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Gerry’s talk about Stuart Freedman
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https://www.youtube.com/watch?v=sFWi4tvQcCY
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Next generation neutrino oscillation experiments
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Neutrino oscillation experiments
- Past to Present: K2K, MiniBooNE, MINOS, T2K, DeepCore, Reactors
- Present to Future: T2K, NOvA, PINGU, ORCA, Hyper-Kamiokande, DUNE…

Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307
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Neutrino oscillation experiments
- Past to Present: K2K, MiniBooNE, MINOS, T2K, DeepCore, Reactors
- Present to Future: T2K, NOvA, PINGU, ORCA, Hyper-Kamiokande, DUNE…
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Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307

Neutrino oscillation experiments
- Past to Present: K2K, MiniBooNE, MINOS, T2K, DeepCore, Reactors
- Present to Future: T2K, NOvA, PINGU, ORCA, Hyper-Kamiokande, DUNE…

Pµ→e(L / E) = sin
2 2θ sin2 1.27Δm2 (eV 2 ) L(km)

E(GeV )
#

$
%

&

'
(

MINOS+

T2K/Hyper-K
NOvA

nµCC cross section per nucleon 

DUNE

Reactors
~ 4MeV

MicroBooNE
SBND
ICARUS

PINGU
ORCA



Charged Current Quasi-Elastic scattering (CCQE)  
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The simplest and the most abundant interaction around ~1 GeV.

Neutrino energy is reconstructed from the observed lepton kinematics 
“QE assumption”
1. assuming neutron at rest
2. assuming interaction is CCQE

νµ + n→ p+µ− (νµ + X→ #X +µ− )

µ
X

n-beam cosq

Eµ

€ 

W

€ 

p
€ 

µ

€ 

νµ

€ 

n

p
n

Teppei	Katori

CCQE is the single most important channel of neutrino oscillation physics
T2K, NOvA, microBoonE, Hyper-Kamiokande, DUNE (2nd maximum)…etc
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There are 3 known problems in this channel…

1. high Q2 problem
• axial mass (MA) looks larger than ~1 (world average is 1.03±0.02 GeV)
2. low Q2 problem
• data is missing at low Q2 (=forward going muon), it looks efficiency of the 

detector is wrong
3. large normalization
• data rate is much higher than simulation (experimentalists are unhappy to 

share this information), it looks flux simulation is under-estimated

16/12/10

CCQE puzzle

Teppei	Katori

K2K,PRD74(2006)052002

MA ~ 1.2 GeV (K2K)
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Experiment measure the interaction rate R,

- F : neutrino flux
- s : cross section
- e  : efficiency

When do you see data-MC disagreement, how to interpret the result?
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Neutrino experiment

Teppei	Katori

R ~ Φ×σ ×ε∫

µ

Xn-beam cosq

Tµ



916/12/10

MiniBooNE phase space
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MiniBooNE,PRL100(2008)032301

CCQE kinematic space (Tµ-cosqµ plane) in MiniBooNE
Since observables are muon energy (Tµ) and angle (cosqµ), these 2 variables 
completely specify the kinematic space.

Data-MC ratio for Tµ-cosqµ plane
(arbitrary normalization). 
MiniBooNE MC doesn’t describe 
data very well.

We would like to improve our 
simulation, but how?

µ

Xn-beam cosq

Tµ
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MiniBooNE phase space
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Without knowing flux, you cannot modify cross section model

R ~ Φ×σ∫

µ

Xn-beam cosq

Tµ

MiniBooNE,PRL100(2008)032301
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MiniBooNE phase space

Teppei	Katori

Without knowing flux, you cannot modify cross section model

R(E
ν
,Q2) ~ Φ(E

ν
)×σ∫ (Q2)

The data-MC disagreement 
follows equal Q2- lines, not 
equal En-lines.

à Something wrong in cross 
section model, not flux 
model.

