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Recent and future accelerator and atmospheric neutrino
long baseline neutrino oscillation experiments

Super-Kamiokande, IceCube, Km3Net, T2K, Hyper-Kamiokande (H,O)
MiniBooNE, NOVA, JUNO (Scintillator), MicroBooNE, DUNE (Argon)

All experiments use nucleus as target.
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Why do neutrino cross-sections (interactions) matter?

Available neutrino beams are not monochrome.
Atmosphericy 100 MeV ~ TeV  Accelerator v 100 MeV ~ 10 GeV

Wide energy range Narrower energy range
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Why do neutrino cross-sections (interactions) matter?
Charged current quasi-elastic scattering ( CCQE )

v+N->I1"+N

Neutral current elastic scattering

v+ N->v+ N
Single meson productions

v+ N->1U"(Ww)+N +n(nK)

Single photon productions
v+ N->I"(v)+N' +vy

( radiative decay of resonance )

Deep inelastic scattering

v+N->I"(W)+ N +nxmn

| (n,K)
Coherent Single meson productions

v+A-I"(W)+ A+t (@)
Neutrino detectors ™~ nucleus target

c/E 1%38cm2/GeV/avg. nucleon)

103%cm?

1fb =

—

)

v, cross-section/E,

(Oxygen, avg. nucleon)

NC

+ CC

C multi nu?lam\\_

Total i

Neutrino energy (GeV)

Various “nuclear effects” have to be taken into account. ¢



Neutrino flux and neutrino interactions
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Methodology of neutrino oscillation experiments

Case 1: Atmospheric neutrinos, E, > 100MeV
Charged current interaction v(v) + N - [7(I") + X

uo y .
+ S+
ﬂ vu - :«E”’ p”)
X X

Compare the observed lepton momentum and
directions with the “expected” distributions

with various oscillation parameters.
(few exceptions)
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Zenith angle distribution of various samples
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Methodology of neutrino oscillation experiments

Case 1: Atmospheric neutrinos, E, > 100MeV
Different appearance probabilities
of v, and v,
Difference in # of electron events:

Normal hierarchy

- V,
sin0,; =0.5
sin20,, = 0.04

osine Zenith Angle

Matter effect

. Interference
Solar term

AN (V.Y o))  Interference

e Matter effect ~ from mass hierarchy
Possible enhancement in several GeV
passed through the earth core
One of the flavors (v, or v,
shows this enhancement.

e Solar term from 0,; octant degeneracy
Possible v, enhancement in sub-GeV

e Interference CP phase 1 venlegg;nzr%gil




Methodology of neutrino oscillation experiments
Case 1: Atmospheric neutrinos, E, > 100MeV
Statistically separate v, and v,

Dominant interaction ( a few ~ 10 GeV )
—> Deep inelastic scattering

Normal hierarchy

-V, ™ 0.6

sin20,, =0.5 |[SLE
sin20,, = 0.04 Iy

Cosine Zenith Angle

v I ﬁ ¢ 0.3

: 0.2

Hadrons »

N X. i

. . ) o f 4 0

Differential cross-sections are different

Observables v, CC |V, CC
Number of rings More Fewer

Transverse momentum ratio | Larger | Smaller

E Fraction of energetic ring | Smaller | Larger

# of decay electrons More Fewer

# of neutrons Fewer More 1 10 Energy 1cev
v energy ( eV5




Systematic uncertainties (Atmospheric neutrino @ SK)
Multi-GeV e-like (Super-Kamiokande)

Statistics
v Xsec.
FSI

Flux shape |G

Neutron production | Neutrino interactions
Non-v, Contamination

DIS Model

Single pion Model
CCQE Model
Flux flavor ratios

Hadron interactions

Systematic Uncertainty

0 1 2 3 4
Up/Down Ratio Fractional Uncertainty (%)
&(Nup/Npown) / Nup/Npown
 Downward-going neutrinos constrain many flux and cross-
section uncertainties.
e Systematic uncertainties with asymmetric zenith angle
dependence have the largest effect on mass ordering analysis.

 However, this analysis is statistically limited. 9




Methodology of neutrino oscillation experiments
Case 2: Accelerator neutrinos, E, = 100MeV ~ a few GeV

v+N=>/[+N Charged current quasi-elastic scattering

Vy /L u_
vV, +n— u +
W+ i i =%Ew )
n P P

Accelerator based experiment = Known neutrino direction

Use direction and momentum of lepton to reconstruct (estimate)
energy of neutrino but experiments use “nucleus” target.

e Purity of the selected events

* Binding effects of target nucleus
Fermi momentum, Binding energy etc.

* Contamination ~ Impurity
Interactions other than genuine CCQE, like multi-nucleon
interaction.

