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® Present & future V oscillation meas.
have contribution from multiple

WG2: Vv Scattering Physics

interaction modes:

® V OsC. measurement requires precise
knowledge of each of int. modes

® Current status on measurements and
systematics handling well summarized

by Jeff Nelson and Dan Cherdack
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V-Nucleus interaction
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Figure from Patrick Stowell

® V-A interactions

Fundamental reaction cross section (free nucleon)
Nuclear model (nucleons are not at rest)
Multi-nucleon contributes in the reaction (ex. 2p2h)
FSI / nuclear effect in nuclear medium

® |n order to reduce V-A int. systematics, each
component needs to understand precisely



T2K: CCOTT
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T2K: Stephen Dolan (WG2 parallel#1)

MINERVA: |eff Nelson (WG?2 parallel#1)
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Data/MC comparison

Patrick Stowell (WG?2 parallel#4)
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® Data: MINERVA CC inclusive ‘Available

Energy distributions’

® Sum of final state ‘visible’ particle energies

® MC generators struggle to explain
MINERVA data:“dip disagreement”

® Smaller disagreement for NUWRO comes
from CCQE (Iplh) model
® |plh: QE+nuclear model+FSI, ...

® Need to understand |plh model as well
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T2K: disentangle the effects
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CCl1t on CH

T2K: Erez Reinherz-Aronis (WG2 parallel#8)
MINERVA: Jorge G. Morfin (WG2 parallel#8)
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e T2K/MINERVA data indicate FSI contribution
® Note: T2K/MINERVA not an apple-to-apple comparison...
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Phys. Rev. D 93, 071101 (2016)

CC inclusive

Jorge G. Morfin (WG2 parallel#8)
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6 (cm*/nucleon)

CC inclusive

Erez Reinherz-Aronis (WG2 parallel#8)
T2K INGRID & ND280
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NC coherent/diffractive 1T

Jorge G. Morfin (WG2 parallel#8)
Hongyue Duyang (WG2 parallel#8)

NC coherent Tt  NC diffractive TT

(scattered off nuclei) (scattered off H)

0
| )2 "
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PCAC-based NC coherent
production from nuclei

vV — >V

PCAC-based NC diffractive
production from H

® MINERVA results suggesting a
diffractive interaction off a light

target (H)

® NOvVA NC coherent-TT analysis in

progress; release results shortly
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CC, NC Kaon prod.

Jorge G. Morfin (WG2 parallel#8)
Jeff Nelson (Plenary#6)
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NC-elastic on O

Erez Reinherz-Aronis (WG2 parallel#8)
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Theoretical
developments



° °
Antineutrino induced Single Hyperon Production Q u as I - e I aStI C

v (k)+pp) — 1T (E)+AQR)

i o)) hyperon prod.

g(k)+n(p) — ITE)+27 %)

Mohammad Sajjad Athar
(WG?2 parallel#2)

® |AS|=1 processes
These processes are Cabibbo suppressed as compared to the AS = 0 associ- ® C abi bbo SU Ppre Ssed

\ated production of hyperons.

| o T T — by tan?0c=0.054

| ® In V-A reaction, TT
prod. from hyperons

can be enhanced
| e ~30-40%
. ® Need to compare w/
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Phys. Rev. D 88, 077301 (2013) 14



° °
Antineutrino induced Single Hyperon Production Q u as I - e I aStI C

v (k)+pp) — 1T (E)+AQR)

A0 +p) T+ hvberon prod.

As the decay modes of hyperons to pions are highly suppressed in the
nuclear medium, making them live long enough to pass through the nucleus
and decay outside the nuclear medium.

Therefore, the produced pions are less affected by the strong interaction of
nuclear field, and their F'SI have not been taken into account.
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CC quasi-elastic V/V-A scattering

Mohammad Sajjad Athar

(WG2 parallel#4

v, LFG
—_— Vu LFG
v, LFG+RPA ™
— - — v, LFG+RPA ]

0.8 —
1 0.6
1 04

1 0.2

v, LFG
——— Vv LFG

u
—_ v, LFG+RPA i
—— V“ LFG+RPA -

— Vv, LFG
-— v, LFG

—— Vv, LFG+RPA ]
-V, LFG+RPA _|

1 06
] 04

0.2

0.8

— V_,LFG
—-— Vv LFG

123 .
—— V_LFG+RPA -
—— VH LFG+RPA T

04 06
E (GeV)

0.8

@ At low energies E,, /5 < 0.9 GeV there is appreciable nuclear model
dependence on v /v — A cross sections for both flavors of v/v.

