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References LEPTONS:
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Modern Particle Physics

Weak interactions
of leptons and quarks

Quarks and Leptons (Halzen and Martin)

- classic
- ShOW many Calculahons \\2] EDCOMMINS & PHBUCKSBAU
- solutions for all exercises -
rancis Halzen
Alan D. Martin
Weak interactions of Leptons and Quarks (Commins and Bucksbaum)
- classic

- show more details of weak interaction calculations
- too many typos

Neutrino
Astrophysics

Physics of Neutrinos (Fukugita and Yanagida)
- modern

- very intense
- from solar neutrinos to SUSY

Neutrino astrophysics (Bahcall)
- more likely a novel, honorable mentioning
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References -
FOUNDATIONS OF
NUCLEAR AND

Foundation of Nuclear and Particle Physics (2017) PARTICLE PHYSICS

- Authors: Donnelly, Formaggio, Holstein, Milner, Surrow

- one and only one textbook on this subject ol

- buy if your PhD thesis topic is about neutrino cross section -

“From eV to EeV: Neutrino cross sections across energy scales” [Tttt

- Authors: Formaggio and Zeller (MicroBooNE spokesperson) —

- Rev.Mod.Phys.84(2012)1307, arXiv:1305.7513

- very good summary of neutrino cross sections

“Neutrino-Nucleus Cross Sections for Oscillation Experiments”

- Authors: Katori (me) and Martini (Martini model)

- my paper, a review both theoretical and experimental views

- cite and give me citation number! .
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Jon Link, Fermilab Wine & Cheese seminar (2005)

Dark age of neutrino interaction physics

(1) Measure interaction rate Phys. Rev. D [ I EENENRNELHEE

(2) Divide by known cross section to obtain flu The distribution of events in neutrino energy for
(3) use this flux, measure cross-section from  the 3C vd—u"pp; events is shown in Fig. 4 to-
measured rate gether with the quasielastic cross section
o(vn—pu~p) calculated using the standard V —A4
_ theory with M, =1.05+0.05 GeV and M, =0.84
What you get? OF COURSE the cross section Gy, The absolute cross sections for the CC in-
you assume! teractions have been measured using the quasielas-
tic events and its known cross section.*
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Ankowski,Benhar,Farina,PRD82(2010)013002

Impulse Approximation is
broken at low Q2 (or low |q|)
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FIG. 6 (color online). Comparison of the MiniBooNE parame-
trization of the data (dotted line), labeled as the « fit, to the
spectral function calculation (dashed line). The solid line depicts
the contribution to the latter from the region where the IA is
expected to be valid. The SF results are multiplied by a factor
1.12 to make them match the « fit.
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Wiringa et al.,PRC89(2014)024305

Nuclear decomposition

PHYSICAL REVIEW C 89, 024305 (2014) PHYSICAL REVIEW C 89, 024305 (2014)
]03 I | I T I T I I _
-t-:"v 4HC |
102 — ..." p—
- -.:: —
o~ 10 "y -
Swop RO . H
= B va %%, 7]
T otk Ve e - ~ 10
- v "a, Pad eee, o ] mE ]
1 0_2 B ) v -:. %o, “ous < 10
i ’ M """=" K g -1
10-3 [ ] | ] | v, | ..I::"l ] ] Q‘.:. 10
0 1 3 4 5 1073
k (fm)

k (fm™!)
FIG. 4. (Color online) The proton momentum distribution in ‘He
is shown by the red circles; the 7p cluster distribution is shown by the FIG. 10. (Color online) The proton momentum distributions in
blue triangles and the dd cluster distribution is shown by the magenta ~ all 7 = 0 nuclei from A = 2-12.

squares.
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Alvarez-Ruso, NUSTEC15 lecture Fourier transformation

charge distribution <-> form factor
Form factor p(r) IF(q?)l Example
pointlike constant Electron
e+Pb 2> e+Pb
Differential elastic cross-section of 1 GeV protons on Pb I
Ews _ :&::WW exponential dipole Proton
.83% E """"" coulomb
- —&— experiment
10
103% gauss k 6L
10%
ol homogeneous
sphere \jﬁi -
sphere with
a diffuse I a0
surface oscillating Ca
/\/—\
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1. Neutrino cross-section formula

Cross-section
- product of Leptonic and Hadronic tensor

do ~ LW,

Leptonic tensor
- the Standard Model (easy)

