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https://www.hep.phy.cam.ac.uk/~thomson/lectures/partIIIparticles/Handout11_2009.pdf
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https://luxianguo.github.io/html/visos/

Why Study GeV (= atmospheric + accelerator)?

GeV
See single/pair/cluster nucleons
Models (+guess/intuition)

Physical reasons

i Formaggio & Zeller, Rev. Mod. Phys. 84, 1307 (2012) Extra-Galactic
= . Galactic Neutrino for CP-violation
0 - o O Need to detect accelerator neutrinos
g Gl E Atmospheric : at O(l) Gev
= 10" SuperNova
-§ 10" : o - GeV-neutrinos also relevant for
- - Terrestrial O Mass hierarchy measurement via
o — - accelerator/atmospheric neutrino
ol - oscillations
10% O Background to rare event searches
102
o Technical reasons:
P Y 74 Y Y S Y N Y S B Y Y Y RN B Y B N N Y [
10° 107 1 102 10 10° 10° 10® 10% 10 10" 10" Difficult to control
< MeV Neutrino Energy (eV) > multi-GeV
See the whole nucleus See individual quarks
Nuclear database pQCD, EW
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Atmospheric Neutrinos

Discovery of neutrino oscillations
| o .
ZY

Kajita, Nobel Lecture

COSMIC ' \

INCOMING
COSMIC RAYS l

neutrinos

1 electron-
neutrino

— / QDavid Fierste\‘ ori y published in Scientific American, August 1999
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https://www.nobelprize.org/uploads/2018/06/kajita-lecture-slides.pdf

Accelerator Neutrinos Let's start from = decays

v (E,)
_ _ T (m.p) <%
How to obtain a controlled sample of neutrinos? T',.p' K—‘"“
& (m,.p,)
Focusing Decay Pipe | From energy, momentum conservation
Proton Target THA m2 - m?
Beam | E'-Z(E, - p,c0s9)

LBNF ‘T«K

“B decay” of energetic collision products (mostly v, from )
Neutrino beams from accelerators = Directional
Charge selection on © = High purity v or v beams

M
R 280m
dump det
primary uﬂt‘m
beamline target ;
station decay & e TR ) )
ToK o el Off-axis (OA) technique = Narrow-band beams
Or.n 110m 120m 280m 2km /4 295km D. Beavi l.. P889: lon : line neutrin illation experimen he A

Report No. BNL-52459, April, 1995


https://inis.iaea.org/collection/NCLCollectionStore/_Public/26/063/26063806.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/26/063/26063806.pdf

Accelerator Neutrino Experiments

T2K, Phys. Rev. D 87, 012001 (2013)
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Accelerator Neutrino Experiments
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Oscillation phase ~ Am? L/E

Only two Am?
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v @ detector: e.g. plastic scintillator tracker

O Tracker, also active target
% Tracking + calorimetry

Current role in studying v interactions
U Largest data set

O Systematic investigation, cf. e.g. MINERVA, Eur. Phys. J. ST 230, 4243 (2021)

Typical event display w/ plastic scintillator tracker 1201 MINERVA
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Collective effects

Coherent
n Ferml_ motion &. 2-particle-2-hole
o Mean-Field potential
% (2p2h)
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<
: Nucl
' L ucleon

W Energy transfer from neutrino
Van Cuyck, PhD Thesis, Ghent University (2017)
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Final-state interaction (FSI)

|

T

Van Cuyck, PhD Thesis, Ghent University (2017)

Pion Production

2024 September 26 FewBody23, LU Xianguo /& % &, Warwick

Elastic
Scattering
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https://indico.ectstar.eu/event/19/contributions/250/attachments/320/421/Pion_production_and_fsi_NuWro.pdf

Can not identify resonant production (RES) experimentally

m Elastic
Scattering

:1+.

Absorption
Van Cuyck, PhD Thesis, Ghent University (2017)

PionyProduction Golan, Trento, 2018


https://indico.ectstar.eu/event/19/contributions/250/attachments/320/421/Pion_production_and_fsi_NuWro.pdf
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evolves as it propagates out of the nucleus.



GIBUU v, CC on 12C 11077

T=500 (a.u.)
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Credit: Wen & Lu
10—

06 07 08 09 1.0 11 12 1.3
M, (GeV/c?)

t Proton in GiBUU final-state transport
R: radial position, M,: mass

Final-state proton inside nucleus: evolves as it propagates out of the nucleus.
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t Proton in GiBUU final-state transport
R: radial position, p,: momentum
evolves as it propagates out of the nucleus.

Final-state proton in neutrino interactions:


https://indico.kps.or.kr/event/30/contributions/297/

GiBUU v, CC on '2C

T=500 (a.u.)

Credit: Wen & Lu
1071
1072 101

pp (GeV/c)

L 10—2

104

-5
109 101 10

t Proton in GiBUU final-state transport

JUNO, Neutrino 2022 Poster

=
ol

d(ms)/dp _ (cm?*/GeV/c/nucleon)
p

=
o

()]

l I-||onlda %qul@jUNlO, lnmClC (l)n cl:art;onl

GENIE 3.2.0 G18_10a_02_11b |
------ GENIE 3.2.0 G18_10b_02_11b |
—— GIiBUU 2021, patch 1 |
NuWro 21.09, LFG

>

>

>
&
~
»
~
S

»

04 06
P, (GeVlic)

R: radial position, p,: momentum
evolves as it propagates out of the nucleus.