@ The suppression due to NME is larger in the LFG as compared to the

Fermi gas model of Llewellyn Smith.

AI _ O-VG_O-V,LL AI— O'pe—O',j'u
Ove Ove

T [T T T [ T T T[T L L L I B B
L \ L . Free A
- —_ n - —=- LFG —
N ! T \ -—-- LFG +RPA -
L -+ — 12 . 7
- I \% ]

I | I i s T T
| 1 LS UL
L N 1 _]
L \ 1 ]
o \‘ —— —
L X 4 1 — 40, _|
N S Vv OAI' i V AT

Lol I C oo B B B e e
0 0.2 04 0.6 0.8 0.2 0.4 0.6 0.8

E, (GeV) E, (GeV)

|5



Nuclear medium effect in DIS

Huma Haider (WG2 parallel#2) Compare w/ EM data

® The model reproduces EM data

/AF

2F,

® Compare with MINERVA CC

B

inclusive results: Pb/CH B
® Seems not well reproduce at Compare w/ MINERvA data
xBj<0.l (‘shadowing’ region) S s :

® |mprovement on-going o | _M




Neutrino induced TT production

Dynamical coupled channel (DCC) model

T — —
Gallagher et al., 2011

existuptow ~2-3 GeV !!

[ In reality, ~ 50 N* and A* baryonsJ

Satoshi Nakamura (Plenary#6)
Hiroyuki Kamano (WG?2 parallel#2)

Aigher N* and A* productions result
: in various (multi-)meson productions:

X =1N, rrN, NN, KA, KX, wN, ...
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DCC model prediction =

consistent with | TT
data (BNL,ANL)

Fairly good DCC
prediction of 21T prod.

1,000

relevant to neutrino interactions of E,, < 2 GeV

DCC vector currents has been tested by data for whole kinematical region
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New results from
LAr experiments
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MicroBooNE first results

Track length

Philip Hamilton (WG2 parallel#3)

Selection |

VU CC distributions

Scattering angle (cos0)
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® CC-inclusive corss section will follow soon

NC interactions form
dominant background

® Error bars in the plots only statistics
® Systematics not fully addressed yet



LArIAT

Philip Hamilton (WG?2 parallel#3)
qumd Argon In A TestBeam  World’s first TT-Ar Xsec results
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On-going experiments



|-PARC T60

Tsutomu Fukuda (WG?2 parallel#9)

® Precise measurement of neutrino-nucleus interaction
with Nuclear Emulsion at J-PARC

® The emulsion technique can measure all the final state
particles with very low energy/tracking threshold

® Tracking threshold: ~200pm
® Provide essential input for multi-nucleon int. modeling

® Ve cross section with electron/gamma separation capability

® |nstalled emulsion in front of T2K INGRID detector
® Time-stamp technique: Emulsion-INGRID track matching

® Data taking began in 2014~

® Data collected 60kg iron data in 2016
® Expect totally >3000 events! Data being analyzed

22



|-PARC T60

Feasibility study: 2kg Iron ta: e




|-PARC T60
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° Epetolly >3000 events! Data eing analyzed
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|-PARC T60

Tsutomu Fukuda (WG?2 parallel#9)

® Precise measurement of neutrino-nucleus interaction
with Nuclear Emulsion at J-PARC

® The emulsion technique can measure all the final state
particles with very low energy/tracking threshold

® Tracking threshold: ~200pm
® Provide essential input for multi-nucleon int. modeling

® Ve cross section with electron/gamma separation capability

® |nstalled emulsion in front of T2K INGRID detector
® Time-stamp technique: Emulsion-INGRID track matching

® Data taking began in 2014~

® Data collected 60kg iron data in 2016
® Expect totally >3000 events! Data being analyzed
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J-PARCT60

Tsutomu Fukuda
(WG2 parallel#9)

Able to employ
different nuclear targets
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(- 1\ —
L~ M = =
AT —
-—h---—-"“"--.-
v
7 t ™
AT a S (~10m
/ Z
-
N /
Iron plate . L]
36hours pitch ]
Emulsion film
(/ ) 21.5min. pitch
4y misec.