µ

Xn-beam cosq

Tµ

MiniBooNE,PRL100(2008)032301
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MiniBooNE phase space
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Without knowing flux, you cannot modify cross section model

After tuning cross section parameters, data and MC agree.
R(E

ν
,Q2) ~ Φ(E

ν
)×σ∫ (Q2)

µ

Xn-beam cosq

Tµ

MiniBooNE,PRL100(2008)032301
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First MiniBooNE CCQE paper
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In this paper, we highlighted the simultaneous fit of MA and k can 
describe CCQE data in full phase space. Data-MC disagreement is 
neutrino cross-section physics, and not beam nor detector effects.

Although we were not sure what kind of physics cause this data-MC 
disagreement…
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Second MiniBooNE CCQE paper
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probably the most cited 
neutrino cross section data 
(365 citation, 2016/12/10)
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Second MiniBooNE CCQE paper
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probably the most cited 
neutrino cross section data 
(365 citation, 2016/12/10)

Bill Louis
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Second MiniBooNE CCQE paper
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probably the most cited 
neutrino cross section data 
(365 citation, 2016/12/10)

Bill Louis

Gerry Garvey



16/12/10

MiniBooNE CCQE analysis
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Gerry’s talk at INT2010 workshop
• Gerry was very negative about the large normalization of our cross section

MiniBooNE,PRD81(2010)092005



16/12/10

The solution of CCQE puzzle 
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Presence of 2-body current
- Martini et al showed 2p-2h effect can add up 30-40% more cross section!

Martini et al,PRC80(2009)065501

Teppei	Katori

Marco	
Martini
(Saclay)

What	experimentalists	call	
“CCQE”	is	not	genuine	

CCQE!	
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Gerry’s talk at INT2010 workshop
• Gerry was very negative about the large normalization of our cross section
• Gerry was surprised how well some models reproduce MiniBooNE data
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MiniBooNE CCQE analysis
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Gerry’s talk at INT2010 workshop
• Gerry was very negative about the large normalization of our cross section
• Gerry was surprised how well some models reproduce MiniBooNE data
• But Gerry was fully happy with the result by Joe Carlson et al
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The solution of CCQE puzzle 
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Wiringa et al, PRC51(1997)38, Pieper et al, PRC64(2001)014001
Lovato et al,PRL112(2014)182502, arXiv:1501.01981 

2N	potential
(Av18)

3N	potential
(IL7)

Teppei	Katori

Ab initio calculation
- Green’s function Monte Carlo (GFMC)
- Predicts energy levels of all light nuclei
- Consistent result with phenomenological models

Alessandro Lovato
(Argonne)

Ab initio calculation 
reproduce same feature  

NC Euclidean transverse response function 
by ab initio calculation (q=570 MeV) 

NCQE-like cross section transverse 
response contribution by Martini et al.
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First MiniBooNE CCQE paper
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In this paper, we highlighted the simultaneous fit of MA and k can 
describe CCQE data in full phase space. Data-MC disagreement is 
neutrino cross-section physics, and not beam nor detector effects.

Although we were not sure what kind of physics cause this data-MC 
disagreement…
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Second MiniBooNE CCQE paper

23

probably the most cited 
neutrino cross section data 
(365 citation, 2016/12/10)
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Path to the future
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We want to study the cross-section model, but we don’t want to implement every 
models in the world in our simulation…

We want theorists to use our data, but flux-unfolding (model-dependent process) lose 
details of measurements…

Teppei	Katori

e.g.) NuInt09 opening remakr, MC 
comparison of double differential cross 
section of NCpo production with 
En=0.5GeV, angle=60o

Theorists calculate experimentalists 
cannot measure, and experimentalists 
provide data theorists don’t understand 
(due to model-dependent correction) 
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Flux-integrated differential cross-section
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We want to study the cross-section model, but we don’t want to implement every 
models in the world in our simulation…

We want theorists to use our data, but flux-unfolding (model-dependent process) lose 
details of measurements…

Now, all modern experiments publish flux-integrated differential cross-section
à Detector efficiency corrected event rate
à Theorists can reproduce the data with neutrino flux tables from experimentalists
à Minimum model dependent, useful for nuclear theorists