Hadronic tensor
—> nuclear physics (hard)

a
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1. Neutrino cross-section formula

Cross-section
- product of Leptonic and Hadronic tensor

do ~ LW,

Leptonic tensor
- the Standard Model (easy) | pmv 7

Hadronic tensor
> nuclear physics (hard) v

All complication of neutrino cross-section is
how to model the hadronic tensor part
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2. MiniBooNE phase space

v-beam

Experiment measure the interaction rate R,
R~ f dxoxe

- @ : neutrino flux
- G ; Cross section
- ¢ : efficiency

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

e
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MiniBooNE collaboration,PRL.100(2008)032301

2. MiniBooNE phase space T, "
v-beam X cos0
CCQE kinematic space (T,-cos6,, plane) in MiniBooNE

Since observables are muon energy (T,) and angle (cos0,), these 2 variables
completely specify the kinematic space.

do® _ do’
dEdQ2 dEd(cos)

.1.2

—1.15

_l4.4 Data-MC ratio for T -cos0, plane
(arbitrary normalization).

—1.05 MiniBooNE MC doesn’t describe
data very well.

We would like to improve our
simulation, but how?

0 02 04 06 08 1 12 14 16 1.8 2
T, (GeV)
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MiniBooNE collaboration,PRL.100(2008)032301

2. MiniBooNE phase space

v-beam
Without knowing flux, you cannot modify cross section model

R~f¢x0

1.15
1.1

1.05

0 02 04 06 08 1 12 14 16 1.8 2
T, (GeV)
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X

do? do?

dEdQ dEd(cos9)
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MiniBooNE collaboration,PRL.100(2008)032301

2. MiniBooNE phase space

v-beam

X

Without knowing flux, you cannot modify cross section model

R(E,.Q%) ~ [®(E,)xo(Q?)

(a) E,=0.4GeV
(b) E,=0.8GeV
(c) E,;=1.2GeV

(d) Q°=0.2GeV>
() Q’=0.6GeV>
(f) Q’=1.0GeV>

0 02 04 06 08 1 12 14 16 138

(d) .1.2
—1.15
—1.1

—1.05

T, (GeV)
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do® _ do’
dEdQ2 dEd(cos)

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

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



MiniBooNE collaboration,PRL.100(2008)032301

2. MiniBooNE phase space

Without knowing flux, you cannot modify cross section model

2 2
R(E,.Q%) ~ [®(E,)xo(Q?) 2 2
After tuning cross section parameters, data and MC agree. do do

dEdQ dEd(cos9)

1.2

1.15

(a) E,=0.4GeV

(b) E,=0.8GeV 1.05

(¢) E,=1.2GeV
(d) Q’=0.2GeV?
(¢) Q"=0.6GeV>
(f) Q*=1.0GeV>
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Smith and Moniz, Nucl.,Phys.,B43(1972)605

2. Smith-Moniz formalism

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

(W) = ff(R,a,w)deE : hadronic tensor

f(R,E],W) : nucleon phase space distribution

T,w=T, (F1, F2, Fa, Fp) : nucleon form factors

2\= 2/M 2)2 * Axi
FA(Q?)=ga/(1+Q%/Mp?)? : Axial vector form factor - ENERGY.GOV £y

PUBLIC SERVICES SCIENCE & INNOVATION 4 ENERGY SAVER  ABOUT ENE|

me » Dr. Emest Moniz

ABOUT US
EIO : the loweSt energy state Of nUC|eon DR. ERNEST MONIZ - SECRETARY OF ENERGY

Ehi : the highest energy state of nucleon

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

+
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Smith and Moniz, Nucl.,Phys.,B43(1972)605

2. Relativistic Fermi Gas (RFG) model

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

(W) = ff(lz,a,w)TWdE : hadronic tensor

f(R,E],W) : nucleon phase space distribution

T,w=T, (F1, F2, Fa, Fp) : nucleon form factors
Fa(Q2)=ga/(1+Q2/M42)?2 : Axial vector form factor

Ehi : the highest energy state of nucleon =\/(P§ +M?)
2 L A2
JP2M?) 0 +E,

Elo : the lowest energy state of nucleon = K

e
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Smith and Moniz, Nucl.,Phys.,B43(1972)605