10



T2K ~ Constraints from near detector measurements
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Systematic uncertainties (T2K experiment)

Total syst uncertainty on neutrino mode 1Rp events at SK

25—

Near detector measurements reduce
the systematic uncertainty drastically,
from 17% to 3%

~ Pre-ND

Events

% Post-ND

T2K Runi-10,
2022 Preliminary

T
- Flux + Xsec uncertainty 17%—+3%
| Before fitting IR MR 1Re

Error source (units: %) || FHC RHC FHC CClz" || FHC RHC FHC CClzx" | FHC/RHC
Flux 5.0 4.6 2.2 4.9 4.6 5.1 4.5
Cross-section (all) 158 13.6 10.6 16.3 13.1 14.7 10.5
SK+SI+PN 2.6 2.2 4.0 3.1 3.9 13.6 1.3
Total All 16.7 14.6 12.5 17.3 144 20.9 11.6
Flux After flttlng 2.8 2.9 2.8 2.8 3.0 2.8 2.2
Xsec (ND constr) 3.7 3.5 3.0 3.8 3.5 4.1 2.4
Flux+Xsec (ND constr) || 2.7 2.6 2.2 2.8 2.7 3.4 2.3
Xsec (ND unconstr) 0.7 24 1.4 2.9 3.3 2.8 3.7
SK+SI+PN 2.0 1.7 4.1 3.1 3.8 13.6 1.2
Total All 34 39 4.9 52 5.8 14.3 45




T2K ~ Constraints from near detector measurements
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Methodology of neutrino oscillation experiments
Case 3: Accelerator neutrinos, E,, > several GeV

Charged current interactions,
mainly v+ N - [+ N’ + hadrons
( Charged current deep/shallow inelastic scattering )

Vy /L

N Hadrons

Use direction and momentum of lepton
together with the observed energy of hadrons
to estimate the energy of neutrino.
Event topologies of neutral current interactions
and electron neutrino charged current interactions
are quite similar in some detectors.

14



Methodology of neutrino oscillation experiments
Case 3: Accelerator neutrinos, E,, > several GeV

Charged current interactions,
mainly v+ N - [+ N’ + hadrons
( Charged current deep/shallow inelastic scattering )

1+ Identify neutrino flavor using a
convolutional neural network.

CC Vi ] — A deep-learning technique from computer vision

— New, faster network for 2020.

* Before main PID:

— Events are contained in the detector

CCv
£ — CCv,require a well-reconstructed u track
— Reject cosmic rays with BDTs
" | * Performance relative to preselection:
l“ s et NC — v ~90% efficient, 99% bkg. rejection

— v, ~80% efficient, 80% bkg. rejection

s - Validate performance against data-driven

107 gqaDo)
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Systematic uncertainties (NOVA experiment)
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How we study neutrino interactions

We can not observe or measure neutrinos” directly.
We must “reconstruct” neutrino information from observed
particles, unless we just count the number of neutrinos.

Example (1 pion production)
vp-o 1l pnt

Neutrino Lepton
@ proton
@ neutron

Target nucleus *° Hadrons

Use particle ID information and measured kinematic distributions of
“observed” lepton and hadrons to identify neutrino flavor and
reconstruct energy and direction.

17



How we study neutrino interactions

We can not observe or measure neutrinos” directly.
We must “reconstruct” neutrino information from observed
particles, unless we just count the number of neutrinos.

Example (1 pion production)
vp-o 1l pnt

Neutrino Lepton
@ proton
@ neutron

Target nucleus *° Hadrons

The “real” detectors can not detect or measure all the particles.
Momentum threshold (or acceptance) and resolution, angular
acceptance, particle identification, charge separation etc...

18



How we study neutrino interactions

We can not observe or measure neutrinos” directly.
We must “reconstruct” neutrino information from observed
particles, unless we just count the number of neutrinos.

Example (1 pion production)
vp-o 1l pnt

Neutrino Lepton
@ proton
@ neutron

Target nucleus *° Hadrons

Neutrino information needs to be “reconstructed” using our
knowledge of neutrino-nucleon/nucleus interactions.
Understanding of neutrino interactions

19



How we study neutrino interactions

Requirements for the neutrino detectors are significantly different
depending on the energy of neutrinos.

1. Interactions are quite different.
2. Directional distribution of outgoing leptons are quite different.
3. Number of generated particles are quite different.

2000

Arbitrary unit

L L L
:_ 0.7 GeV v, charged current

-~ (simulation, O, target)
CCQE + 2p2h
CC1lm

CC others
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Current issues in understanding/measuring
neutrino-nucleon/nucleus cross-sections

1. Neutrino energy is not monochromatic, and neutrino flux
(absolute rate and shape) predictions have uncertainties.

2. Neutrino energy needs to be reconstructed using the observed
particles in the detector. However, not all the particles are visible
in the detector.

3. Recent detectors use nucleus target, and neutrino-nucleon and
neutrino-nucleus interactions have large uncertainties.

1. Various interaction channels exist.
vN - "N, vN - ["nN',vN —» [N’ + hadrons, etc.

2. Neutrino nucleon interactions need various experimental
inputs. Some of them requires neutrino experiments. (Axial-
vector part)

3. Nuclear (binding) effect affects significantly.

4. Produced hadron interactions in and out of the nucleus have
uncertainties.



Current status of “neutrino cross-section” measurements

Inclusive charged current total cross-section
G.P. Zeller (PDG review 2024)
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Current status of “neutrino cross-section” measurements

Inclusive charged current total cross-section
(G.P. Zeller’s review)
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Cross-section measurement

Bubble chamber
Extensively used in 1960s to 1980s.

e Super heated liquid as target. Initially D2, later Freon.
 Lower the pressure when the particle comes by pulling the piston.
* Generated charged particles ionize the liquid and create bubbles.
* Take pictures using a camera, find the trajectory (bubbles) in the

image and reconstruct the tracks.