- -
o 7o i — SideView
1O U./CITI y14+12 cmlnlron@ir—k-- 1T B BT W W I
Iron 6.5x9=58.5cm
¥ I | ® & o
Ii I EREERX R
| BERS
. > »
. 1
- 27 *27_.cmin Iron@ (1 1 r e

40’“23_13 cm in lron@ y

23



V+ CC cross section

Osamu Sato (WG?2 parallel#9)

® V; CC cross section measured by | sesuisombonut 1
only DONuT experiment

GVT (E) = G::;nxtx E\/T X KT (E)

//
s
4 4
I
. 9 V l eve nts O b S e r've d Vv, CC cross section was calculated as a function of one parameter. g, [

The energy-independent part was parameterized as

® |arge systematics (50%)

K{E)

: e " =7.5(0.335n"")x10 " cm’*GeV ™!
® Main syst. come from uncertainties of Ds O ( )
o where n is the parameter controlling the longitudinal part of the D, differential cross section
PrOd UCtlon a't bea’m Sou rce Phenomenological formula

d’c

. . . 7 o (1=|x, )" exp(=bp7) X; is Feynman x (x, =2p™™. /Vs) and
Vr CC cross section uncertainty is one of s
major systematic sources in Super-K
atmospheric v MH measurements

. Module structure for D, - T - X measurement (current baseline)
® DsTau project

* In case of 5 units = 0.025 A, in tungsten = 8x10° pot needed to get 2x102 proton int.
* Track density in emulsion: keep <10° tracks/cm? at the upstream side

o o . + To expose 8x10° pot etector surface 8x10% cm? (800 modules
® Ds—T—X precision measurement in e

i ECC for momen tum measuremen t
5~10 units

L (26 emulsion films interleaved
(total 50~100 emulsion films)

high energy proton interactions using ‘

Nuclear Emulsion =R AU

\12'5 o 1 module
® Aim to collect data with 1000 Ds—=T1T—X e oy 1

105 protons/cm?

T Wl (uniform irradiation)
Ds X
- nts ] 25986 cm

e Lol submitted to CERN SPSC il

Emulsion film Plastic sheet (200 pum)

® CERN-SPSC-2016-013;SPSC-1-245 oot 50 kg




ANNIE

Frank Krennrich (WG2 parallel#9)
® Gadolinium doped water cherenkov detector at BNB

® Measure the abundance of final state neutron from
neutrino interactions in water 0.5~3GeV

® Provide important input for modeling of multi-nucleon
contribution

neutron(s):
neutron capture in Gd-doped water

produces delayed signal (30 us)

proton multiplicity:
liquid-argon technique
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ANNIE

Frank Krennrich (WG2 parallel#9)
® Gadolinium doped water cherenkov detector at BNB

® Measure the abundance of final state neutron from
neutrino interactions in water 0.5~3GeV
® Provide important input for modeling of multi-nucleon

CcOSmMIC muon
candidate

neutrino candidate

= QOperation of ANNIE Phase-l is underway, data analysis has started
to evaluate beam-correlated neutron background.
= ANNIE Phase-ll (2017 - 2021) with the deployment of LAPPDs is in

the planning stages. .



Near Detector constraint

® [2K/NOVA Near Detector constrain flux and v-int.

cross section uncertainties successfully

® with hadron production measurement
® Parallel#5 Katarzyna Kowalik

e T2K and NOvA employ different techniques
® TJotal systematic uncertainties (Ve app.): =10% — ~6% so far

® Expect further improvement
® Parallel#6: Leila Haegel (T2K), Gregory Pawloski (NOvA)

® Next generation experiments, Hyper-K, DUNE, target

~|% level systematic uncertainties on V-int.

® ND designs adopted the same V targets in ND/Far; and

adapted new technique, ex. Gd-water C
® WGI+2 parallel: Mark Rayner (Hyper-K), Hongyue Duyang (DUNE)

® New techniques being tested by on-going exps. and/or in
R&D stage
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Summary

® Many new developments/results from Theory

and Experiments

® There are many other new results that cannot be

covered in this talk
® Please take a look at slides in WG2 sessions

® But still outstanding issues need to be solved

® ex. Nuclear modeling, multi-nucleon contribution,
final state interaction, etc

® Present/on-going experiments with new
approaches & new apparatus can make
significant contributions to improve the models

® Close communication & collaboration between
theorists and experimentalists are indispensable
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