2. Relativistic Fermi Gas (RFG) model

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

ff T dE hadronic tensor

Elo
f(k,a,w) : nucleon phase space distribution

T,w=T, (F1, F2, Fa, Fp) : nucleon form factors
Fa(Q2)=ga/(1+Q2 ' - Axial vector form factor

2 2
Ehi : the highest energy state of nucleon =\/(PF +M7)
Elo : the lowest energy state of nucleon =EK\/(pi+|\/|2) -+ EB

MiniBooNE tuned following 2 parameters using Q? distribution by least y? fit;
M, = effective axial mass
k = effective Pauli blocking parameter

MiniBooNE tuned their axial mass to 1.3 GeV!

but axial mass

e
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MiniBooNE,PRD81(2010)092005

2. Charged Current Quasi-Elastic scattering (CCQE)

CCQE interaction on nuclear targets are precisely measured by electron scattering
- Lepton universality - precise prediction for neutrino CCQE cross-section

Simulation disagree with many modern accelerator based neutrino experiment data,
neither shape (low Q2 and high Q?) nor normalization. By tuning axial mass (Mp) 1.2-
1.3 GeV, simulations successfully reproduce data both shape and normalization.

Problem: we know Ma=1 GeV from electron scattering experiments (CCQE puzzle).
%1 0‘39 MiniBooNE vs. NOMAD v ,CCQE cross section on '2C target (per nucleon)

—¥—— NOMAD data with total error
(b) ——/—— LSND data with total error

ONPROOONPAD

en T +%%M%%%%ﬁ+

——e— V[iNIBooNE data with total error
--------- RFG model with 1\=1f‘{§=1.03 GeV,k=1.000
RFG model with M{ =1.35 GeV,k=1.007
Free nucleon with .\1A=l.03 GeV

) (cm2)

IlI|III|III|III|III|III|III|III|I

L L MRS SR | L L L PR S SR | L L L P S S
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Martini et al, PRC80(2009)065501

2. The solution of CCQE puzzle

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

What experimentalists
call “CCQE” is not
genuine CCQE!

Inclusion of the multinucleon Genuine CCQE N\
emission channel (np-nh)

An explanation of this puzzle

Q
Martini 1 T T T T T T | | T T ] \/\i\/
(Saclay) = MiniBooNE o
B | — QE-+np-nh ]
N -

- /

5_ L - /Two particles-two holes (2p-2h)\
3 ! NN
e ° —- I\
N I SAVAY - Q
s 4 W+ 2
2 I A 8
0 R P HEPUEE RPN TR S SR TR SEPU SRR SR SR ] V N N 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
E, [GeV] \W+ absorbed by a pair of nucleons/

a
\E,Q";l Queen Mary Teppei Katori, Queen Mary University of London 2017/12/20

University of London



Martini et al, PRC80(2009)065501
Nieves et al,PLB707(2012)72; NPA627(1997)543

2. The solution of CCQE puzzle

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

- consistent result is obtained by Nieves et al
he model is tuned with

electron scattering data
(no free parameter)

What experimentalists
call “CCQE” is not
genuine CCQE!

An explanation of this puzzle

Inclusion of the multinucleon 2+ &ﬁ\} 095 0550 0.5 -0.25[kal
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Martini et al, PRC80(2009)065501, PRC90(2014)025501
Nieves et al,PLB707(2012)72

2. The solution of CCQE puzzle

d’0/(dp, dcosb) (10" cm”(GeV/c))

\Q Queen Mary Teppei Katori, Queen Mary University of

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

- consistent result is obtained by Nieves et al

- The model can explain T2K data simultaneously

Martini model vs. T2K CC double differential cross-section data

| 0 <cos6<0.84 .
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15 T I T | T I T ] T
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University of London
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d’6/dT _dcosd (10 ¢’ / GeV)

he model is tuned with
electron scattering data
(no free parameter)
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Valencia model vs. MiniBooNE CCQE
double differential cross-section data




Martini et al, PRC80(2009)065501, PRC90(2014)025501
Nieves et al,PLB707(2012)72

2. The solution of CCQE puzzle

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

- consistent result is obtained by Nieves et al
- The model can explain T2K data simultaneously

he model is tuned with
electron scattering data
(no free parameter)

Martini model vs. T2K CC double differential cross-section data L 095 [ ) [ 0.25[k A 3
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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