Magnet coils

Particles
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Cross-section measurement

Bubble chamber
e Curvature can be used to measure momentum and charge.
* Thickness of the track corresponds to the energy loss.
-> Used to identify particles.
* High particle detection efficiency
even for low momentum heavy particles, like protons.

~ /(3/' V. p > pprt




Cross-section measurement

Bubble chamber

* Limited by statistics because of the detector mass and the
scanning method (= by eye). At most a few thousands events.

* Separation of u and charged m was rather difficult.
It is difficult to differentiate particles with similar mass and same
charge. (= Thickness of the track is similar.)

« 10 detection efficiency was not high due to the limited volume.

-

> /f Vup = pTpm?




Cross-section measurements

1998 ~ neutrino-nucleus interactions are studied (again)
for long baseline neutrino oscillation measurements
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Cross-section measurements

More recent experiments

* High statistics (with intense neutrino beam)

 Low momentum particle (hadron) detection/tracking
e \Various target nuclei

MINERVA (@FNAL, NuMI)  NOvA (@FNAL, NuMI) T2K ND280 (@J-PARC, T2K)
Full active detector Full active scintillator Full active scintillator tracker,

+ various nuclear target | trackmg detector TPC, Calorimeter
+ MINOS ND e : >

Downstream

Barrel ECAL

Steel Shield
Scintillator Veto Wall

Hadronic
Galorimeter
2
45
MINOS Near Detect
(Muon Spectrometer)

Nuclear Target Region

(C. Pb, Fe, H:0)
>
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Cross-section measurements

More recent experiments

* High statistics (with intense neutrino beam)

 Low momentum particle (hadron) detection/tracking
e \Various target nuclei

MicroBooNE (@FNAL, BNB) NINJA (@J-PARC)
Liquid argon TPC

Nuclear emulsion detector

Scintillation Tracker

Water target
Emulsion Cloud Chamber
(ECQ)
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K2K Scintillating Fiber (SciFi) detector

K2K Front Detector

energy spectrum
14: vy gy sp

K2K near detector

SciFi/Water target 12 _

SciBar detector 10 |

Muon chamber 8 7
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MiniBooNE

800 tons CH, detector
Signal region 1280 8inch PMTs
Veto region 240 8inch PMTs

OE,) (vPOT/GeViem®)
s

10°

Use Cherenkov and scintillation light.
T, >200MeV (P, > ~287MeV/c)
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SciBooNE

SciBar (used in k2K experiment )

e Full active tracking detector

15 tons of scintillator ( 14336 bars ) Muon Range Detector
also acts as the interaction target. (MRD)
Cell size :2.5x1.3 x300cm3
WLS fiber readout, 64ch MA-PMT * 12 2%-thick steel layers

+ scintillator planes
(alternate x & y)
* Measure 1 momentum
using range
(upto~ 1.2 GeV/c)

( Components are recycled
from past experiment )

Electron Catcher (EC)
e Spaghetti calorimeter
e 2 planes (11 X,)

4 x4 cm?cell x128
e Identify 7% and v,

4/—>

2m ( Used in CHORUS, HARP and K2K)



SciBooNE

* Full Active tracking detector Extruded :;: 3 ‘
Extruded scintillator scintillator RN
with WLS fiber readout (15t) el : :
Cell size :2.5x1.3 x300cm3
Light yield :7~20p.e. /MIP/cm i
(2 MeV) _
econstruct vertex Multi-anode
. : : PMT (64 ch. )
dentify the interaction N
* High efficiency ix_gi%;
even for the short tracks E g
e R i
e Can detect N SRR N e U]
low momentum protons b Sl RSl
down to ~350 MeV/c. Wave-length
e PID (p/m) shifting fiber

& momentum measurement
by dE/dx.




MINOS Near detector
& 980 tons Tracking sampling calorimeters

o Stack Iron plate and scintillator plane
Thickness of Iron plate is 2.54 cm
Scintillator width is 4.1cm

o With magnetic field
Charge identification
Momentum measurement using
both curvature and track length.

1!

scintillator
steel




MINOS Near detector
& 980 tons Tracking sampling calorimeters

o Stack Iron plate and scintillator plane
Thickness of Iron plate is 2.54 cm
Scintillator width is 4.1cm

o With magnetic field
Charge identification |
Momentum measurement using T e

BEAM [ = F s __. STEEL
CENTER S, PLATE
. N
xa
120 PLAMES ,e 162 PLAMES . Mﬂﬁiﬂ I *::4- A
. i (I region
. CALORIMETER . S
MUON APPROACH
SPECTROMETER OF THIS STRIF
PARTIALLY INSTRUMENTED PARTIAL '——— g TO THE COIL
REGION SCINTILLATOR ‘ COIL HOLE
> PLAMNE
UPSTREAN DOWNSTREAM FULL SCINTILLATOR PLANE 35

IFINE SAMPLING) (COARSE SAMPLING)



MINERVA experiment
Located in front of the MINOS near detector (NuMI beamline)

E.,~ 3.5GeV (Low energy) or E,~ 6 GeV (Medium energy)

