucleus?	



  Fermi Gas:  Nucleons move freely within the nuclear volume in a 
constant binding potential.	



  Spectral Function: The probability of removing a nucleon with 
momentum p⃗ and leaving residual nucleus with excitation energy 
E.  Allows off mass shell nucleons.	
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Fermi gas

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 12 / 45

Nucleons move freely
within the nuclear vo-
lume in constant bin-
ding potential.
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The probability of removing
of a nucleon with momentum
!p and leaving residual nucleus
with excitation energy E.
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Target Nucleon in Motion – Fermi Gas (still in many models) vs 
Spectral Function.  A step up in sophistication ���

Superior particularly as Q Decreases	
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Artur Ankowski	


       NuInt09	





Independent Nucleons?���
Nucleon-Nucleon Correlations	



  Electron scattering	


  Measurements on 12C indicate 20% 

correlated nucleons with mostly np pairs 
in the initial state.	



  Neutrino scattering	


  Implies initial produced state in neutrino 

scattering of nn in antineutrino and pp 
in neutrino CC scattering.	



  For other forms of correlation, final state 
depends on model.	



  Of course, what we eventually detect 
can be modified by Final State 
Interactions when interpreting 
neutrino scattering data.	

 15 

R. Subedi et al., 
Science 320, 1476 
(2008) 



Final State Interactions (FSI)	
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Final state interactions [FSI]

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 14 / 45

Two models available: hA and hN

ν	



µ	





Final State Interactions (FSI)	



  Components of the initial hadron shower interact within the nucleus 
changing the apparent final state configuration and even the detected 
energy.  Currently using mainly cascade models for FSI.	



  For example, an initial pion can charge exchange or be absorbed on 
a pair of nucleons.	



  Final state observed is µ + p that makes this a fine candidate for QE 
production.  We’ve probably also lost measurable energy.	
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Example numbers	

 Final µ p 	

 Final µ p π	


Initial µ p 	

 90%	

 10%	


Initial µ p π	

 25%	

 75%	





  The events we observe in our detectors are convolutions of: 	

   	


	



Yc-like (Ed)  α  φν(Ε’≥ Εd)   X   σc,d,e..(Ε’≥ Εd)   X   Nucc,d,e..àc (Ε’≥ Εd)	


	



  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 errors on measurements.	


  One of the most important components in the analysis of neutrino experiments.	



  Current Generators 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 as check of other generators	



  GiBUU – Nuclear Transport Model used to check other generators 	
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Neutrino Nucleus Scattering���
Putting it all together: The Nuclear Model	



effective σc-like
Α(Ε) 



How Good are these Nuclear Models?���
Addressing this question at this school?���
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How Good are these Nuclear Models?���
Addressing this question in this talk?���

We did get an answer!	
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What is inside MC generators...

...and why it is wrong

Tomasz Golan
University of Rochester / Fermilab

NuSTEC, Okayama 2015



Where we are depends on ���
which nuclear model / generator we use!	
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Where are we?

Map at Great WallMasashi Yokoyama – NuFact13 



Nuclear Physics of GeV ν-nucleus Interactions	
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⌫
lepton

+ 

+ 
+ 

+ 

+ 

+ 

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!	
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OUTLINE

Introduction to MINERvA 

Neutrino Nucleus Scattering 

Quasi-Elastic Scattering 

Pion Production 

Charged and Coherent 

Inclusive Charged Scattering 

Summary and Conclusions
7

p

νµ µ-

W±

p
π+

Understanding Effects of the Nucleus	


Leptonic vs Hadronic Clues	



  Lepton: 	


  Provide information on initial interaction 

on nucleon within the nucleus.	


  Initial Nucleon State	



  Relativistic Fermi Gas Model	


  Local Fermi Gas Model	


  Spectral Functions 	


  Correlated Nucleons (RPA, MEC, 

SRC..)	



  Hadrons: 	


  Provide information on Final State 

Interactions within the nucleus.	


  Note that correlated nucleons 

(RPA, MEC, SRC..) also undergo 
final state interactions.	



	



A 



Important Contributors to Results in this Presentation 	



  Results from MINERvA that are mainly due to the analyses of:	


	



  Arturo Fiorentini – Rio de Janeiro (now York postDoc)	


  Aaron Higuera – Guanajuato (now Huston postDoc)	


  Brandon Eberly- Pittsburgh (now SLAC postDoc)	


  Brian Tice - Rutgers (to ANL postDoc now Bloomberg capitalist)	


  Tammy Walton -  Hampton (now Fermilab postDoc)	


  Trung Le - Rutgers postDoc	


  Carrie McGivern - Pittsburgh postDoc	


  Joel Mousseau - Florida (now Michigan postDoc)	


	



  Borrowed freely from presentations of Steve Dytman and Sam Zeller	
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Dominant Interaction Modes ���
We essentially know the vector part of these interactions via CVC and e-A scattering.  

The challenge is the axial-vector contribution!	



25 S. Zeller, JLAB Workshop, May 2015 

Three Different Models 
5 

(accel-based ν experiments all use broad band beams, 
 so contain contribs from all of these reaction mechanisms) 

NOvA 

DUNE &

CNGS T2K, BNB 



First QE Nucleon Results Published in early ‘80s ���
Good Agreement on the value of M A	
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S. Zeller, JLAB Workshop, May 2015 

Historical Data 
10 

Q2 (GeV2) 

•  we would not look at ν QE again for another 20+ years until ν oscillations put us back here 

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 

Kitagaki, PRD 28, 436 (1983) 

goal: to 
look for  

NCs, 
so measured 
the axial FF 
in the CC 
channel 

W+ 
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Where the real effects of nucleus-induced problems begin!���
Quasi-elastic (QE) Neutrino Nucleus Scattering���

Important for oscillation experiments	



  A technique used by oscillation experiments, 
(particularly when blind to the hadronic final state), for 
analyzing quasi-elastic scattering, is to 
assume the nucleon is at rest!	