These data play major roles to study/improve neutrino interaction models by theorists

Teppei	Katori
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Flux-integrated differential cross-section
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PDG2014 Section 49 “Neutrino Cross-Section Measurements”

Various type of flux-integrated differential cross-section data are available from 
all modern neutrino experiments. 
à Now PDG has a summary of neutrino cross-section data! (since 2012) 

Teppei	Katori
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Flux-integrated differential cross-section
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PDG2014 Section 49 “Neutrino Cross-Section Measurements”

Various type of flux-integrated differential cross-section data are available from 
all modern neutrino experiments. 
à Now PDG has a summary of neutrino cross-section data! (since 2012) 

Teppei	Katori
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PDG2014 Section 49 “Neutrino Cross-Section Measurements”

Various type of flux-integrated differential cross-section data are available from 
all modern neutrino experiments. 
à Now PDG has a summary of neutrino cross-section data! (since 2012) 
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Flux-integrated differential cross-section
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PDG2014 Section 49 “Neutrino Cross-Section Measurements”

Various type of flux-integrated differential cross-section data are available from 
all modern neutrino experiments. 
à Now PDG has a summary of neutrino cross-section data! (since 2012) 

Teppei	Katori

T2K

MINERvA
ArgoNeuT
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Flux-integrated differential cross-section (2016)
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TK and Martini, arXiv:1611.07770

MiniBooNE data-theory comparison
- details of lepton kinematics from 
neutrino interactions are first time 
tested.

Teppei	Katori

Juan	Nieves
(Valencia)

The	model	is	tuned	with	
electron	scattering	data	
(no	free	parameter)	
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Flux-integrated differential cross-section (2016)
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TK and Martini, arXiv:1611.07770

T2K data-theory comparison
- details of lepton kinematics from 
neutrino interactions are first time 
tested.

Teppei	Katori

MINERvA data-theory comparison

n n

Juan	Nieves
(Valencia)

The	model	is	tuned	with	
electron	scattering	data	
(no	free	parameter)	
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Electron scattering vs. Neutrino scattering (circa 2010)
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Gerry pointed out the difference of neutrino scattering and electron scattering 
experiments.
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Electron scattering vs. Neutrino scattering (circa 2010)

Teppei	Katori

Gerry pointed out the difference of neutrino scattering and electron scattering 
experiments.

TK and Martini,arXiv:1611.07770
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Electron scattering vs. Neutrino scattering (circa 2010) 
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Electron scattering
- well defined energy, well known flux
à reconstruct energy-momentum transfer
à kinematics is completely fixed

Neutrino scattering
- Wideband beam
à observables are inclusive

Benhar et al, Rev.Mod. Phys.80(2008)189, PRL105(2010)132301

QE	for	neutrino	physicists
(QE-like	topology)

QE	for	nuclear	physicists	(genuine	QE)
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Flux-integrated double differential cross-section
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Theorists

Experimentalists

MiniBooNE CCQE analysis measure muon energy and muon scattering angle, 
then the double differential cross section is directly connected with nuclear 
models developed by electron scattering.

Teppei	Katori

TK and Martini,arXiv:1611.07770

Flux-integrated differential cross-section data allow theorists to investigate data 
when kinematics are incomplete (w, |q|, Q2, x, y, … are not uniquely determined)
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Theorists

Experimentalists

MiniBooNE CCQE analysis measure muon energy and muon scattering angle, 
then the double differential cross section is directly connected with nuclear 
models developed by electron scattering.

Teppei	Katori

TK and Martini,arXiv:1611.07770

Flux-integrated differential cross-section data allow theorists to investigate data 
when kinematics are incomplete (w, |q|, Q2, x, y, … are not uniquely determined)



T2K

Flux-integrated differential cross-section data allow theorists to investigate data 
when kinematics are incomplete (w, |q|, Q2, x, y, … are not uniquely determined)

Teppei	Katori 16/12/10

Reconstructed variables vs. direct observables

37

MiniBoNE,PRD81(2010)091005

Before MiniBooNE, there was no concept about 
model-dependence of reconstructed variables.