2. The solution of CCQE puzzle

Alessandro Lovato

Ab initio calculation (Argonne)
- Green’s function Monte Carlo (GFMC) A
: . : TNI
- Predicts energy levels of all light nuclei [¥v) = 51_[ I H Uij|+ E Ui '] 197)
- Consistent result with phenomenological models  i<J k#i,j
- neutron-proton short range correlation (SRC) 2N potential 3N potential
(Av18) (IL7)
. light nuclear state energies Neutrino NCQE scattering in '2C response function
'20_ ] T T T T T T T T T T T T
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Frankfurt et al,IUMPA23(2008)2991, JLab HallA, Science320(2008)1476
Sobczyk, Neutrino2014, Piasetzky et al, PRL106(2011)052301

i Ab initio calculation
2. The solution of CCQE puzzle \ geproduce same feature

Alessandro Lovato

Ab initio calculation (Argonne)
- Green’s function Monte Carlo (GFMC) A A
- Predicts energy levels of all light nuclei [¥v) = Sl_[ I 4 Uij|+ Z I
- Consistent result with phenomenological models i</ k#i,j
- neutron-proton short range correlation (SRC) 2N potential 3N potential
(Av18) (IL7)
Physics of SRC

- | %2/ ndf 0.7688 /3

80% - neutrino interaction 0Fe
: _OvBp 0.4 ~|a -0.07879+0.006376
- astrophysics -

- EMC effect 5 *He
- etc 3 02
mlu
PNNSRC Pucl T

1%
0.0

I:l Single nucleons

., B, O

+ a,(A/d)
%Qf Queen Mary e T2 18U Nucleon correlation is a very hot topics!
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CLAS, PRL96(2006)082501, Piasetzky et al, PRL97(2006)162504
JLab HallA, PRL99(2007)072501, Science320(2008)1476

2. Nucleon correlations

Short Range Correlation (SRC)

~20% of all nucleons in heavy elements (A>4)
~90% are neutron-proton (n-p) pair

~nucleon pair have back-to-back momentum
~ momentum can be beyond Fermi sea

PNNSRC> Pnucl

e —tt / Scattered

Incident o4 . electron
electron %

D Single nucleons

., B, O

NNSRC~quasi deuteron

+ oo
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CLAS, PRL96(2006)082501, Piasetzky et al, PRL97(2006)162504
JLab HallA, PRL99(2007)072501, Science320(2008)1476

2. Nucleon correlations

Short Range Correlation (SRC)

. 3 E a
~20% of all nucleons in heavy elements (A>4) 3, ¢ b +
~90% are neutron-proton (n-p) pair e 2f N PP
. 15 |
~nucleon pair have back-to-back momentum T e °
. £, 999 [ | | l |
~ momentum can be beyond Fermi sea b
T . P -
«:I 3 ¢
5 b . e a2 X +
10% | [ = L
C e =)
- ? ? ; L :1. ] ] [ ] | |
g | T o
g | M ppinp from [°C(e.e’pp) /°Ce.e’pn) 1 12 «% 4 - ‘""“"¢ -------
E B ® pp/2N from [’C(e,e’pp) /'’C(ee’p) 1 12 i i ._._...‘-.._. ®
z V¥V npi2N frommc(e,e'pn)ImC(e,e'p) mt’ 2 __. [s) ¢
a A PN trom ’C(p,2pn) /°C(p.2p) o0 e
% 10 :_ 1 125 15 175 2 225 25 275
C ‘ L ‘ Xg
= (\ I O FIG. 1. Weighted cross section ratios [see Eq. (2)] of (a) “He,
- A (b) '2C, and (c) *°Fe to *He as a function of xz for Q% >
| | | | 1.4 GeV2. The horizontal dashed lines indicate the NN (1.5 <

0.3 0.4 0.5 0.6 xp <2) and 3N (xp > 2.25) scaling regions.

Missing Momentum [GeV/c]

Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.
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2. Electron scattering vs. Neutrino scattering
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2. Electron scattering vs. Neutrino scattering
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Wilkinson et al.,PRD93(2016)072010

2. Summary of CCQE for oscillation physics

Community is converged: the origin of CCQE puzzle is multi-nucleon correlation

- Valencia MEC model is available in NEUT
- being implemented in GENIE, officially ready for GENIE v2.12

This moment...
Valencia MEC model does not fit T2K (and Super-K) data very well, people are

working very hard to understand what is going on

large M, error = large 2p2h error

It is crucial to have correct CCQE, MEC, pion production models to understand
MiniBooNE, MINERVA, T2K data simultaneously. Otherwise M, error stays

around 20-30%.