  One can then determine Eν and Q2 from 
lepton side kinematics only (“2-body interaction”)	



27 

Mn  = neutron mass 
Mp  = proton mass 
EB  = separation energy 
ml  = lepton mass 
El , θl = lepton energy and angle 

EQE
⌫ =

2 (Mn � EB)E` �
h
(Mn � EB)

2
+m2

` �M2
p

i

2 [Mn � EB � E` + p` cos(✓`)]

Q2
QE = �m2

⇥ + 2EQE
�

✓
E⇥ �

q
E2

⇥ �m2
⇥ cos(�⇥)

◆

neutrino energy 

4-momentum transferred 
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The MiniBooNE QE Analysis:  ���
Introduction of nucleon-nucleon correlations ���

Meson Exchange Currents – 2p2h Effects  	



MA = 1.35 GeV 
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MeV	



ECAL	



HCAL	



ν Beam	

⌫̄µ Fiducial volume:   
5.57 tons scintillator (CH) 

TRACKER	



Vertex Energy 

MINERvA: Single Muon (lepton side) QE-like Analysis	


Also sees evidence for nucleon-nucleon correlation effects  	



	





  According to this nuclear model (GENIE) analysis, the resulting 
QE-like sample is 49% QE with large QE-like contributions from 
resonant, transition and even DIS events appearing, through 
nuclear effects, as QE in the detector.	
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These Nuclear Effects Change the ���
EQE and QQE

2 Reconstruction for “QE” Events	
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NUFACT 2012 

n  Using the outgoing lepton to determine EQE and QQE:	



	


	


	


	

	


	

Reconstructed energy shifted to	


	

lower energies for all processes 	



    other than true QE.	


	

Number of events experiencing these shifts 	


	

depends on the nuclear model being used!	



	


	



U. Mosel GiBUU	



EQE 



Significant Implications for Oscillation Experiments 
using only the Lepton Information	



	



  We need an excellent model of  
this convolution to be able to 
extract physics quantities from 
the far detector measurements 
to needed precision.	



	



  At right, for νe appearance, using a pre-
DUNE Eν spectrum looking for CP 
violations with  δCP = + π/2 (red) and - 
π/2 (black) at initial interaction (solid) 
and detected after nuclear effects 
(dashed). 	



	



  Other generators using 
alternative models get different 
results.	
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  According to this nuclear model (GENIE) analysis, the resulting 
QE-like sample is 49% QE with large QE-like contributions from 
resonant, transition and even DIS events appearing, through 
nuclear effects, as QE in the detector	
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MINERvA: Single Muon QE-like Analysis	
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MINERvA: Single Muon QE-like Analysis	



  Using leptonic information only, the results favor the RFG with 
MA = 0.99 + a Transverse Enhancement Model for NN correlations 
(vector current only contributions!!)	
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Tammy Walton, Fermilab (Hampton University)    
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Emphasis on the Shape	
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Quasi Elastic from the Hadron Side	



  Study the angle between the ν-µ 
and ν-p planes	



  For QE scattering from a 
stationary neutron ϕ should be 
180°	



  Fermi motion, FSI and QE-like 
resonant events cause the spread 
in the distribution. 	
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C. Patrick, MINERvA Collaboration
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Final-state interactions

Data event distribution tends to lower  
co-planarity angle due to un-modeled  
FSI, or nuclear correlation effects?  



What initial interactions comes out of the nucleus a 
QE-like event –  according to GENIE!	
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Joint Experimental-Theoretical Physics Seminar 

QE-like Candidates

Tammy Walton, Fermilab (Hampton University)    

39

5/9/2014

Tracking threshold prevents the 
reconstruction of events in the first bin.

Requiring the hadron to resemble a 
ranging out proton ⟶ drop in the 
efficiency.  

Resonant Production 
with a pion in the final 
state dominant 
background.  

The QE-like signal is predicted to consists of:
QE  = 72.3 %
Res = 23.9%
DIS = 3.8%

Data Candidates = 40,102



QE-like background	



  The major background to true QE 
events comes from ineleastic 
produced events detected as QE-like.	



  Observe the difference in this 
inelastic contribution from the 
NuWro vs GENIE generators!	



  Difference in both magnitude and 
shape coming from modeling of the 
production cross sections and final 
state interactions!	



  Reduce GENIE resonance 
production by 30%!	



  Big differences expected 
between ν and ν !!	
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55

GENIE and NuWro model both the 
event rate and the shape differently 
for the inelastic component of the 
QE-like cross-section.

The discrepancy comes from both the 
modeling of the pion production 
cross-section and pion absorption.

5/9/2014



Quasi Elastic from the Hadron Vertex���
	



  Quasi-elastic analysis from the hadron vertex (proton) favors the 
straightforward GENIE RFG model.	



  This in contrast to the RFG + transverse enhanced model for the 
analysis from the single muon anlysis - inconsistent.	

 39 

Joint Experimental-Theoretical Physics Seminar 

Model Comparisons

Tammy Walton, Fermilab (Hampton University)    

56

5/9/2014

Shape

Joint Experimental-Theoretical Physics Seminar 

Model Comparisons

Tammy Walton, Fermilab (Hampton University)    

57

5/9/2014

GENIE best describes the QE-like measurement. 
This is NOT the best model for the previous QE 
results.

Models Rate 𝝌𝟐
(d.o.f = 7)

Shape 𝝌𝟐
(d.o.f = 6)

GENIE RFG 9.05 11.1

NuWro RFG 12.88 21.25

NuWro RFG + TEM 28.49 35.76

NuWro LFG + RPA 14.49 24.54

NuWro LFG + RPA + 
Nieves

26.25 27.81
Joint Experimental-Theoretical Physics Seminar 

Reconstruction of the Event Kinematic 

• Reconstruct Qଶ using kinetic energy of the leading 
proton.

• Use the QE hypothesis.

• Assume scattering from a free nucleon at rest.

• 𝐐𝐐𝐄,𝐩
𝟐 = 𝐌ᇱ 𝟐 − 𝐌𝐩

𝟐 + 𝟐𝐌ᇱ 𝐓𝐩 + 𝐌𝐩 −𝐌ᇱ ,

• Mᇱ = M୬ − Eୠ୧୬ୢ
• Eୠ୧୬ୢ is the binding energy
• T୮ is the proton kinetic energy
• M୬ is the mass of the neutron
• M୮ is the mass of the proton

Tammy Walton, Fermilab (Hampton University)    
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5/9/2014

𝛔 ≈ 𝟏𝟔 𝐌𝐞𝐕/𝐜

p୮ is the proton momentum



ν to ν QE Ratio: Essential for CP studies 	



  Major differences in the initial ratio of ν to ν mainly due to different treatments of 
the axial-vector contribution.	



  On top of this comes the many differences of nuclear effects that determine the 
detected final state topology and energy.	



  Consider the large contamination of ν in the ν beam and the need for charge of 
lepton.	



