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1. Introduction

DUNE and HyperK share the problems for future oscillation programs (except
target nuclei specific problems)

1. Lack of electron neutrino cross-section data
2. Lack of axial transition form factors for most of baryonic resonances
3. Lack of good models to predict final state hadron multiplicity and kinematics

And these problems can be solved by

1. Electron neutrino scattering experiments (nuSTORM)

2. Hydrogen-target neutrino scattering experiments (H/D bubble chamber)
3. High-resolution neutrino scattering experiments

As well as more efficient model development by theory-experiment effort

1. Easy implementation of new models (more modularized generator approach)
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1. ND280 Upgrade

ND280 Upgrade
- Out: POD detector SuperFGD
- In: High Angle TPC (HATPC)
- In: SuperFGD
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1. IWCD

Intermediate Water Cherenkov Detector

- nuPRISM concept, ~1km from the target
- mPMT units, driving force of HyperK machine learning effort
- Planned test beam at CERN
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2. Electron neutrino cross-section

Very limited amount of data

Naively, nuclear structure is the same for ve and v,
scattering, only the difference is lepton mass

But this sounds similar with “naively, nuclear scattering is MINERVA (2016)
the same for neutrino and charged lepton beams, only
difference is vector, or V-A current”
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Megias et al., PRD94(2016)093004
Martini et al, PRC94(2016)015501

2. Electron neutrino cross-section

PHYSICAL REVIEW D 94, 093004 (2016)
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3. Shallow-Inelastic Scattering (SIS)

Shallow-Inelastic scattering region
- Inelastic = not elastic, W > 1.07 GeV (=m,+m,)
- Shallow = not deep, Q? < 1 GeV? for W > 2 GeV
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3. Shallow-Inelastic Scattering (SIS)

Shallow-Inelastic scattering region

- Inelastic = not elastic, W > 1.07 GeV (=m,+m;,)
- Shallow = not deep, Q? < 1 GeV? for W > 2 GeV

Q2-W distribution with DUNE numu flux on Ar (neutrino model)
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NuSTEC nuSIS workshop, ArXiv:1907.13252 x10” Invariant mass
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Nakamura,Kumano,Sato,PRD92(2015)074024

4. Higher resonances

Neutrino higher baryonic resonance

- Single pion production from neutrino-A resonance is already problem, but other half
has more problem (higher resonance is ~50% of all resonances in DUNE)

e.g.) DCC model

- Many resonances are dynamically coupled to predict final state hadrons.
- Sizable 2 pion production, heavy meson production, etc
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Nakamura,Kumano,Sato,PRD92(2015)074024

4. Higher resonances

Neutrino higher baryonic resonance
- Single pion production from neutrino-A resonance is already problem, but other half
has more problem (higher resonance is ~50% of all resonances in DUNE)

e.g.) DCC model
- Many resonances are dynamically coupled to predict final state hadrons.
- Sizable 2 pion production, heavy meson production, etc

T T T T T T T T T
- 1187 - 1195 1200 |- 1212
M|

Q2 dependence of form factors are
obtained from external data

40
20
0
20
0

|
=)

I : "1‘283I : "1:271= : 11276i : "1:282I : "1:288I : T
—— } 1 ,{—_{f}ﬁd@mﬁf—‘%
300 _ziT 1308 b 1315 1320 1 T1329 i 1336 T 1343 1349 [ 1357 7 1363 T 1371 T 1378 k3|
: : : o B L L»%w*‘%— L

No information of axial form factors N T T i j’*‘ﬁ L ‘j’g\’,’rj\j/j .
0 -_131/;-}-_1\3;9:)- 1405};I 5_;;41&__1418 . 1425} g-&iu- 1444* =--_144:9 ! 1457 - 1463} ]

NeXt Step: 0'1269I : '1176= : '= I ='1190= : : = : : { : '15.‘]14I ="1=520= ="1'526= I 1=533I ="1I:539= ="1545I :
- Axial form factors can be provided by b B e e AR o A A
lattice QCD, and validated by neutrino g{}ij/j-\f/c\rﬁ;\:/ . \/M— W 3 W W
H/D target eXperlmentS G[J6® r7ed e T T Tme Tams e T T7es s e

- - AL A L B O T~ Pt =

1824 1844 1849 1869 1875 1894 1899 1924 1948 1972 1996 08 0.*
I L - | - i | l £
J mﬁs‘w‘p w}t@f S

1
-1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
cos 6, cos 0," cos 6," cos 0. cos 6, cos 6, cos 6," cos 6, cos 6, cos 0" cos 0.

s
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Niculescu et al,PRL85(2000),1182,1186
Nachtmann variable
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Bodek and Yang, AIP.Conf.Proc.670(2003)110,Nucl.Phys.B(Proc.Suppl.)139(2005)11 )
Nachtmann variable

2x

5. Quark-Hadron duality £= j4—
1+ 1+"Q—§W

Hadron scattering = quark scattering
- Not Bjorken limit (Q? is low), but DIS-like
- Scaling law in ¢ (Nachtmann variable) 0.8 T '

Proton F2 function GRV98-BY correction vs. data

DIS is realized by average of resonance o1 ; :
channels. Many confirmation from various 980z 505 065007 od0 om0 os0 OO o1 07 03 04 05 06
. x [Q2=0.07] x [Q2=0.22]
structure functions P —— 04— ; ;
e SLAC SLAC resonance fit

o4l . = <~ (Keppel+Stuart)
- o JLab 0.3 R =, _ - -~ F2(LO:GRVS8)

0.3 A E F2(LO+HT:GRV98)

Not tested with neutrino data A 0z

0.2 S ]

0.1 o

GRV98 LO PDF + Bodek-Yang correction %1 oz os 25(; Bsofs os o7 °°
- GRV98 for low Q2 DIS R
- Bodek-Yang correction for QH-duality 015 00100

0.0010
0.0005

Next step: 0.0
We need to test neutrino QH-duality model 000
with neutrino data. Correct model is important
to assign correct systematic errors.