NuMI Low Energy Beam, FTFP Medium energy beam

~120r " hadron procliuctic')n '_'
O corrected flux .
D_ -
‘© 100 | _'VM .
> [ Ry ]

80 -
S [ : ]
E 60 F - .
> I ~7 Billion ' |
el L . 2 10—7'._.:--
£ T neutrinos / m# - ?
= [ ]
S 5l at MINERVA 108k
R _

0 109 polw ool o o Bl Mo bwv o losolonslovolosalogg

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 101214 16 18 20

neutrino energy (GeV)

Neutrino Energy (GeV)
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MINERVA experiment
Located in front of the MINOS near detector (NuMI beamline)

Fine grained detector with various target material.
Elevation View
Side HCAL u
Side ECAL = i
— c / § %
3| ke e sl O +
{ ®5 v-Beam\( 9 o “E’
Bl o] /== [ 480 ° 3 3 2
Ak gt 5% | £% Qg
512 -3 Active Tracker g E S E EE B ©
3|[2 € g Region SIS - - | 2 &
2112\ N y | 5 0 £ 0 Iw 7
?11E| " Liquid gg 8.3 tons total 2 o o 8 z
7] .
» Floaum Z 15tons | 30tons g é
Side ECAL 0.6 tons
Side HCAL 116tons
« 5m >4—2 M —>
Triangular shape scintillator and three views,

X, U and V (+60 degrees)

17mml

\ NIM A743 (2014) 130
37
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T2K Near detectors
Near Far Detector

Decay volume
tcll-:'gre':/ Y Muon Detector V (Super]

1 off-axis (2.5°) u
@_ T —_————E e e e e e ———— * ------- *
I_ { _F N ] -__E :_— o
proton Shaxs

30GeV protons _
from J-PARC MR—1— TT > HV — | |

118 m 280 m 295 km
eOn axis near v detector INGRID e Off axis v detectors
v interaction rate neutrino flux measurements
v beam direction monitor neutrino interaction studies

In the UA1 magnet (0.2 T)

I
Off axis |
I
1

-

Solenoid Coil

Barrel ECAL




Neutrinos / m?/ GeV /5 x 10" POT

NOVA experiment

NOVA @ FNAL, NuMI off-Axis

(14.6 mrad off-axis beam)
Near detector

3 L ) B A B A B 3
: NOVA Near Detector  —V, 3 4.2m x 4.2m x 15.8m (0.3 ktons)
" .
10 o 3 214 layers, 20,192 pixels
108 _;
3 To 1 APD pixel o
3 s2.7" ",
] =4 4
107 | = A 1 e
] i | Y ’ '
. x
10° - — B ' . ’
2 N R | .
0 5 10 15 20
i | r:defjtr[norerlwerr,qvl{GleVI) I 4= 4.1
- NOvA Near Detector —Vy ] g PR of
B m 7 : -‘7—"
10° . E ct])g)ll;::l -7
" 4 particle Ny
1 path A
'
3 #
] r
| < :
_E I J
] N ¢ :
. b, c® Kadrina
= s
L M . - R 3 Firewial
0 5 10 15 20 39

Neutrino energy (GeV)



NOVA experiment
Liquid scintillator tracking detector

Ve N o€ P

Showering

: - Vx N - vy T+ 7TOP :

¥
-::_:;.:_I'—r:.l-_- -- - -

Zemgotie . :
Sl (Matt Wetstein :
@ NuINT24) °

— R

g (AT

I~ s

g Isolated and showering




MicroBooNE

MicroBooNE @ FNAL, BNB (Liquid Argon TPC)

o~ -9 -
£ 10 _MicroBooNE Simulation Prellmlnary
= https://doi.org/10.2172/1573216 1
& v ’
=107"
O
a
-
10—11
10—12 -----
10—13 [ _— - |
OO 05 10 15 20 25 3.0 35 40 45 50

Energy (GeV)

Neutrino energy is < 1 GeV
CCQE dominant region

Low proton momentum threshold
~ 300 MeV/c (E, ~ 47 MeV)

CCQE-like event
pBooNW >

Candidate Y

Run 5412 Event 801, March 13%h,

2016


https://doi.org/10.2172/1573216

NINJA experiment
NINJA @ J-PARC MR neutrino beamline
Mean E,, ~ 1.49 GeV

Nuclear emulsion detector
CCQE & single w production  Emulsion films are inserted
between the target material.

m ] emulsion film
10" - v - 2.3mm \ \
H e M M
e L vy o
E 1013 fE' Vv é -—\-‘_-_—"'—-—l-‘___
3 9 ] =i
% 10"E- —Ve = TP
§ E 3
S = iron(o.smm) water
5 ool . .
2 10 = Example of multiple track event
. ] AR N 5 k) TR, Oh 2 ,
ol =k .\s N 50 0t
£ : ; .. . . w .
(8 MR N T N e b Peaaa e 1S s
0 1 2 3 4 5 6 7 8 9 10 S Y¥"H

Neutrino Energy E [GeV]

A}

Low hadron momentum threshold TR
Proton ~ 200 MeV/c s, £
Charged pion ~ 50 MeV/c TR




NINJA experiment
NINJA @ J-PARC MR neutrino beamline

' N ECC

INGRID

//CCQE ;

oA

< Candidate

ECC

B ‘ ‘ g \\
T t z <>10cm |

<—> 1000 pm

Wall MRD
Proton Module WAGASCI

/ \
emulsion film steel plate .
(~0.3 mm thick) (0.5 mm thick)

emulsioQ (llm

L Y

|

IRI I 16| I IB]
| I

irono.5smm) water

Emulsion films can be inserted in various target material.
Main emulsion detector does not provide timing information.
Also, the size is small, and particles escapes from the detector easily.

