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1. Next generation neutrino oscillation experiments

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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1. Next generation neutrino oscillation experiments

Neutrino oscillation experiments
- Past to Present: K2K, MiniBooNE, MINOS, T2K, DeepCore, Reactors
- Present to Future: T2K, NOvVA, PINGU, ORCA, Hyper-Kamiokande, DUNE...
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1. Next generation neutrino oscillation experiments

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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1. Next generation neutrino oscillation experiments

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

Most of data are from muon neutrino beam, why?

- create by n-DIF (pion decay-in-flight)

- ®(v,) > ®(¥,): more n* than = (because they are made by protons)

- dcp study need electro-neutrino cross-section (v, appearance) and anti-
neutrino cross-section (CP violation)

Nuclear physics sucks

- Simple extrapolation may be broken due to nuclear physics

- We are not good at nuclear physics because we are not nuclear physicists
- Nuclear physics = non-perturbative QCD (many models, no theory)

- Particle physics is developed by avoiding nuclear physics...
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1. Neutrino cross-section overview
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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)
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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. Charged Current Quasi-Elastic scattering (CCQE)

The simplest and the most abundant interaction around ~1 GeV.

VM
v,tn—=p+u (V,+X—=>X'+u) W
n
do~L,,TH"
L,v~J,J,: Lepton tensor
= [ f(k, 4§, w)T,,dE: hadronic tensor
f(ﬁ, ¢, w): nucleon phase space NN
T,y = T,y (F1, F3, Fa, Fp): form factors 4o TR

Quasi Elastic
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Form factors can be

parameterize with dipole form
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2. Form factors

MiniBooNE CCQE cross section
PRD81(2010)092005
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Quasi Elastic

2. Charged Current Quasi-Elastic scattering (CCQE) -

n—"’\p

The simplest and the most abundant interaction around ~1 GeV.

v W

u
v,tn—=p+u (V,+X—=>X'+u) W
n P

Neutrino energy is reconstructed from the observed lepton kinematics

X E
n
n
v-beam cos0 Lo __ME, = 0.5m;
— =

n 3y Y M—E,+p,cosb
p
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Quasi Elastic
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2. Charged Current Quasi-Elastic scattering (CCQE) o

The simplest and the most abundant interaction around ~1 GeV.

v, U
v,tn—=p+u (V,+X—=>X'+u) W
n P

Neutrino energy is reconstructed from the observed lepton kinematics

“QE assumption”

1. assuming neutron at rest

2. assuming interaction is CCQE ¥ Eu

ME, — 0.5m;

E) =
v M —-E, +p,cos6

Neutrinos hit nucleons inside of nucleus, and the energy reconstruction is possible
only with QE assumption
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Quasi Elastic

2. Basic nuclear physics in nucleus 1

Fermi motion
- Nucleons move with ~200 MeV/c momentum in the nucleus.
- This smear neutrino energy reconstruction.

Neutrino energy is reconstructed
from the observed lepton
kinematiCS oo L by by by by by b by by
“QE assumption” % 02 04 06 08 1 12 14 16 18 2 0

1. assuming neutron at rest True muon energy (GeV)
2. assuming interaction is CCQE

a
‘@,Qél Queen Mary Teppei Katori, Queen Mary University of London 2017/11/14 13

University of London

Reconstructed muon energy (GeV)



Quasi Elastic

. . . l\/l
2. Basic nuclear physics in nucleus we

n—" ~—_ p

Fermi motion
- Nucleons move with ~200 MeV/c momentum in the nucleus.
- This smear neutrino energy reconstruction.

Pauli blocking
- Nucleon Fermi sea is occupied.
- Low momentum transfer transition (<200 MeV/c) is forbidden.
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Quasi Elastic

. . . l\/l
2. Basic nuclear physics in nucleus we

n—'"'\p

Fermi motion
- Nucleons move with ~200 MeV/c momentum in the nucleus.
- This smear neutrino energy reconstruction.

Pauli blocking
- Nucleon Fermi sea is occupied.
- Low momentum transfer transition (<200 MeV/c) is forbidden.

Even if you have a perfect measurement of CCQE, measured neutrino
energy doesn’t represent the true neutrino energy due to Fermi motion.
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MiniBooNE,PRD81(2010)092005

2. CCQE puzzle

Quasi Elastic

l\/l_
W+
n—" T~ P

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
(K2K, MiniBooNE, MINOS, T2K, etc), neither shape (low Q2 and high Q?2) nor

normalization (CCQE puzzle).
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Martini et al, PRC80(2009)065501 Quasi Elastic

2. CCQE puzzle 1

Nuclear correlation
- two particle — two hole (2p-2h) effect to enhance cross section
- long range correlation to distort shape (suppress low Q?2)

An explanation of this puzzle

Inclusion of the multinucleon e Genuine CCQE N
emission channel (np-nh) y N
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2. CCQE puzzle

Nuclear correlation

- two particle-two hole (2p-2h) effect to enhance cross section
- long range correlation to distort shape (suppress low Q?2)

An evnlanati

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

Nuclear correlation

- two particle-two hole (2p-2h) effect to enhance cross section
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RESonance

3. non-QE background (resonance pion production) W

non-QE background - shift spectrum g

Signal V)

A%

wot

Neutrino energy is reconstructed from the i
observed lepton kinematics I
“QE assumption”

1. assuming neutron at rest

2. assuming interaction is CCQE

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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RESonance

3. non-QE background (resonance pion production) \{ B}
P/T<p
non-QE background - shift spectrum
Signal Rejected
o - (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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RESonance

3. non-QE background (resonance pion production)

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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RESonance