MINERvA
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Short Range Correlation (circa 2007)
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I was told by Gerry to pay attention on short range correlation. Original idea was 
to use different nucleon momentum distribution to reproduce our Q2 shape.

Frankfurt et al.,MPLA23(2008)2991
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Short Range Correlation (circa 2007)

Teppei	Katori 39

I was told by Gerry to pay attention on short range correlation. Original idea was 
to use different nucleon momentum distribution to reproduce our Q2 shape.

In DNP2007 (Newport News), there was a special session on SRC. It was right 
after Hall A made the famous “triple coincidence” measurement.

𝑒5 + 𝐶(𝑝𝑝) → 𝑒5 + 𝑝 + 𝑝 + 𝑋;-

JLab Hall A PRL99(2007)072501
TK (NuInt11), AIP.Con.Proc.1405(2011)250



16/12/10

Short Range Correlation (circa 2007)
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I was told by Gerry to pay attention on short range correlation. Original idea was 
to use different nucleon momentum distribution to reproduce our Q2 shape.

In DNP2007 (Newport News), there was a special session on SRC. It was right 
after Hall A made the famous “triple coincidence” measurement. In neutrino, 
triple coincidence may be easier to measure!

𝑒5 + 𝐶(𝑝𝑝) → 𝑒5 + 𝑝 + 𝑝 + 𝑋;- 𝜈, + 𝐶(𝑛𝑝) → 𝜇5 + 𝑝 + 𝑝 + 𝑋;-

JLab Hall A PRL99(2007)072501
TK (NuInt11), AIP.Con.Proc.1405(2011)250, ArgoNeuT,PRD90(2014)012008
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Gerry Garvey vs. Magda Ericson

Teppei	Katori 41

I think the world still needs Gerry…

Magda Ericson (1929 -)

Martini, Ericson, et al,PRC80(2009)065501

Gerry Garvey (1934 -)
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Gerry Garvey vs. Magda Ericson
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Magda Ericson (1929 -)

Martini, Ericson, et al,PRC80(2009)065501;PRD85(2012)093012

Gerry Garvey (1934 -)

I think the world still needs Gerry…
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Neutrino Cross-Section Newsletter
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Precise neutrino cross section measurements is the field initiated by MiniBooNE. 
I was fortunate to participate that, due to good colleagues, good conversations
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Precise neutrino cross section measurements is the field initiated by MiniBooNE. 
I was fortunate to participate that, due to good colleagues, good conversations

From 2012, I started “Neutrino Cross-Section Newsletter” (an imitation of Maury
Goodman’s “long-baseline newsletter”), so that young students from remote site can 
hear the voice of prominent scientists, like Gerry. Now it is renamed “NuSTEC-News”

Teppei	Katori

NuSTEC-News
(445 subscribers, 2016/12/10)
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Neutrino Cross-Section Newsletter
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NuSTEC-News
(445 subscribers, 2016/12/10)

Twitter hash tag #nuxsec

NuSTEC-News facebook page
(@nuxsec, 748 likes)

MINERvA: 729 likes
MicroBooNE: 928 likes
NOvA: 1,615 like
Fermilab: 86,571 likes
Justin Bieber: 77,812,135 likes

Precise neutrino cross section measurements is the field initiated by MiniBooNE. 
I was fortunate to participate that, due to good colleagues, good conversations

From 2012, I started “Neutrino Cross-Section Newsletter” (an imitation of Maury
Goodman’s “long-baseline newsletter”), so that young students from remote site can 
hear the voice of prominent scientists, like Gerry. Now it is renamed “NuSTEC-News”
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NuSTEC-News
(445 subscribers, 2016/12/10)

Twitter hash tag #nuxsec

NuSTEC-News facebook page
(@nuxsec, 748 likes)

MINERvA: 729 likes
MicroBooNE: 928 likes
NOvA: 1,615 like
Fermilab: 86,571 likes
Justin Bieber: 77,812,135 likes