Need to be combined with the other time stamper

and tracking detectors. s



Frequently used variables

vp-o Ll X

V
(Evl pv) q

(En PA)

w (v) : Energy transfer
w=V=E-E,

g% : 4 momentum transfer
qz = (EI- Ev)z- (p/ - pv)z
(=-Q?)
W : Invariant Mass of N*

WE\/EZ*—pﬁ*

[ (E, p)

Nucleon or Resonance N*

Q° Q°
2PN 2Mv
(Bjorken x)
bNqg _ VY
PN'Dy Ey

X =

y:



Charged current quasi-elastic scattering 7 F

Cross-section formulation W
Free nucleon : C.H.L. Smith (Phys. Rep. 3,261(1972))
G n

ant — Ejfpjﬁad + h.c.

< p(K) % | (k) >= G(K (1 — 75 )u(k),  Jiay = cosfe (VT — A%).
do,r  G?cos® Oc M? s—u

0 = B (A(Q2)i8(02) vE +C(Q2)( @2 ))

A(Q%),B(Q%),C(Q%) are described as functions of vector, axial-
vector and pseudo-scaler form factors.

P

* Vector form factors (F,)
Determined by the electron scattering experiments.
Quite precisely measured.
* Axial vector form factor (F,)
Determined by the neutrino scattering experiments.
Thought to be “measured”.



Charged current quasi-elastic scattering 7 F

Cross-section formulation W
Free nucleon : C.H.L. Smith (Phys. Rep. 3,261(1972))
G n

Hine = EJS”J,?@ +he. P
< (k)T 1 (k) >= Bk )ya(1 — vs)u(K),  Jfay = cosBe(V® — A%).
dj;”f _ GToov M (A(Q2) £ B(Q) 4 C(Q) (SM2”)2)
A@) =TT (0 ToB - - TR+ - R
+4%§FVFM —E—z ((Fv + Fm)? + (Fa +2Fp)* — (4 + %)Fgﬂ
B(Q2)_ACZFA(Fv+FM) C(Q2)i(Fﬁ+F§+fA;2Fé)

(S—u=4MEv+C[2 —‘mz) 46



Charged current quasi-elastic scattering 7 F

Typical signatures of vy and v, CCQE W
Vy = U P,V p o pt
n

* Neutrino case

1) One (negative) charged lepton with one proton.

2) One (negative) charged lepton without any other “visible”
hadrons.

P

* Anti neutrino case
1) One (positive) charged lepton with neutron.
2) One (positive) charged lepton without any other “visible” hadrons.

We “may” require the existence of one decay electron.
o e Vo vuut o et v,
But u~ may be captured.

Also, detection efficiency (detector) is not 100%.



Charged current quasi-elastic scattering 7 F

Why are the bubble chamber results used W+
as “reference”?
The target was D,. (Not all the experiments.) n P
Neutron target with minimum nuclear effects.

Possible nuclear effects with larger nucleus:

 Target neutron is bound in nucleus.

e Scattered proton may re-interact in
nucleus before escaping. (Direction and
momentum may be changed, may kick
out the other nucleons, may produce the
other particles, like pions.)

.

(p N - N'N"m) © proton Nucleus
e Scattered proton may interact in the @ neutron
detector medium.
* Additional particles generated by non CCQE interaction may
interact and become invisible. 48



. EVENTS/0.06 (GeV/c)2

Charged current quasi-elastic scattering 7 F

Axial vector form factor ] W+
o\ -
Assumed dipole form. F,(q?) = F,(0) x <1 — q—2>
M2) n

F,(0)~1.267 (From [3 decay)

Mainly, bubble chamber (mainly D,) data were used to obtain M,.

225 T T T T T T T

160 C\l‘t‘ 1236 weuemeiavzm;'j G § o ANL, D2
': ~—-Ma-084 Sav . M,=1.00 £ 0.05 GeV/c?
Ma= 1.0 GeV
120 “{ Mre08d Gev | 1,737 events
" — 150 s
oL, D2 Pl | e
o ’
. M,=1.07 £ 0.06 GeV/c? g - (1982) .
1,236 events £
Z 75
Baker et al.,
sof PRD 23, 2499 s0- World average
N M, ~ 1.03 GeV/c?
° 0 T T

T T L 1 T |
'8 24 3.0 0 0.5 1.0 1.5 2.0 2.5

QZEkGeV/c)Z] Q* (GeV?/c?) QZ[(GeV/c)z] 49



Charged current quasi-elastic scattering 7 F

Example of the other experiments W+
MiniBooNE (Oil Cherenkov detector)
Select single “muon like” ring event n
with one decay electron.
Advantage of ring imaging “Cherenkov” detectors

Angular coverage is large.
The energy threshold of u is quite small.