  A challenge for oscillation experiments measuring CP	

 40 

S. Zeller, JLAB Workshop, May 2015 

Neutrino/Antineutrino Ratio 
19 

•  models give different 
  predictions for ν/ν&
    - in large part, this has to  
      do with the treatment of 
     axial-vector contribution 
    (Martini, INT workshop 2013) 

•  this situation will need  
  to get resolved 

•  large θ13 means the CP    
  asymmetry we will be  
  trying to detect is small  
  so will need a detailed 
  understanding of these 
  ν,ν differences!&

independent particle model 

new model 
calculations 
(circa 2013) 
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larger effect  
for neutrinos 

larger effect for antineutrinos 

(snapshot from J. Grange) 

!  see talk by  
    Mahn 



Conclusions: QE-like Scattering off a Nucleus	



  Best model fitting single µ QE-like events includes parameterization 
of N-N correlation effect from e-A scattering (Vector Current Only)	



	



  Best model fitting single µ QE-like events is NOT best for µ + p !  
Problem with FSI model?  	



	



  NO SINGLE MODEL FITS MINIBOONE, 	

 	

 	

    
MINERVA SINGLE µ AND µ + p  DATA.	



	



  Large variation in predicted ratio of ν to ν 	

 	

 	

                 
cross section ratio.	



	



  Evidence for nucleon-nucleon correlations 	

 	

 	

 	

 
from both MiniBooNE and MINERvA	



	



  Waiting for LAr TPC results!	
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µ+p 

µ+p+p 

µ+p+p+p 

Example: ArgoNeut events 

Incident ν

Outgoing  
   lepton

2. Neutrino cross sections 

MicroBooNE’s primary physics goal (II): 
 
•  Event topology and final state information (e.g. proton multiplicity in QE-like 

interactions, final state kinematics) can be studied with sufficiently low  
momentum reconstruction  
thresholds 

G. Karagiorgi,  INFO'15 41 



A step up in W to pion production���
Comparison of π0 and π± Models with Data	
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GiBUU results confirmed by Hernandez & Nieves 

Pion Spectra in MB 

NUINT 2014 
 

MiniBooNE ΝC 1π0"

bands: 
uncertainty of  
axial form factor 

data: C
. A

nderson, N
U

IN
T09 

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
 At the nucleon level, both compatible with ANL/BNL data!   

Dytman@NuInt12

GiBUU 



What About ν Nucleon à π Cross Sections?	



  However a recent study by Sato suggests that nuclear effects 
in deuterium have to be carefully considered.	

 43 

Motivation Final State Interactions and Nuclear Structure Effects

nN Cross Sections
Shows the difference in generator choices
Spread in data allows for a wide range
of fits by the various generators
These are the nucleon-level predictions that are
relevant to the data presented later
In antineutrino GENIE is low compared to NEUT
and NuWro, while for neutrino GENIE is high

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 10 / 56



Move up in Hadronic Mass ���
.MINERvA: Charged and Neutral Pion Analyses	
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Motivation Previous Measurements

Signal Definitions

Neutrino
Single charged pion production

nµ +CH ! µ�(1p±)X

X can contain any number of p0s,
no charged pions

Antineutrino
Single neutral pion production

¯nµ +CH ! µ+(1p0)X

X contains no mesons
something here

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 12 / 56



FSI Conclusions for Pion Energy ���
(Shape Comparisons) 	



  Data prefer GENIE with FSI 	
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Motivation Previous Measurements

FSI Conclusions for Pion Energy (Shape Comparisons)

Data prefer GENIE with FSI

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 14 / 56



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 	
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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



FSI Conclusions for Pion Angle ���
(Multi model - Shape Comparisons) 	



  GENIE (with FSI), NEUT, and NuWro predict the data shape well	


   Again, data is unable to distinguish different FSI models 	



47 

 Angle wrt Beam (deg)±/

0 20 40 60 80 100 120 140 160

/d
eg

re
e/

nu
cl

eo
n)

2
  (

cm
/e

/d
md 0

10

20

30

40

50

60
-4210×

data
GENIE 2.6.2 hA FSI
GENIE 2.6.2 No FSI
Neut 5.3.1 (CH)
NuWro (CH)
Athar (CH)

 X  (W < 1.4 GeV)±/ 1-µ A Tracker µi

 Area Normalized 



More details: charged pion  (W<1.4 GeV) ���
absolute cross section – model comparisons	
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•  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  
 



Summary for W < 1.4 GeV Analysis	
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  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.	





Up into the multi-π zone (W < 1.8 GeV) from the lepton side: ���
Cross section model comparisons for µ momentum	



  In charged pion both GENIE and NEUT overestimate the cross section 	


  GENIE and NEUT predictions are similar and are higher than NuWro in both 

analyses 	
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Cross Section Results and Model Comparisons Direct Muon Observables

Cross Section as a Function of Muon Momentum

In charged pion both GENIE and NEUT over estimate the cross section
GENIE and NEUT predictions are similar and are higher than NuWro in
both analyses

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 41 / 56

Cross Section Results and Model Comparisons Direct Muon Observables

Cross Section as a Function of Muon Momentum

In charged pion both GENIE and NEUT over estimate the cross section
GENIE and NEUT predictions are similar and are higher than NuWro in
both analyses

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 41 / 56



Up into the multi-π zone (W < 1.8 GeV) from the lepton side: ���
Cross section model comparisons for µ angle	



  The same normalization and shape behavior as with the µ mometum	
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Cross Section Results and Model Comparisons Direct Muon Observables

Cross Section and Model Comparison for Muon Angle

See the same normalization and shape behavior as with muon momentum

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 44 / 56

Cross Section Results and Model Comparisons Direct Muon Observables

Cross Section and Model Comparison for Muon Angle

See the same normalization and shape behavior as with muon momentum

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 44 / 56



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	
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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



Conclusions the multi-π zone (W < 1.8 GeV) 	



  Distributions of the muon observables (pμ,θμ,Eν,Q2) are 
sensitive to nuclear structure.	



	



   They are complementary to pion variables (Tπ , θπ ), which are 
sensitive to FSI. 	



	



  The Q2 spectrum provides the most detail and no single model 
describes both the π+ and π0 distributions.	



	



  Once again we see experimental evidence pointing toward the 
need of improved nuclear models!	
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Nuclear Targets 

Liquid He 
250 kg 

1” Fe / 1” Pb 
322 kg / 263 kg 

 

 9” H20 
 625 kg 

1” Pb  / 1” Fe 
263 kg / 321 kg 

3” C / 1” Fe / 1” Pb 
160 kg / 158 kg / 107 kg 

0.3” Pb 
225 kg 

.5” Fe / .5” Pb 
162 kg / 134 kg 

 

W
ater 

Active Scintillator Modules 

Trackin
g 

Region 
He 

“4” “5” “3” “2” “1” 



Inclusive Nuclear Target Cross section Ratios ���
Minimal contribution from DIS	



  MINERvA nuclear targets of C (166 Kg), 	


     Fe (653 kg) and Pb (750 Kg)	


	



  We are used to seeing ratios like at right.	