Precise neutrino cross section measurements is the field initiated by MiniBooNE. 
I was fortunate to participate that, due to good colleagues, good conversations

From 2012, I started “Neutrino Cross-Section Newsletter” (an imitation of Maury
Goodman’s “long-baseline newsletter”), so that young students from remote site can 
hear the voice of prominent scientists, like Gerry. Now it is renamed “NuSTEC-News”

Subscribe “NuSTEC News”
E-mail	to listserv@fnal.gov,	Leave	the	subject	line	blank,	Type	"subscribe	nustec-news	firstname lastname"

(or just send e-mail to me, katori@FNAL.GOV)
like “@nuxsec” on Facebook page, use hashtag #nuxsec
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NuSTEC
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Neutrino Scattering Theory-Experiment Collaboration
NuSTEC promotes the collaboration and coordinates efforts between 
- theorists, to study neutrino interaction problems
- experimentalists, to understand nu-A and e-A scattering problems
- generator builders, to implement, validate, tune, maintain models

Teppei	Katori

Subscribe “NuSTEC News”
E-mail	to listserv@fnal.gov,	Leave	the	subject	line	blank,	Type	"subscribe	nustec-news	firstname lastname"

(or just send e-mail to me, katori@FNAL.GOV)
like “@nuxsec” on Facebook page, use hashtag #nuxsec
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Neutrino Scattering Theory-Experiment Collaboration
NuSTEC promotes the collaboration and coordinates efforts between 
- theorists, to study neutrino interaction problems
- experimentalists, to understand nu-A and e-A scattering problems
- generator builders, to implement, validate, tune, maintain models

Teppei	Katori

Subscribe “NuSTEC News”
E-mail	to listserv@fnal.gov,	Leave	the	subject	line	blank,	Type	"subscribe	nustec-news	firstname lastname"

(or just send e-mail to me, katori@FNAL.GOV)
like “@nuxsec” on Facebook page, use hashtag #nuxsec

NuSTEC school	2014,	Fermilab

NuSTEC MC	school,	
Liverpool	(2014)

NuSTEC school	2015,	Okayama
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Conclusion

Luckily, MiniBooNE had Gerry.

MiniBooNE did revolutionary work on neutrino cross section 
measurements, most important work was MiniBooNE made 
the “standard” of neutrino cross section measurements
- Flux-integrated differential cross-section
- EnQE, Q2

QE (model dependence of reconstructed kinematics) 

Neutrino cross section measurement is now the major field of 
beam neutrino physics, and the community keeps growing.

Subscribe “NuSTEC News”
E-mail	to listserv@fnal.gov,	Leave	the	subject	line	blank,	Type	"subscribe	nustec-news	firstname lastname"

(or just send e-mail to me, katori@FNAL.GOV)
like “@nuxsec” on Facebook page, use hashtag #nuxsec

Thank you for your attention!
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Luckily, MiniBooNE had Gerry.

MiniBooNE did revolutionary work on neutrino cross section measurements, 
most important work was MiniBooNE made the “standard” of neutrino cross 
section measurements
- Flux-integrated differential cross-section
- EnQE, Q2QE (model dependence of reconstructed kinematics) 

Neutrino cross section measurement is now the major field of beam neutrino 
physics, and the community is keep growing.

Teppei	Katori

Subscribe “NuSTEC News”
E-mail	to listserv@fnal.gov,	Leave	the	subject	line	blank,	Type	"subscribe	nustec-news	firstname lastname"

(or just send e-mail to me, katori@FNAL.GOV)
like “@nuxsec” on Facebook page, use hashtag #nuxsec
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Backup 
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Smith-Moniz formalism
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Smith and Moniz,NPB43(1972)605

Nucleus is described by the collection of incoherent Fermi gas particles.

Although Smith-Moniz formalism offers variety of 
choice, one can solve this equation analytically if 
the nucleon space is simple. 