3. non-QE background (resonance pion production) W

non-QE background - shift spectrum

Signal p _ Rejected m Not rejected
y (not background (background)
- A
T pion absy
in nuclei
o
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3. non-QE background (resonance pion production)

Pion production for v,
disappearance search

- Source of mis-reconstruction of
neutrino energy

pion absorption

Neutral pion production in vg
appearance search
- Source of misID of electron

NCm° + asymmetric decay

DUNE true vs. reconstructed Ev spectrum
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Understanding of neutrino baryonic resonance meson
production is important for oscillation experiments




MiniBooNE,PRD83(2011)052009 RESonance

Lalakulich et al,PRC87(2013)014602 Vl\/l‘
3. Neutrino Baryonic resonance data W o
P/T<p

Final state interaction
- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

+

CC1re production
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o
o
o
.}
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~
o
N
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o0
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MiniBooNE ©° momentum vs simulation
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MiniBooNE,PRD83(2011)052009

Lalakulich et al,PRC87(2013)014602

3. Neutrino Baryonic resonance data

Final state interaction

- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

CC1re production

\/ H
7 _yT°

ZiA_--

n/_\)p
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do/dp_ [10” cm’/(GeV/c)/CH,]

pion scattering
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RESonance
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MiniBooNE ©° momentum vs simulation
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3. Neutrino Baryonic resonance data

Final state interaction

- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

CC1re production

\/ H
7 _yT°

ZiA_--

n/_\)p
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pion scattering
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3. Neutrino Baryonic resonance data

Final state interaction

- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

CC1re production

\/ H
7 _yT°

ZiA_--

n/_\)p
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I

CC1x* production

o
|

/dp_ [10~"cm’/(GeV/c)/CH,]
= .

pion scattering

RESonance

n+N 2> n+N ' !

— GiBUU, with FSI
—— GiBUU, without FSI
*  MiniBooNE CC 11°

charge exchange

nt+n->7°+p

pion absorption

nt+N=>A+N->N+N ' 0.6

P, [GeV/c]

MiniBooNE ©° momentum vs simulation
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All neutrino baryonic resonance processes have ~30% errors
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MicroBooNE,JINST12(2017)P02017 RESonance

3. LATPC ~

Exclusive neutrino interaction measurements?

- Neutrino energy can be reconstructed using total hadron energies

- Inefficiencies of hadron measurements (neutrons) cause energy mis-reconstruction
- Fermilab SBN programs will provide a lot of new information

MicroBooNE Run 5975, Event 4262

VENu (Virtual Environment of Neutrinos)

+
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University of London - smart phone app to take a look MicroBooNE data




4. Shallow Inelastic Scattering (SIS)

Cross section
- Higher resonances and hadron dynamics
- low Q2, low W DIS

- Nuclear dependent DIS

QE
Quasi elastic
scattering

region

()

N

Q* (GeV/c)?

W (GeV) .
0.94 1.23 2.0

DIS

Deep inelastic
scattering

RES region

Resonance
region

.......................................................
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Nakamura et al,Rep.Prog.Phys.80(2017)056301

4 Sha”OW IneIaSt|C SCatterlng (SIS) DCC model vs electro plonproductlon data

Cross section

- Higher resonances and hadron dynamics
- low Q2, low W DIS

- Nuclear dependent DIS

DCC model

- Total amplitude is conserved

- Channels are coupled (zN, nnN, etc)
- 2 pion productions ~10% at 2 GeV
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FIG. 8 (color online). Unpolarized differential cross sections, do/dQ; (ub/sr), for yn — 7z~ p. The data are from Refs. [55-78].
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4. Shallow Inelastic Scattering (SIS)

Cross section

- Higher resonances and hadron dynamics

- low QZ2, low W DIS
- Nuclear dependent DIS

GRV98 LO PDF + Bodek-Yang correction

- GRV98 for low Q? DIS

- Bodek-Yang correction for QH-duality
- 20 years old, out-of-dated

- not sure how to implement systematic errors
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4. Shallow Inelastic Scattering (SIS)

Cross section

- Higher resonances and hadron dynamics

- low Q2, low W DIS
- Nuclear dependent DIS
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Conclusion

Neutrinos interact by weak force

v-l scattering : test of weak theory
Neutrino-electron scattering
Muon decay

v-q scattering : test of weak theory, test of quark model
DIS cross sections
Di-muon production
Paschos-Wolfenstein ratio

v-A scattering :
Neutrino nuclear capture by Cl and Ga, important for solar neutrinos
Neutrino coherent scattering, important for supernova
(first observation, Aug. 2017)



Conclusion

Neutrinos interact by weak force

v-N scattering : important reactions for long baseline neutrino oscillation experiment
(T2K, NOvA, DUNE, Hyper-Kamiokande)

CCQE: charged-current quasi-elastic, around 1 GeV
RES: baryonic resonance, around 2 GeV
DIS: deep inelastic scattering, 3 GeV to higher

Nuclear physics sucks

- Fermi motion: nucleon motion smears kinematic reconstruction

- Pauli blocking: It limits low momentum transfer reaction

- Baryonic resonance: if you fail to tag outgoing mesons, get incorrect neutrino energy
- Nucleon correlation: Physics between v-N and v-A interaction

- Quark-Hadron duality: Physics between v-q and v-N interaction

- Nuclear dependent PDF: quarks inside of nucleons depend on nucleus

Currently, ~30% error is acceptable for many processes... (future experiments will be
systematically limited)
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1. Dark age of neutrino interaction physics

(1) Measure interaction rate

phys. Rev. D [N

(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

measured rate

the 3C vd —u " pp, events is shown in Fig. 4 to-
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  Gey . 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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