	



  This has been measured for DIS events	
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FIG. 1: Reconstructed Bjorken x distributions in data and
simulation for selected inclusive ⌫µ events in the lead of Target
2. The plot includes CH contamination separately estimated
using data and simulated events in the tracker region. Both
simulation distributions are normalized to the data by the
number of events passing all event selection criteria. Events
are scaled to a bin size of 0.1. Events with x greater than 1.5
are not shown.

Reconstructed x I II III IV V Mean Generated Q

2

(%) (%) (%) (%) (%) (GeV2)

0.0–0.1 11.3 42.5 5.9 19.2 15.7 0.23

0.1–0.3 13.6 36.4 16.7 9.1 23.0 0.70

0.3–0.7 32.7 32.8 11.8 1.4 21.1 1.00

0.7–0.9 55.1 25.4 4.3 0.5 14.6 0.95

0.9–1.1 62.7 21.6 2.8 0.5 12.3 0.90

1.1–1.5 69.6 18.1 1.9 0.4 9.9 0.82

> 1.5 79.1 12.8 0.6 0.3 7.1 0.86

TABLE I: Average sample composition of selected nuclear
target and tracker events in reconstructed x bins based on GE-
NIE simulation of di↵erent physics processes, together with
the average generated Q

2. Processes are (I) quasielastic, (II)
baryon resonance production, (III) deep inelastic scattering
at Q2

> 1 GeV2 and W > 2 GeV, (IV) deep inelastic scatter-
ing at Q

2
< 1 GeV2 and W > 2 GeV, and (V) nonresonant

inelastic continuum with W < 2 GeV.

a↵ected data are weighted accordingly.

GENIE predicts a sample not dominated by any sin-
gle process. Table I shows the predicted prevalence of
processes in bins of reconstructed x. We compare GE-
NIE’s prediction for inclusive cross section ratios re-
stricted to 2 < E

⌫

< 20 GeV and ✓

µ

< 17� to two
other models for nuclear modification of structure func-
tions3. The Kulagin-Petti microphysical model starts
with neutrino-nucleon structure functions and incorpo-
rates A-dependent nuclear e↵ects [9, 37]. The updated
Bodek-Yang treatment [38] of the model implemented in
GENIE [30] includes an A-dependent empirical correc-
tion based on charged lepton measurements on the nuclei

3
See Supplemental Material for a table summarizing the com-

parison of models of nuclear modification ofinelastic structure

functions.

x I II III IV V VI Total

0.0–0.1 2.0 0.7 1.1 0.8 2.1 2.8 4.3

0.1–0.3 1.7 0.7 1.0 1.2 1.8 2.0 3.7

0.3–0.7 1.5 0.5 1.3 1.4 1.8 2.1 3.7

0.7–0.9 2.0 2.3 1.3 2.6 1.7 4.8 6.7

0.9–1.1 2.9 3.8 1.4 2.9 1.8 6.4 8.8

1.1–1.5 2.8 3.2 1.6 3.6 2.0 7.2 9.5

TABLE II: Systematic uncertainties (expressed as percent-
ages) on the ratio of charged-current inclusive ⌫µ di↵erential

cross sections d�Fe

dx
/

d�CH

dx
with respect to x associated with

(I) subtraction of CH contamination, (II) detector response to
muons and hadrons, (III) neutrino interaction models, (IV)
final state interaction models, (V) flux and target number,
and (VI) statistics. The rightmost column shows the total
uncertainty due to all sources.

of interest. Although nuclear structure functions vary by
20% among models, ratios of structure functions in Fe or
Pb to C di↵er by <⇠1%.

The total cross section for an E

⌫

bin i is �

i

=
⌃jUij(Nj�N

bg
j )

"iT�i
, where U

ij

is a matrix that accounts for
smearing from true energy bin i to reconstructed energy
bin j; N

j

and N

bg

j

are the numbers of total and esti-
mated background events in bin j, respectively; "

i

is the
e�ciency for reconstructing signal events in bin i; T is
the number of target nucleons; and �

i

is the neutrino
flux bin i. The flux-integrated di↵erential cross section

for a reconstructed x bin j is
�
d�

dx

�
j

=
Nj�N

bg
j

"jT��j(x)
, where

� is the neutrino flux integrated from 2 to 20 GeV, �
j

(x)
is bin width, and other terms have the same meaning as
above. No correction is applied to account for neutron
excess in any target nuclei.

The main sources of systematic uncertainty in the cross
section ratio measurements are (I) subtraction of CH con-
tamination; (II) detector response to muons and hadrons;
(III) neutrino interaction models; (IV) final state inter-
action models; and (V) target number. Uncertainty in
flux is considered but negligible. All uncertainties are
evaluated by repeating the cross section analysis with
systematic shifts applied to simulation. Muon and re-
coil energy reconstruction uncertainties are described in
Ref. [26] and Ref. [33], respectively. We evaluate system-
atic error from cross section and final state interaction
models by varying underlying model parameters in GE-
NIE within their uncertainties [27]. Since variations in
model parameters a↵ect calorimetric scale factors, these
are reextracted during systematic error evaluation. Re-
coil energy and final state interaction model uncertain-
ties increase with x, because interactions of lower energy
hadrons are not as well constrained. An assay of detector
components yields an uncertainty in scintillator, carbon,
iron, and lead masses of 1.4%, 0.5%, 1.0%, and 0.5%,

respectively. The resulting uncertainties on d�

Fe

dx

/

d�

CH

dx

QE Res DIS lowQ 
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High x summary���
INCLUSIVE RATIOS	


	


  At x = [0.7,1.1], we observe an 

excess that grows with the size 
of the nucleus	



	



  This effect is not modeled in the 
GENIE simulation.	
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Bjorken x
• We do not unfold x distributions since there is a 

large migration amongst x bins. 

• At x=[0.7,1.5] we observe an excess in our data 
that increases with the size of the nucleus 

• This effect not observed in  simulation 

• Are we modeling nuclear effects adequately ?
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Low x summary���
INCLUSIVE RATIOS	



  At x = [0.0,0.1], we observe a deficit that 
increases with the size of the nucleus.  This 
effect is not modeled in the simulation.	