(W
µν
)ab = f

Elo

Ehi

∫ (
!
k,
!
q,w)T

µν
dE : hadronic tensor

f(
!
k,
!
q,w) : nucleon phase space distribution

Tµn=Tµn (F1, F2, FA, FP) : nucleon form factors

FA(Q2)=gA/(1+Q2/MA2)2 : Axial vector form factor

Ehi : the highest energy state of nucleon

Elo : the lowest energy state of nucleon
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Relativistic Fermi Gas (RFG) model
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Nucleus is described by the collection of incoherent Fermi gas particles. 

(W
µν
)ab = f

Elo

Ehi

∫ (
!
k,
!
q,w)T

µν
dE : hadronic tensor

f(
!
k,
!
q,w) : nucleon phase space distribution

Tµn=Tµn (F1, F2, FA, FP) : nucleon form factors

FA(Q2)=gA/(1+Q2/MA2)2 : Axial vector form factor

Ehi : the highest energy state of nucleon =

Elo : the lowest energy state of nucleon = κ (pF
2+M2) −ω+EB( )

(pF
2 +M2)

Smith and Moniz,NPB43(1972)605
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Relativistic Fermi Gas (RFG) model
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Nucleus is described by the collection of incoherent Fermi gas particles. 

(W
µν
)ab = f

Elo

Ehi

∫ (
!
k,
!
q,w)T

µν
dE : hadronic tensor

f(
!
k,
!
q,w) : nucleon phase space distribution

Tµn=Tµn (F1, F2, FA, FP) : nucleon form factors

FA(Q2)=gA/(1+Q2/MA2)2 : Axial vector form factor

Ehi : the highest energy state of nucleon =

Elo : the lowest energy state of nucleon = κ (pF
2+M2) −ω+EB( )

(pF
2 +M2)

MiniBooNE tuned following 2 parameters using Q2 distribution by least c2 fit;
MA = effective axial mass
k = effective Pauli blocking parameter

MiniBooNE tuned their axial mass to 1.3 GeV!

Smith and Moniz,NPB43(1972)605
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To enhance the Pauli blocking at low Q2, we introduced a new parameter k, which 
is the energy scale factor of lower bound of nucleon sea in RFG model in Smith-
Moniz formalism, and controls the size of nucleon phase space

( ) Ew)M(p Elo B
22

F +-+=k

Initial	nucleon	
phase	space

k

final	nucleon	
phase	space

k+q

Pauli	blocked	
phase	space

k+q

PF k
Pauli	blocking	
is	enhanced

Pauli blocking parameter “kappa” k
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Pauli blocking parameter “kappa” k
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In low |q|, The RFG model systematically over predicts cross section for 
electron scattering experiments at low |q|  (~low Q2)

Butkevich and Mikheyev,PRC72(2005)025501

Data and predicted xs difference for 12C 

triangle: RFG model
circle: DWIA model
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Pauli blocking parameter “kappa” k
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red: RFG prediction with kappa (=0.019)
blue: RFG prediction without kappa 

RFG prediction-(e,e’) data ratio in Q2 (GeV2)

Q2 (GeV2)

pr
ed

ic
tio

n 
/ d

at
a

In low |q|, The RFG model systematically over predicts cross section for 
electron scattering experiments at low |q|  (~low Q2)

k can fix this nicely, and Gerry really liked it (“no nuclear theorists made 
such a convenient parameter”)
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Pauli blocking parameter “kappa” k
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In low |q|, The RFG model systematically over predicts cross section for 
electron scattering experiments at low |q|  (~low Q2)

k can fix this nicely, and Gerry really liked it (“no nuclear theorists made 
such a convenient parameter”)

But as expected, agreement with electron scattering differential data is 
not great. 

black:	(e,e’)	
energy	transfer	
data
red:	RFG	model	
with	kappa	
(=1.019)
blue:	RFG	model	
without	kappa

E=240MeV
q=60	degree
Q2=0.102GeV2

E=730MeV
q=37.1	degree
Q2=0.182GeV2

w (MeV) w (MeV)
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MINERvA double differential cross-section
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Recently, MINERvA tried to reconstruct w and |q|, which makes it possible to 
apply nuclear models directly, without flux-integration.
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