Final-state proton in neutrino interactions:


https://indico.kps.or.kr/event/30/contributions/297/
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How well can we measure neutrino energy? g

(reminder: oscillation very sensitive to baseline and energy, L/E) \/ 2-body reaction
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Intranuclear Dynamlcs and Neutrlno OscHIatlon I\/Ieasurements
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Mixing between 2.35¢ Mock measurement with
n and t flavors '
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sij = sinBjj o
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vl =10  co3  s23
Vr 0 —s23 co3
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Intranuclear Dynamics and Neutrino Oscillation Measurements

2 55 Coloma & Huber, Phys.Rev.Lett. 111, 221802 (2013)
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u and = flavors ignoring nuclear effects of interactions
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v /v, interactions
4 6-prequires v, and v, appearance

v' Suppress v, and v, bkg in beams

O Need v, /v, interaction data

d v,-A + lepton universality constrains

v,-Ato 15t order precision

Q Oscillation requires 2" order precision

v Higher statistics and better-understood
fluxes
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Transverse Kinematic Imbalance (TKI)

to measure intranuclear dynamics
Missing energy

From Wikipedia, the free encyclopedia

- [...]

P

neutrinos.!'! In general, missing energy is used to infer
the presence of non-detectable particles and is

expected to be a signature of many theories of physics
beyond the Standard Model.[21(314]

[..]

hadron colliders.[®! The initial momentum of the

colliding partons along the beam axis is not known —

TKI

Multi-dimensional observation

0 Momentum (magnitude)
Stationary free nucleon target Nuclear target (4 > 1) Q Angle

d Fermi motion O Asymmetry
4 FSI L .. Phys.Rev.D 92. 051302 (2
D 2p2h L |.. Phys.Rev. 4,01 201



https://inspirehep.net/literature/1381179
https://inspirehep.net/literature/1410087

Transverse Boosting Angle day

o
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Spr In full

Spr = pr — AP
—total transverse momentum pr =P pT

—transverse momentum imbalance
—missing pT

FSI and missing particles



Transverse Boosting Angle day

Pt

opr =Py — Apr
Ap_ boosting outgoing hadron

— - N —
Pt opr = pr — Apr
Ap_dragging outgoing hadron
L
\
s 00
\
N! \\ - _,én’
\
AN
e "Sor
AEY =0

FSI and momentum sharing with extra particles
O pion absorption
d 2p2h



Emulated Nucleon Momentum py

A more general analysis of kinematic imbalance

Transverse: 0= '_ﬁTE — ﬁTN — OpT

2! /

Longitudinal: £}, = pi + pE — OpL

p— .2 S .2
New variable: Pn = \/ 0 Pt T+ 0 P,

Neutrino energy is unknown (in the first
place), equations are not closed.

For CCQE, A' = "C*
No more unknowns
p : neutron Fermi motion

initial-state

[Furmanski & Sobczyk, Phys.Rev.C 95, 065501 (2017)]

Assuming exclusive U-p-A' final states
Use energy conservation to close the equations

E,+ma =Ep + En + Ep

Ea

2 =2
\/ My ]

p : recoil momentum of the nuclear remnant
n

Dual
Interpretation

Fermi
motion ®

L, n

final-state

llc*/

recoil



TKI: CCOx

vn-up

Initial nucleon
= neutron

Assuming target remnant "' C*

Ppn = 4/ 0p3 + 0p?
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MINERVA, Phys.Rev.Lett. 121, 022504 (2018)
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TKI; CCA° Surprising consistency!

[More detailed discussions see
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TKI: FSI and 2p2h

5 2p2h weight ~ T+1
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Summary and Conclusion

1. Neutrino interactions: critical for precise oscillation measurements
O Affect energy reconstruction through Fermi motion, FSI, and 2p2h
1 Ambiguous event category: require practical topology (CCOxr, CC1lr, etc.) rather
than physical interactions (quasi-elastic, resonant, DIS, etc.)
d 5cp measurement: sensitive to v, interactions deviation from v,

2. Neutrino interactions: essential for studying nuclear dynamics.
 Nuclear medium response to electroweak probe
1 Rich phenomenology + a growing field beyond neutrino = no conclusion yet

3. Transverse Kinematic Imbalance (TKI): a new tool for probing individual intranuclear
medium effects.
 Enlarging body of individual and joint analyses with data from T2K, MINERVA
and others
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PMNS Matrix

Cij = cosOjj _
sij = sinBj PMNS matrix //\
Ve 1 0 0 C13 0 Slgﬁ_iacp C12 s19 0
Vy = 0 Ca3 8923 0 0 —S812 C12 0
Vs 0 (823 ca3 —Slgeiac 0 C13 0 0 1 (
—

¢!
V2

6,3# 0 — Ocp can be observed

01, mixing between v, and v,
0,;: mixing between v, and v,

0,5: If O, effective 2 flavour mixing

Ve 1 0 0 vy
Vy =10 Ca3 523 Ug’
Vr 0 —s93 c23/ \V3

/3
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Beautiful but not how Nature works \ (V) [
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https://luxianguo.github.io/html/visos/

Counting oscillated v
At far detector, interactions cannot be measured with unknown oscillated flux

Measurement = (flux X interaction) @ detector effects

No two unknowns at the same time

LI
| Credit: Pickering |
—
- -D_ g
3
i =
- =
=
v
=~ :
I Oscillated §
m -
= v, flux
G -
<
S— @
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