Purity of CCQE was estimated to be 77% and
efficiency was 26.6%.
(Phys. Rev. D81 (2010) 092005)

X

FEN

<,
ow

0.35 <EV>: 788 MeV (a)

MiniBooNE v,, flux .
# @ proton Nucleus

@ neutron

o
X}
[5))]
T |||I|||I||||||||I|||I||||||||||I

o o5 1 15 2 25 50

3
E, (GeV)



Charged current quasi-elastic scattering

\Y [

K2K and the following “new” experiments after 1990

found discrepancies.

Strong “forward going” u suppression. n o
Stronger suppression in the small g? region.

Larger number of “CCQE-like” event rate (10 ~ 30%)

Limited sensitivity to low momentum hadrons.
-> Limitation from the detectors.

MiniBooNE
=) 1.6 - ¢ ANL.D,
8 1.af s,
Q e FNAL,D, I8
2 128 2t ]
c:-. - — NuaNgEE () [ *II H
E 1_— BE_T = Tlrke
u : A\ 4 —
3 0.8 -%’,:
o B
= 0.6 T Llll (}) %
g - [‘#‘ )[E @ MiniBooNE, C
o) 0-4:_ ‘% ﬁ A GGM, CH,CF,Br
_ 4 NOMAD, C
0-2__ ¥ Serpukhov, Al
B ¥ SKAT, CF_Br
) ol = EEE—
10" 1 10 102
E, (GeV)

FGDI1 v, CCOz Op
S0 b EEvecs S
3500 v CC2p2h [@AvCCResln T
~ = BV CCCohlr [JvCCOther
ES{H}O = L1 [Ov NC modes [V modes E
2500 ) =
5000 £ Single u track 3
1500 = No pion or proton. 3

= L] 3
S :
500 £ =
1.2 = —
gl E O See,e ste ¥ E 5 5 = = E
an }):g :. .................................................................................. Z
0.6 &
0

200 400 600 800 10'0012;0014'0016001&2000
T2K Run1-10, 2022 Preliminary pu (M / C)



Charged current quasi-elastic scattering

vn->1"p
Dominant interaction in a few hundred MeV. vp-oltn
Vi [~ Experiments after the late 1990’s found

discrepancies.

* Fraction of forward going charged leptons in
n X CCQE-like events is smaller than expected.

» # of CCQE-like events is larger than expected.

W-l—

Modern neutrino experiments use “nuclear target.”

Il(

Initial “nucleon” is bound in the
target nucleus.

Scattered (produced) nucleon is
in the nuclear medium.

Hadrons may interact in nucleus.

“Nuclear effects”

52

neutron
@ . OCQ P,

Nucleus *°




Charged current quasi-elastic scattering vn— 1 p

Dominant interaction in a few hundred MeV. vp-oltn

Experiments after the late 1990’s found some discrepancies.

Possible sources of discrepancies

1) Nuclear modeling (binding effects)
 Changes the allowed kinematical ranges and distributions.

2) Neutrino-nucleon interaction modeling (axial vector form factor)
 Changes the expected event rates and distributions.
 Parameter is determined (mainly) by the old bubble chamber

neutrino experiments in the 70’s and 80’s.
1.276

(1-(q%/M4*))?
It is easy to change M, gives reasonable agreements
with data, and thus, is used as an “effective” parameter.

Axial vector form factor (dipole) F,(q%) = —

3) Missing interactions which are observed as CCQE-like
* Easily change the expected event rates and distributions.



Charged current quasi-elastic scattering vn— 1 p

1) Nuclear modeling (binding effects) vp > ltn

Differential cross-section is large at
small 4-momentum transfer (g?).
Sensitive to various “nuclear”
binding effects.
Outgoing nucleon is also re-
scattered in the nucleus.

@ neutron
R 4

Nucleus **

-

Several models have been proposed and are being tested.
* Fermi-gas
Considering nucleon-nucleon correlations
Spectral function
Considering nuclear medium effects
* Relativistic mean-field (RMF) approaches
e Super-scaling model with RMF

54



Charged current quasi-elastic scattering

1) Nuclear modeling (binding effects) Study @ MicroBooNE
arXiv:2310.06082

Pn = |Pn| = \/p% +06p7,  Select CCQE like events
(TP * One muon (100 — 1200 MeV/c)
$3p = COS ( ) ) * One proton (300 — 1000 MeV/c)
* No charged pions over 70 MeV/c
No neutral pions or heavier mesons
Any number of neutrons

MicroBooNE Data -- NuWro (27.5/10)
6.79e+20 POT -- GiBUU (29.1/10)
— 40 ¢ Stat @ Shape
E Norm
Sl
55 3oL | |
s i
& .
T 20 [
LE ....... ; i
S8 10} N
S S 1L £
R S S
0 | | | |
P 0.2 0.4 0.6 0.8

0 .
Figures by A. Furmanski@NulINT24 p [GeV/c]



Charged current quasi-elastic scattering
1) Nuclear modeling (binding effects) stydy @ MicroBooNE