  Expected Neutrino Differences in shdowing	


  Neutrino sensitive to xF3.	


  Axial-vector current has a different coherence 

length.	
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Bjorken x
• We do not unfold x distributions since there is a 

large migration amongst x bins. 

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

• This effect not modeled in  simulation 

• Again what about our nuclear models ?
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• Neutrinos are sensitive to structure 
function xF3  

• Neutrinos are sensitive to axial piece 
of structure function F2  

* Simulation suggests events down to 0.005, not 0.0

Thursday, June 5, 14



 
ν – A Deep Inelastic Scattering at MINERνA 

Probing Nucleon Structure in Nuclei with Neutrinos	


Neutrinos – weak probe of nuclear (low Q) and hadronic (high Q) 
structure	


 

ν probes same quark flavors as charged leptons but with different 
“weights” 	


       ν’s also sensitive to the axial piece of F2 and xF3 
         → expect different shape ? 
          → expect different behavior ? 
          → x →  1 ? 
          → is shadowing the same ? 
 

Nuclear effects in neutrino (DIS) scattering are not well established, and 
have not been measured directly.  Most DIS experimental results to date 
have involved one target material per experiment such as Fe or Pb.	


	



MINERνA attempts a systematic study of these effects using 
different A targets in the same detector exposed to the same beam	





Event Selection and Reconstruction 

Module Number 

S
tri

p 
N

um
be

r 

Event selection criteria: 
     single muon track in MINERνA, well reconstructed and matched into MINOS ND 
          “standard cuts”: 2 < Eν < 20 GeV & θµ < 170 (MINOS ND acceptance) 
     CH2: reconstructed vertex inside fiducial tracker region 
     nuclear targets: z position of vertex consistent with nuclear target 
 

recoil energy Erecoil sum of visible energy, weighted by amount of passive material 
     ⇒ incoming neutrino energy Eν:  Eν = Eµ + Erecoil  

verte
x	



primary µ track 
MINOS ND 

matched track 

recoil energy Ehad : 
additional hits are summed up 
to measure Ehad calorimetrically 

Fe 
C 

Pb 
νµ + A → µ- + X 



What Have We Observed with EM Probes ?���
Charged lepton scattering data show that quark distributions in nucleons bound in a 

nucleus are modified w.r.t. free nucleons (EMC effect, shadowing at low x, …)���
PDFs of a nucleon within a nucleus are different from PDFs of a free nucleon	



A / D   Ratio (e / µ DIS) 

F 2
A
 / 

F 2
D
 

xBj 

anti-shadowing 

shadowing 

EMC effect 

Fermi motion 

The EMC effect (valence region) does not 
shows a strong A dependence for F2

A / F2
D	



2

2Bj
Qx
Mν

=

Nuclear modification fit	


for iron to deuterium ratio	



 

(Neutrino event generators rely 
on  
measurements from charged 
leptons). 
With GENIE all nuclei have 
same modifications.  All treated 
as isoscalar iron. 



Attempts to Incorporate the NuTeV data in Global 
QCD Analysis	



Both CTEQ and MRST find this data set “incompatible” with the 
other data sets in the global analysis—with our usual assumptions;	



	



  CTEQ tried to: (i) vary nuclear target corrections; (ii) include target 
and heavy quark mass effects, …���
None of these help; some make things worse;	



	



  MRST find similar problems: their “best fit” with free 
parametrization of “nuclear correction factor” yields unrealistic 
shape of this factor;	



	



  New CHORUS data agree more with CCFR than with NuTeV;	





Can Nuclear Corrections Help?  (CTEQ)	



Parton X
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No Nuclear Correction

NMC Nuclear Correction

Kulagin/Petti Nuclear Correction

No Nuclear Correction

NMC Nuclear Correction

Kulagin/Petti Nuclear Correction

NuTeV Neutrino Data, NLO QCD, CTEQ6.1M

• For each x, data are 
combined and errors 
are weighted; 

• See a systematic x-
dependent deviation 
that cannot be 
reduced 
substantially by any 
reasonable nuclear 
correction models. 
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F2 Structure Function Ratios: ν-Iron	



F2(ν + Fe)	


F2(ν + [n+p])	
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F2 Structure Function Ratios: ν-Iron	



F2(ν + Fe)	


F2(ν + [n+p])	





A More-Detailed Look at Differences	


  NLO QCD calculation of                    in the ACOT-VFN scheme	



  charge lepton fit undershoots low-x data & overshoots mid-x data	


  low-Q2 and low-x data cause tension with the shadowing observed in 

charged lepton data	
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A More-Detailed Look at Differences	


  NLO QCD calculation of                    in the ACOT-VFN scheme	



  charge lepton fit undershoots low-x data & overshoots mid-x data	


  low-Q2 and low-x data cause tension with the shadowing observed in 

charged lepton data	
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CTEQ Predictions for MINERνA 

General strategy has been to adapt 
electron scattering effects into neutrino 
scattering theory.  
 

Neutrino event generators rely on 
measurements from charged 
leptons 
 

CTEQ fit for neutrino nuclear effects by 
comparing NuTeV structure functions 
on iron to predicted “n+p” structure 
functions. 
Compared to predictions from l± 
scattering. 

CTEQ prediction for the structure function 
ratios MINERνA can measure 5% to 10% 
effects predicted for Pb / C. 
 

Should be also studied using D targets. 

Kovarik PRL106 (2011) 122301 

Morfin, Adv. HEP (2012) 934597 



DIS Cross Section Ratios – σ (Eν) 

dσFe/dx 
dσCH/dx 

dσPb/dx 
dσCH/dx 

preliminary 

dσC/dx 
dσCH/dx 

preliminary 

preliminary 

DIS cross section ratios on C, Fe, and Pb 
compared to CH as a function of Eν	


 
“Simulation” based on nuclear effects 
observed with electromagnetic probes 
 
Ratios of the heavy nuclei to lighter CH 
are evidence of nuclear effects 
 
Observe no neutrino energy dependent 
nuclear effect 



DIS Cross Section Ratios – dσ / dxBj  

Unfolded x (detector smearing) 
 

DIS: interpret data at partonic level 
x dependent ratios directly translates to x dependent nuclear effects 
(cannot reach the high-x with LE data sample) 
 

MINERνA data suggests additional nuclear shadowing in the lowest x 
bin (<x> = 0.07, <Q2> = 2 GeV2) 
 

In EMC region (0.3 < x < 0.7) agreement between data and models 

2

2Bj
had

Qx
ME

=
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Shadowing in Neutrino Interactions 	



  Although not yet statistically significant the trend is certainly 
suggestive of something interesting happening in the low-x region of 
Pb/CH.	