0.0001
0.7

10—3
5

ING'S
College

katori@fnal 1 oao 0.85 0.90 0.85 1.00 202368466 0000 0.925 09555975 1.000
[Q2=15] [Q2=25]

LLONDON



HKN,PRC76(2007)065207, EPS,JHEP04(2009)065, FSSZ,PRD85(2012)074028
nCTEQ, PRD80(2009)094004

6. DIS in the Nuclear Environment

Nuclear PDF
- Shadowing, anti-shadowing, EMC effect
- Various models describe charged lepton data

#-Fe nuclear correction factor EMC effect can be modeled from the amount of

1.20 -\ correlated pairs in nuclei (CLAS in JLab).
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HKN,PRC76(2007)065207, EPS,JHEP04(2009)065, FSSZ,PRD85(2012)074028
nCTEQ, PRD80(2009)094004

6. DIS in the Nuclear Environment

Nuclear PDF Charged lepton nPDF cannot describe neutrino

- Shadowing, anti-shadowing, EMC effect data well

- Various models describe charged lepton data
Next step: we need more DIS experiments with

nuclear target to develop nPDF for neutrinos

+ .
¢’-Fe nuclear correction factor v-Fe nuclear correction factor
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MINERVA,PRD93(2016)071101

6. DIS in the Nuclear Environment

Nuclear PDF Charged lepton nPDF cannot describe neutrino

- Shadowing, anti-shadowing, EMC effect data well

- Various models describe charged lepton data
Next step: we need more DIS experiments with

nuclear target to develop nPDF for neutrinos

MINERVA DIS cross-section ratio
- Most recent data on this topic
- Data suggest shadowing
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MicroBooNE, EPJC79(2019)248, NINJA, PRD102(2020)072006, Jones et al, Instruments4(2020)3,21
SuperK, ArXiv:2112.00092

7. Neutrino induced hadron final state measurements

Next generation detectors focus on hadron final state measurements w
- LArTPC (liquid argon time projection chamber) o
- ECC (emulsion cloud chamber)
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7. Neutrino cross section # Hadron final states

Neutrino cross-section only predict lepton kinematics
- lepton kinematics - cross-section model
- hadron multiplicity and kinematics = not cross-section model

Hadron production model
- Conservation laws

- Isotropic phase space
decays (no model)

Cross-section model
- Lepton kinematics
(current focus)

FSI, hadron media effects
- Complicated
(rough surface to move)

Studying neutrino-induced hadrons are hard
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AGKY, EPJC63(2009)1, GENIE, PRD105(2022)012009

7_ Neutrino had ronization N 1Ofveraged charge hadron multiplicity
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7. Neutrino hadronization

Hadrons in neutrino interaction

1. Kinematics reconstruction
- Hadron energy measurement can specify energy transfer v, then others: Ev, y, Q2, W, x, |q|

2. Interaction process identification
- number of hadrons can be used for process ID: v/v, 2p-2h, resonance, DIS

3. Rare process search
- BSM physics for rare hadron topology

We need a good event-by-event prediction of hadron final states
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EPJ Special Topic

COﬂClUSiOn Neutrino Interactions in the
Intermediate and High Energy Region

So many unknowns

- high-precision electron neutrino differential cross section
- axial transition form factors for all higher resonances

- quark-hadron duality with neutrinos

- neutrino nuclear DIS

- neutrino low-W hadronization processes,

- efc.

P | edpsaens 4 Springer

These are not only important systematics, but also extremely interesting science with
discovery potential

Thank you for your‘attentjon!
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AGKY, EPJC63(2009)1, GENIE, ArXiv:2106.05884

5. Hadronization

Hadron multiplicity tuning for low W DIS event

- Fix averaged charged hadron multiplicity from external data ~ (n¢n) = Qcp + bep - In(W#)
- Use isospin symmetry to obtain averaged neutral pion multiplicity

- Use KNO scaling to derive dispersion of hadron multiplicity from external data

- MC simulation for event-by-event prediction 2p—Ccn/(n)+1

(n)-P(n) =
['(en/(n) + 1)
—_— T T T T T T T T T T T T
= )
50 @ vp Ne 10 ++
o 4 s E Vup = pX
N 3 = il
5 9 = AGKY total contribution
c -
V] 8K Low-W contribution -
5 7E- PYTHIA contribution
Data 15° vD, . E | —— 2H BEBC v,p data (1989)
101 o 1<W<3GeV - 6 . : x
f b " 3<W<SGeV ] 5B  LowWe—  —>PYTHIA
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- I
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*  10<W<15GeV 3 : 1
10—2 1 1 1 1 L 1 1 1 [ | 1 I 1 - : :
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(a) KNO distribution for vp interactions.
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5. Hadronization

Neutrino kinematic reconstruction

lepton energy E;, lepton scattering angle cos6;, hadron energy Epqq = ¥ Ty + Y El oom
V = Enaq

Ey =E, + Epaa

y = V/E,

Q? = m? — 2E,(E, — P,cos))

W2 =M?+ 2Mv — Q?

x = Q%/2Mv

lql = v+ Q2
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Nahid Bhuiyan
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