We have good theorists who make models, and good experimentalists who
measure data, but we are still lacking people between them.
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Alvarez-Ruso et al,NewJ.Phys.16(2014)075015, Morfin et al, AHEP(2012)934597
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well R
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding... . W

- Low Q2 suppression, high Q2 enhancement, high normalization Jéf‘ﬂ'
[ Sobczyk

ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data

Coherent pion puzzle
- Is there charged current coherent pion production?

Pion puzzle
\- MiniBooNE and MINERVA pion kinematic data are incompatible under any models

f

Baryon resonance, pion production by neutrinos
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3. non-QE background

non-QE background - shift spectrum

Signal V)

A%

Typical neutrino detector

- Big and dense, to maximize interaction rate
- Coarsely instrumented, to minimize cost
(not great detector to measure hadrons)
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3. non-QE background

non-QE background - shift spectrum

Signal

A%

Rejected
(not background H

A%

Typical neutrino detector

- Big and dense, to maximize interaction rate
- Coarsely instrumented, to minimize cost
(not great detector to measure hadrons)
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3. non-QE background

non-QE background - shift spectrum

Signal u Rejected Not rejected
0l jecte
(not background (background)
Y. v v

in nuclei

Typical neutrino detector

- Big and dense, to maximize interaction rate
- Coarsely instrumented, to minimize cost
(not great detector to measure hadrons)
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3. non-QE background

non-QE background - shift spectrum
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3. non-QE background

Understanding of neutrino pion production
is important for oscillation experiments

Pion production for v,
disappearance search

- Source of mis-reconstruction of
neutrino energy

pion absorption

Neutral pion production in v,
appearance search
- Source of misID of electron

NCn° + asymmetric decay
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding...

- Low Q2 suppression, high Q2 enhancement, high normalization e
Sobczyk

ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data

Coherent pion puzzle
- Is there charged current coherent pion production?

Pion puzzle
- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding...

- Low Q2 suppression, high Q2 enhancement, high normalization Jéﬁ"’
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data

/Two particles-two holes (2p-2h)\

Coherent pion puzzle Y NS (N
- |Is there charged current coherent pion production® A
g P P Yy ] @ Q
W+ ] >
Pion puzzle -
P Vv N N

- MiniBooNE and MINERVA pion kinematic data are \W+ absorbed by a pair ofnudeons/
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding...

- Low Q2 suppression, high Q2 enhancement, high normalization Jé,r'];
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data

Coherent pion puzzle
- Is there charged current coherent pion production?

Pion puzzle
- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
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3. ANL-BNL puzzle

Deuteron target bubble chamber data are used to tune resonance models for
nuclear target. However, 2 data set from Argonne (ANL) and Brookhaven (BNL)
disagree their normalization ~25%.

—> this propagates to every interactions with baryon resonance

e.g.) NCy production model

ANL vs. BNL

radiative A-decay
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3. ANL-BNL puzzle

Deuteron target bubble chamber data are used to tune resonance models for
nuclear target. However, 2 data set from Argonne (ANL) and Brookhaven (BNL)
disagree their normalization ~25%.

—> this propagates to every interactions with baryon resonance
Reanalysis by Sheffield-Rochester group found a normalization problem on BNL
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Remained task, was nuclear effect correctly taken
into account to extract these data? (Wu. et al)
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding...

- Low Q2 suppression, high Q2 enhancement, high normalization 1.4
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data
—> After correcting BNL normalization, ANL and BNL data agree

Coherent pion puzzle

- Is there charged current coherent pion production?

Pion puzzle
- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well R
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding...

- Low Q2 suppression, high Q2 enhancement, high normalization e
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data
—> After correcting BNL normalization, ANL and BNL data agree

Coherent pion puzzle

- Is there charged current coherent pion production?

Pion puzzle
- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
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K2K,PRL95(2005)252301, SciBooNE, PRD78(2008)112004

3. Coherent pion puzzle

K2K and SciBooNE data show CC coherent
pion production is consistent with zero.

coherent & production
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K2K,PRL95(2005)252301, SciBooNE, PRD78(2008)112004

Suzuki, NuFact2014, ArgoNeuT, PRL114(2015)039901, MINERVA, PRL113(2014)261802, T2K, PRL117(2016)192501

3. Coherent pion puzzle

K2K and SciBooNE data show CC coherent
pion production is consistent with zero.