  The data is consistent with nuclear shadowing at an <x> (0.07) & 
<Q2 >  (2 GeV2)  where negligible shadowing is expected with l±. 	
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Shadowing���
	

Nuclear Shadowing in Electro-Weak Interactions - Kopeliovich, JGM and Schmidt���

arXiv:1208.6541	



  Several theoretical models successfully describe the shadowing 
effects observed in charged-lepton nucleus scattering.	



  Most are based on hadronic fluctuations of 	


     the γ  (or W/Z for neutrinos)	


	



  These fluctuations then undergo multiple 	


     diffractive scattering off leading nucleons	


     in the the nucleus.	


	



  The multiple scatters interfere destructively 	


     leading to no flux making it to downstream 	


     nucleons resulting in a depletion of cross 	


     section at low values of x.	
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behavior of leading-twist nuclear shadowing and antishadowing effects for charged and neutral
currents 5.

The physics of the nuclear shadowing in deep inelastic scattering can be most easily un-
derstood in the laboratory frame using the Glauber-Gribov picture. The virtual photon, W
or Z0, produces a quark-antiquark color-dipole pair which can interact diffractively or inelasti-
cally on the nucleons in the nucleus. The destructive and constructive interference of diffrac-
tive amplitudes from Regge exchanges on the upstream nucleons then causes shadowing and
antishadowing of the virtual photon interactions on the back-face nucleons. The coherence
between processes which occur on different nucleons at separation LA requires small Bjorken
xB : 1/MxB = 2ν/Q2 ≥ LA. An example of the interference of one- and two-step processes in
deep inelastic lepton-nucleus scattering is illustrated in Fig. 1. In the case where the diffrac-
tive amplitude on N1 is imaginary, the two-step process has the phase i × i = −1 relative to
the one-step amplitude, producing destructive interference (the second factor of i arises from
integration over the quasi-real intermediate state.) In the case where the diffractive amplitude
on N1 is due to C = + Reggeon exchange with intercept αR(0) = 1/2, for example, the phase
of the two-step amplitude is 1√

2
(1 − i) × i = 1√

2
(i + 1) relative to the one-step amplitude, thus

producing constructive interference and antishadowing. Due to the different energy behavior,
this also indicates that shadowing will be dominant at very small x values, where the pomeron
is the most important Regge exchange, while antishadowing will appear at a bit larger x values.

Figure 1: The one-step and two-step processes in DIS on a nucleus. If the scattering on nucleon N1 is via pomeron

exchange, the one-step and two-step amplitudes are opposite in phase, thus diminishing the q̄ flux reaching N2.

This causes shadowing of the charged and neutral current nuclear structure functions.

2 Parameterizations of quark-nucleon scattering

We shall assume that the high-energy antiquark-nucleon scattering amplitude Tq̄N has the Regge
and analytic behavior characteristic of normal hadronic amplitudes. Following the model of
Ref. 6, we consider a standard Reggeon at αR = 1

2
, an Odderon exchange term, a pseudoscalar

exchange term, and a term at αR = −1, in addition to the Pomeron-exchange term.

The Pomeron exchange has the intercept αP = 1 + δ. For the amputated q̄ − N amplitude
Tq̄N and q − N amplitude TqN with q = u, and d, N = p, and n, we assume the following pa-
rameterization, including terms which represent pseudoscalar Reggeon exchange. The resulting
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The Pomeron exchange has the intercept αP = 1 + δ. For the amputated q̄ − N amplitude
Tq̄N and q − N amplitude TqN with q = u, and d, N = p, and n, we assume the following pa-
rameterization, including terms which represent pseudoscalar Reggeon exchange. The resulting



Shadowing - continued	


  Why low x?	


  The lifetime of the hadronic fluctuation has to be sufficient to allow 

for these multiple diffractive scatters: 	


	



tc = 2Ehad / (Q2 + m2)!
	


  For a given Q2 need large Ehad to yield sufficient tc which implies 

small x.	


  m is larger for the vector current than the axial vector current  à 

for a given Q2 you need more Ehad for the vector current than the 
axial vector current to have sufficient tc.	



  This implies you can have shadowing at higher x with neutrinos 
than with charged leptons	
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DIS Formalism	



  QCD Factorization means that we can treat the scattering and later processes 
separately, they occur on very different timescales:	



hard scatter:  fast	


	


fragmentation: slow	


	


Justification for summing probabilities 	


rather than amplitudes for ν-q scattering. 
 

Justification for QCD factorization and other aspects of the parton model	


come from formal approaches, namely the operator product expansion of 	



the hadronic tensor.   	





universal 

, 

extracted by applying global analysis methods 

Theoretical 
Calculations 

What do the concepts of “factorization” and “universal (nuclear) 
parton distributions” mean in the nuclear environment? 

 



First Conclusions	



  Need to move away from the simple IA models of the nucleus used 
in most event generators.	



	



  Need to develop a model of neutrino nucleus interactions that is not 
a patchwork of individual thoughts that are difficult/impossible to 
combine in a smooth continuous and correct whole.	



	



  The model has to work for nuclei from C to Ar to Fe and for 
energies from sub-to-multi-GeV. NP-HEP Collaborations!	



	



  Need highly accurate neutrino nucleus scattering measurements to 
constrain the nuclear model.  NP-HEP Collaborations!	



	



  We may have the detector (LAr TST) (but lost the beam with nuSTORM)	
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Summary and Conclusions	


  Nuclear effects, present in the data of all contemporary neutrino 

oscillation experiments, mixes topologies and changes energy 
between produced and (detected)final states. 	



  The precision with which neutrino properties can be extracted from 
oscillation experiments is clearly limited by the quality of the 
generator used. 	



  The neutrino generators used by experiments have grown historically 
into a collection of sometimes inconsistent nuclear physics recipes 
and still contain outdated physics modeling. 	



  The time has come to build a scientific community, based on NP-HEP 
collaboration, around the question of neutrino-nucleus interactions. 	



  BOTH communities will benefit from this collaboration.	


  NuSTEC is in the process of becoming this NP-HEP collaboration.	
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Backup 



In Summary: Nuclear Physics Meets 
Neutrino Physics	
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Dave Schmitz  

No single nuclear model comes close to fitting all of the 
accumulated data.	