T 5 arXiv:2310.06082
Pn = |Pn| = \/pL +0p7,

Select CCQE like events

4 (4P issi
psp = cos™ ! (Tf 7 azp for small missing momentum
[l
o — cos—] q - Pn p <02 GeV/c
St |g’”ﬁ | ' — 0.3 MicroBooNE Data --NuWro (11.0/7)
n b 6.79¢+20 POT  --.GiBUU (12.4/7)
3 + Stat @ Shape
> 0.25 Norm Unc
S ]
20 02 prdroeeton I _____
- | [
g 015~
= i S
— 0. et T
o
o 1 S
20.05F—d— e =
=T, T AT
"U | \ \ \ | | \ |
O0 20 40 60 80 100 120 140 160 180

Oy [deg]

Figures by A. Furmanski@NulNT24 56



Charged current quasi-elastic scattering

1) Nuclear modeling (binding effects) Study @ MicroBooNE

Pn

$3D

7l = \/0% + 503

eV/c A

-38
[ 0 deg G

Figures by A. Furmanski@NulNT24

p,> 0.4 GeV/c
0.14—  MicroBooNE Data
i
0.121- Ngrm Unélpe ______
-~ NuWro (14.1/7)
0.1+ ----GgiBuU 3.6/7) 1
0.08+—
[}
0.06— %o ELLELLE | I
0008k = mememme=e=l | e
004_ /G'_'.'_'.'_'I_l'-'_'-'_'.llii/ _._i_,_, S ——
A
0.02 / _/_i_._,
..... pabreerel o T B o T ] \ \ \
00 20 40 60 80 100 120 140 160 180
Oy [deg]

Select CCQE like events
a;p for large missing momentum

arXiv:2310.06082
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Charged current quasi-elastic scattering

2) Neutrino-nucleon interaction modeling
1.276

Axial vector form factor (dipole) F4(q%) = — (1—(a2/M12))2
- A

] v v T ]
(1969) _ ' o Experiment |Target |Cut in Q° [GeV*]| Ma[GeV]
Argonne (1973) . ¢
CERN (1977) | — K2K'  |oxygen| Q% >0.2 1.2 +0.12
Argonne (1977) .
CERN (1979) . K2K carbon Q? > 0.2 1.14 £ 0.11
BNL (1980) e : {
BNL (1981) P MINOS iron no cut 1.19 £ 0.17
Argonne (1982 ———
) ( ) MINOS iron Q?>0.2 1.26 + 0.17
Fermilab (1983) - .
BNL (1986) MiniBooNE' |carbon no cut 1.35 £ 0.17
BNL (1987) e
BNL (1990) e MiniBooNE | carbon Q% > 0.25 1.27 +0.14
Average -
i . i i . . I
0.85 0.85 1.05 1.15 1.25
MA [GOV] NOMAD |carbon no cut 1.07 £ 0.07

M, was ~1.0 GeV/c? from experiments in 1970s and 1980s (most of
them were bubble chamber experiments).
However, M, is larger in most of the experiments after 1990s. .,



Charged current quasi-elastic scattering

2) Neutrino-nucleon interaction modeling
1.276

(1-(q?/M4*))?
Recent lattice QCD (LQCD) results ~ MINERVA measured ds/dQ?
suggest the larger M, from bubble of v, p - u*n scattering.

Axial vector form factor (dipole) F,(q%) = —

chamber data fit and non-dipole. Enhance in the large Q2.
A e e A 005 01 05 *
‘.\ Dipole RQED20 == e Dam oo

Lo \M =1.21 GeV/c? ETMC21 zzz: __IE_Hydrogen Fit

Deuterium Fit
] — BBBA2007 Fit

NME22 =—= |
LN ‘. Mainz 22 === -
- N PNDME 23 ——

1.0 T

O. Tomalak et al.,
arXiv:2307.14920 ]

GA@@2

Ratio to Dipole do/dQ? (M4=1.014 GeV/c?)

08 | 1513 .
0.6 | Uy :
- 0.5 s _— s
04 F T Cai et aI (MINERVA)
Nature 614 p4s8
| ‘ | | | ‘ | | | ‘ | | | ‘ | | | 0 I I ‘ ‘ : 0
0.01 0.05 0.1 05 1 5 10
0.0 0.2 0.4 0.6 0.8 1.0 Q? (GeVicy? 59



Charged current quasi-elastic-like events
3) “CCQE-like” interaction

v N;N, - £ NN,

 Known to exist from the electron scattering
experiments.

* Some models were proposed and implemented

in simulation programs. (But it is difficult to
implement models completely.)

”multi-nlucleon” scattering

—

* It has been difficult to “identify” 3
this interaction experimentally.

 New experiments (detectors)
have started publishing results.

* MicroBooNE did the first
differential cross-section
measurement of 1 u + 2
protons + O pion.