ArgoNeuT, T2K, and MINERVA discovered
nonzero CC coherent pion production, but
details of kinematics are not understood.
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well R
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding...

- Low Q2 suppression, high Q2 enhancement, high normalization o
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data

—> After correcting BNL normalization, ANL and BNL data agree

Coherent pion puzzle

- Is there charged current coherent pion production?

—> yes it is, but details of kinematic need to be studied more

Pion puzzle

- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well —
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding... 8
- Low Q2 suppression, high Q2 enhancement, high normalization Jéhﬂaﬂ%
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data

—> After correcting BNL normalization, ANL and BNL data agree

Coherent pion puzzle

- Is there charged current coherent pion production?

—> yes it is, but details of kinematic need to be studied more

Pion puzzle

- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
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MiniBooNE,PRD83(2011)052007
MINERVA,arXiv:1406.6415

3. Pion puzzle

Data from MiniBooNE and MINERVA and simulation are all incompatible

Flux-integrated differential cross-

section are not comparable MiniBooNE ~ MINERVA
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Two data set are related by a

model (=GENIE neutrino
interaction generator).
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MINERVA data describe the
shape well, but MiniBooNE data
have better normalization
agreement...
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3. Pion puzzle

Data from MiniBooNE and MINERVA and simulation are all incompatible

Flux-integrated differential cross- : . ; :
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3. Pion puzzle

For long baseline oscillation
experiments, theory has to be
able to describe the full final

Final state interaction states of all particles!

- Cascade model as a standard of the community

. . . Ulrich
- Advanced models are not available for event-by-event simulation Mosel
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3. Pion puzzle

Final state interaction

- Cascade model as a standard of the community
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3. Pion puzzle

Final state interaction

- Cascade model as a standard of the community

For long baseline oscillation
experiments, theory has to be
able to describe the full final
states of all particles!

Ulrich
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3. Pion puzzle

Final state interaction

- Cascade model as a standard of the community

CC1re production
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For long baseline oscillation
experiments, theory has to be
able to describe the full final
states of all particles!

pion scattering
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- Advanced models are not available for event-by-event simulation Mosel
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3. Open question of neutrino interaction physics

The new data raised doubts in the areas well —
understood. The list of new puzzles is quite long and

CCQE puzzle seems to be expanding... 8
- Low Q2 suppression, high Q2 enhancement, high normalization Jéhﬂaﬂ%
—> presence of short and long range nucleon correlations Sobczyk
ANL-BNL puzzle (Wroclaw)

- Normalization difference between ANL and BNL bubble chamber pion data
—> After correcting BNL normalization, ANL and BNL data agree

Coherent pion puzzle

- Is there charged current coherent pion production?

—> yes it is, but details of kinematic need to be studied more

Pion puzzle

- MiniBooNE and MINERVA pion kinematic data are incompatible under any models
> 7?77
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3. Summary of resonance region for oscillation

Deuteron target bubble chamber data are used to tune resonance models for
nuclear target. However, 2 data set from Argonne (ANL) and Brookhaven (BNL)
disagree their normalization ~25% (ANL-BNL puzzle).

- origin of 20-30% error on MARES
Recent re-analysis found a normalization problem on BNL

Recent fit on re-analyzed ANL-BNL data shows on CA5(0) error is 6%. This would
give ~6-10% error on M,RES for experimentalist.

...However, Wu et al pointed out there might be significant contribution of nuclear
effect in bubble chamber data. This mean, perhaps, cross section extracted by re-
analyzed ANL-BNL would be underestimated?!

MARES imitates all normalization errors associated with SPP data (CA5(0), MARES,
nuclear effect, etc). Unless all mysteries are solved (including MiniBooNE-
MINERVA tension, pion puzzle), MARES error stays ~20-30%.
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Conclusion (or just send e-mail to me, katori@FNAL.GOV)
anuxsec” on Facebook page, use hashtag #nuxsec

Tremendous amount of activities, new data, new theories... (Nulnt series)
Check slides from NuSTEC schools for further studies
1 to 10 GeV neutrino interaction measurements are crucial to successful next-

generation neutrino oscillation experiments (DUNE, Hyper-K)

This moment, data from MiniBooNE, T2K, MINERVA, and ArgoNeuT play major
roles to develop neutrino interaction models

Thank you for your attention!
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