	



However, it is not a knockout – we are simply “on the ropes” and 
need collaboration with the nuclear physics community. 	
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NuSTEC  	


A Collaboration of HEP and Nuclear Experimentalists and Theorists 

Studying Low-energy Neutrino Nucleus Scattering Physics	


GOALS:	



  Coordinate NP (theorist) - HEP experimentalist collaborative efforts:	


  Coordinate theorist-experimentalist collaborative efforts to improve generators	


  Improve general understanding of the physics via enhanced theoretical background for 

experimentalists and ensuring theorists have the latest experimental data and correctly 
incorporated errors to test models.	



  Workshops: Organize Community-wide Workshops when needed	


  Main Conference: The NuInt Neutrino Interaction Workshop (next, November 2015)	


  Organization beginning on workshop to investigate np-nh/MEC nuclear effects	



  Training Programs: Organize and run training programs in:	


  Neutrino Scattering Event Generators:  University of Liverpool, 14 – 16 May	


  Theory-oriented Neutrino-nucleus Scattering physics ocurred at  Fermilab in October. 	



  Global Fits: Combine results from multiple experiments to compare with and  
then, if necessary, modify a theory/model framework.	



  First meeting of the NuSTEC Board in September: Representatives of each ν-
A experiment, each nuclear theory “school” and each ν event generator	





Green’s Function Monte Carlo Techniques ���
Full description of initial state including N-N Correlations	



  Calculations have to expand in A up to argon in the higher energy kinematical 
regime relevant to current/future neutrino experiments.	



  Additional effort required to incorporate these models into a neutrino nucleus 
event generators.	



  Example of NP – HEP Collaboration to face this challenge and expand 
GFMC techniques to larger nuclei and increased energy E.  Then to 
incorporate results in the GENI Event Generator	
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Project Title: Nuclear Theory for Neutrino-Nucleus Interactions 
 

R. Schiavilla and J.W. Van Orden,Old Dominion University (ODU and TJNAF)  
A. Lovato), S.C. Pieper, and R.B. Wiringa (ANL)  

J. Carlson and S. Gandolfi (LANL)  
T.W. Donnelly (MIT) 

S.J. Brice, J.G. Morfíın, G.N. Perdue, and G.P. Zeller (Fermilab) 
S.A. Dytman (Pittsburgh) 

H. Gallagher (Tufts)  
 
 
 
 
 
 

 

  
 



Further Coordinated Collaboration of NP-HEP	


The NuSTEC Concept ���

Neutrino Scattering Theorist Experimentalist Collaboration	
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Nuclear Physics Meets 
Particle Physics

Theorists and  
Experimentalists 



NuSTEC Training in Neutrino Nucleus Scattering Physics ���
21 – 29 October 2014 with 85 International Students ���

http://nustec2014.phys.vt.edu	



  Electroweak interactions on the nucleon (L. Alvarez-Ruso) [lecture videos:1,2,3] 	


  Strong and electroweak interactions in nuclei (R. Schiavilla) [lecture videos: 1, 2, 3, 4]	


  The nuclear physics of electron and neutrino scattering in nuclei in the quasi-elastic 

regime and beyond (T. W. Donnelly, J. Nieves and O. Benhar)	


  Approximate methods for nuclei (I) (T. W. Donnelly) [lecture videos: 1,2,3]	


  Approximate methods for nuclei (II) (J. Nieves) [lecture videos: 1, 2, 3]	


  Ab initio methods for nuclei (O. Benhar) [lecture videos: 1, 2, 3]	



  Pion production (T. Sato) [lecture videos: 1, 2, 3]	


  Description of exclusive channels and final state interactions (P. Danielewicz) [lecture 

videos: 1, 2, 3]	


  Inclusive electron and neutrino scattering in the deep inelastic regime (J. Owens) 

[lecture videos: 1, 2, 3]	


  Impact of uncertainties in neutrino cross-sections (P. Coloma and T. Dealtry)	



  General analysis (P. Coloma) [lecture videos: 1, 2]	


  The T2K analysis (T. Dealtry) [lecture video: 1]	



  Selected experimental illustrations (K. Mahn, C. Mauger and M. Soderberg)	


  Fine-grained Sampling detector (C. Mauger) [lecture videos: 1, 2]:	


  LAr detectors (M. Soderberg) [lecture videos: 1, 2]	


  Cerenkov vs. fine-grained measurement techniques (K. Mahn) [lecture video: 1]	
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Brief Summary of Determining Φ(Ε), the Neutrino Flux: ���
NuMI Example	
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  3

MINERvA

 

The description of the focusing 

components in the Monte Carlo is 

uncertain or incomplete.

The theory of the hadronic interactions 

is not complete (MC needs a model).

Two basic source of uncertainties:

MINOSMINERvA

Detector cavern

νν

(~1 Km.)

Flux simulation uses: geant4_9_2p03.

Hadronic model: FTFP_BERT.



MINERvA	



  120 polystyrene (CH) modules for tracking and calorimetry (~32k channels)	


  Tracker surrounded by electromagnetic and hadronic calorimetry.	


  MINOS Near Detector provides a muon spectrometer	


  Nuclear targets of C (166 Kg), Fe (653 kg) and Pb (750 Kg)	
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Vertex Energy	



  Examine annular rings around the reconstructed vertex	


  Out to 10 cm for antineutrino (~120 MeV proton) 	


  Out to 30 cm  for neutrino (~225 MeV proton)	
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Note: to add visible energy to an inner annulus you must add a charged hadron, not just 
increase energy of an existing one	

2013-08-20 Chris Marshall - University of Rochester 21

Look in “annuli”

Low-energy proton Bragg peak is in yellow 
region – higher energy deposit

High-energy through-going proton deposits 
smaller amount of energy in yellow region – 
most energy is farther away from vertex

Joint Experimental-Theoretical Physics Seminar 

2.) Vertex Energy

5/9/2014Tammy Walton, Fermilab (Hampton University)    

11

Both nucleon-nucleon interactions and meson 
exchange currents result in the emission of 
multi-nucleons at the scattering vertex.

The energy around the interaction vertex is 
analyzed.

The excess energy in data suggests that there 
are additional nucleons in the final states.

For the neutrino scattering, this says that these 
initial state nucleons are predominately in a p-n 
state configuration.
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GENIE             independent nucleons in a mean field (MA = 0.99 GeV) 
MA = 1.35 GeV            best fit to MiniBooNE data 
Spectral Function             improved nucleon momentum-energy relation 
TEM                          empirical model based on electron scattering data to                     

                               account for nucleon-nucleon correlations. V current only! 
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Emphasis on the Shape	



⌫µ⌫̄µ

Joint Experimental-Theoretical Physics Seminar 

1.) Model Comparison

Tammy Walton, Fermilab (Hampton University)    

10

5/9/2014

Datasets are best described by the RFG with the Transverse Enhancement 
Model, an empirical model (based on electron scattering data) that accounts 
for the additional strength observed in the QE cross section due to 
contributions from both nucleon-nucleon interactions and two body currents 
(MEC).

MINERvA: Single Muon QE-like Analysis	





A small step to the Hadron Vertex���
MINERvA Vertex Energy Analysis	



  A harder spectrum of vertex energy is observed in neutrinos.	



  All systematics considered, including energy scale errors on charged hadrons and 
FSI model uncertainties. 	



  At this point, we make the working assumption that the additional vertex energy 
per event in data is due to protons   	
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⌫µ ⌫̄µ
r < 30 cm

r < 10 cm



Vertex Energy – suggestion of additional protons 
coming out of the nucleus in neutrino interactions	
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Proton Kinetic Energy (MeV)
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 0.09± 0.01 ±Sum of bins: 0.25 
 CCQE� Tracker � "A �MINER

The fit wants to add an additional 
low-energy proton (KE < 225 MeV) 

to (25 ± 9)% of QE events to 
improve agreements with data	



⌫µ

Proton Kinetic Energy (MeV)
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No such additional proton is required 
for antineutrinos. Slight reduction if 
anything.  (-10 ± 7)% of QE events	



⌫̄µ



More details: charged pion  (W<1.4 GeV) ���
 model shape comparisons 	
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  Each calculation is normalized to data, show ratio to GENIE w/FSI	



•  GiBUU, NuWro, NEUT and GENIE all predict the data shape well 
•  Data sensitive to the details in pion interaction models 
•  Athar does not agree with data.  Likely due to insufficient FSI. 
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  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 	
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FSI Conclusions for Pion Angle ���
(Shape Comparisons) 	



  Data prefer GENIE with FSI 	
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Motivation Previous Measurements

FSI Conclusions for Pion Angle (Shape Comparisons)

Data prefer GENIE with FSI

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 15 / 56



More details: charged pion  (W<1.4 GeV) ���
absolute cross sections 	
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•  GENIE (MC) magnitude is too large with only a small dip 
•  Model with FSI strongly favored over no FSI 



Suggested Improvement: full description of initial state including N-N Correlations ���
Green’s Function Monte Carlo Techniques ���

ANL - A. Lovato, S. C. Pieper, and R. B. Wiringa	



  Current neutrino event generators: 	


  Generally lag behind theory by decades and are an assembly of multiple independent 

processes that require additional care to be combined. 	


  Eg. beware double counting when combining spectral functions with MEC.	



  Quantum Monte Carlo (QMC), in particular Green’s Function Monte Carlo 
(GFMC), methods make it possible to carry out first-principle, exact calculations of 
nuclear properties for light nuclei (to carbon) .	



  GFMC 	


  based on realistic Hamiltonians including two- and three-nucleon potentials. 	


  Calculations retain the full complexity of the many-body correlations	


  reproduce very well the observed energy spectra of A = 2 – 4 nuclei, and the ground-state 

and low-lying excited-state energies of nuclei in the mass range A = 6 – 12. 	


  GFMC still need to incorporate crucial dynamical aspects into theoretical models to 

provide a reliable description of the interactions between a neutrino and a heavy 
nucleus	


  correlations, many-body currents, and interference effects. 	
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Quasi-elastic (QE) Neutrino Scattering���
Here from a free nucleon	
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Joint Experimental-Theoretical Physics Seminar 

CCQE Formalism for Scattering from a free Nucleon
 The vector form factors (𝐅𝐕𝟏 𝐚𝐧𝐝 𝐅𝐕𝟐) can be related to 

the nucleon electromagnetic form factors, which are 
described by electron scattering data.

 A first order approximation (Goldberger-Treiman
relation) relates the pseudoscalar form factor (𝐅𝐏) to 
the axial form factor. 

 The axial form factor (𝐅𝐀) is approximated by the 
dipole form.

⁄
𝐆 𝐄𝐩

𝐆 𝐃 ⁄
𝐆 𝐄𝐧

𝐆 𝐃
⁄

𝐆 𝐌𝐧
𝛍 𝐧
𝐆 𝐃

ൗ
𝐆 𝐌𝐩

𝛍 𝐩
𝐆 𝐃

𝐅𝐀 𝐐𝟐 = 𝐅𝐀 𝐐𝟐ୀ𝟎

𝟏ା ൘𝐐𝟐
𝐌𝐀
𝟐

𝟐

Extracted from neutrino quasi-elastic 
cross-section measurements.

Tammy Walton, Fermilab (Hampton University)    
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𝐆𝐄
𝐩, 𝐆𝐄𝐧 ∶ proton and neutron electric form factors

𝐆𝐌
𝐩 , 𝐆𝐌𝐧 ∶ proton and neutron magnetic form factors

𝛍𝐩,  𝛍𝐧 : proton and neutron magnetic moments

Axial Mass

nuclear 𝜷-decay experiments

Joint Experimental-Theoretical Physics Seminar 

Charged Current Quasi-elastic (CCQE) Scattering
Scattering from a free nucleon

Lepton Conservation – emit a charged lepton and knock out a 
different flavor nucleon

𝐝𝛔
𝐝𝐐𝟐

=
𝐌𝟐𝐆𝐅𝟐𝐜𝐨𝐬𝟐𝛉𝐂

𝟖𝛑𝐄𝛎𝟐
𝐀 𝐐𝟐 ∓ 𝐁 𝐐𝟐

𝐬 − 𝐮
𝐌𝟐 + 𝐂 𝐐𝟐

𝐬 − 𝐮 𝟐

𝐌𝟒

A, B, and C terms are composed of the elastic vector, 
pseudoscalar, axial form factors, which characterize 

the hadronic structure of the nucleon.

first derived by C.H. Llewellyn-Smith

Tammy Walton, Fermilab (Hampton University)    
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• 𝐐𝟐 is the four momentum transfer
• M is the mass of the Nucleon
• 𝐆𝐅 is Fermi constant
• 𝛉𝐂 is Cabibbo angle
• 𝐄𝐯 is the neutrino energy
• Mandelstam variables

• 𝐬 = 𝐤𝛍 + 𝐩𝛍 𝟐

• 𝐮 = 𝐤𝛍 − 𝐩𝛍 𝟐