38

GeV/c Ar

10

Differential Cross-Section [

20,
[ MicroBooNE 6.79 x 10 ° POT
18; * 2 |lterations Unfolded Data (Stat. + Sys.)
15: GENIE MicroBooNE Tune: Tuned Nieves QE + MEC ( x%DoF: 4.8/7)
[ GENIE Empirical: Llewellyn Smith QE + Empirical MEC ( x%DoF: 4.8/7)
14: GENIE Nieves: Nieves QE + MEC ( x%DoF: 3.3/7)
12— —— GENIE SuSAv2: SuSAv2 QE +MEC ( x¥DoF: 5.0/7)
[ NuWro: Llewellyn Smith QE + Nieves MEC ( x%DoF: 133.7/7)
101
| P. Abratenko et al.
8| .
F 1] arXiv:2211.03734
6
4: I |
s 1
2,:F£ i
. i T
£ ¥ ]
06 07 08 09 1

0 01 02 03 04 05
Unfolded &P, (GeV/c)



Charged current quasi-elastic-like scattering

MicroBooNE (Lg. Ar TPC) https://arxiv.org/abs/2403.19574
Charged current O N protons (N = 1)
1~ momentum from 0.10 to 1.2 GeV/c
Proton momentum from 0.25 to 1.0 GeV/c.
(This applies only to the leading proton)

MBO% 4 protons candidate event

Beam Direction

Initial State Final State

61

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016



4 BNB data Norm unc :
GENIE 2.12.10 21.6/26
30 ! s ' ™| === GENIE 3.0.6 17.8/26
28 — GiBUU 2021.1 6.10/26
2% = NEUT 5.6.0 7.74/26
e, 24 w— NuWro 19.02.2 21.7/26
i A gy ===s MicroBooNE Tune 16.7/26
T 22 g e T « = GENIE 3.2.0 GI8 022 22.3/26
(_Og 20 T =+ «xss GENIE 3.2.0 G21_11b  9.59/26
Set
S|
o 16t
% 14}
< 12}
S—
- 10}
)
R ]
9 6
=
4
2L
1 1 1 1 1 1 1 1 1 1
%.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 12

Charged current quasi-elastic-like scattering

MicroBooNE (Lg. Ar TPC)
Charged current O N protons (N = 1)

{ momentum

Proton mome

https://arxiv.org/abs/2403.19574

from 0.10to 1.2 GeV/c

ntum from 0.25 to 1.0 GeV/c.
(This applies only to the leading proton)

Data prefer higher cross section in certain phase-space regions

MicroBooNE 6.79 x 102° POT

Pu (GeV)

*° cm”/Ar)

do/dcost, (LU

MicroBooNE 6.79 x 1020 POT

4 BNB data | Norm unc.
— GENIE 2.12.10 27.4/30
35 == GENIE 3.0.6 20.4/30
—— GiBUU 2021.1 7.35/30
30 | === NEUT 5.6.0 11.4/30
we NuWro 19.02.2 30.5/30
25F  ===s MicroBooNE Tune 28.7/30

= GENIE 3.2.0 G18_02a 32.2/30
20 |==== GENIE 3.2.0 G21_11b 32.8/30




Charged current quasi-elastic-like scattering

MicroBooNE (Lg. Ar TPC) https://arxiv.org/abs/2403.19574
Charged current O N protons (N = 1)
1~ momentum from 0.10 to 1.2 GeV/c
Proton momentum from 0.25 to 1.0 GeV/c.
(This applies only to the leading proton)

0.26 1 , , | |
0.94 MicroBooNE 6.79 x 10?° POT
‘ ) 4 BNB data 2 Norm unc.
0.2 oo
o - GENIE 2.12.10 7.02/14
< 0.2 iy
0 { - == GENIE 3.0.6 18.1/14
5 0.18f i ek Bl — GiBUU 2021.1 1.34/14
= et [ - R, -
L 016] * o —— NEUT 5.6.0 2.82/14
5 014 - B — NuWro 19.02.2 18.9/14
l 0.12} T I MicioBosME Tune 13.0/14
= o1t == « » GENIE 3.2.0 G18_02a 12.3/14
a 2 _— :

< 0.08} REEE I | GENIE 3.2.0 G21_11b 5.46/14
= ook _FFFr = i de
Q Lo seepesgesfk.4 ]
= 0.04} | : .

().()QVM - — oAt N A -]

O9 20 40 60 80 100 120 140 160 180

0 up (deg) 63



Single pion production

Charged and neutral single m production
v+N->1I"(v)+N' +n
Dominant interaction around 1 to a few GeV.

 Dominant interaction in medium
energy or wide band v experiments,
like NOVA and DUNE.

* Background when selecting “CCQE”
as a signal, like T2K.

* Background of “proton decay”

o
o)

v cross section / E, (10 cm2/ GeV)
=) o
P 0

o
)

searches 7 P a—
v, Tl A large fraction of pions are produced from
the decay of the intermediate resonance.
W - Re-interaction probability of pion is large.
0 7 * Non-resonant contribution also exists.

Resonance P Complicated process 64



Single pion production

Charged and neutral single m production
v+N->1I"(v)+N' +n

Bubble chamber data (ANL, D, target) clearly show the peak of the
Delta resonance. G.M. Radecky et al., Phys. Rev. D 25, 1161
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Single pion production
Charged and neutral single m production
v+N->1I"(v)+N' +n
High probabilities of pion interactions
in the nucleus and secondary interaction in the detector

Inelastic scattering Charge Exchange Absorption

(Additional pions may be produced.)

= - ]
£ 250 - — Agsceants ® ABSDUET (statssyst)

R e * Zomeezr 1 Available pion scattering data
et i sets are limited.

wp : Few data above A region
sf ,,,,,,, ( pTC > 350 MeV/ C)'
el : Source of uncertainty.
100 150 200 250 300 350 400 450 66
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Single pion production
Interaction probability of pion in Oxygen nucleus

Large fraction of pions interacts or absorbed in the nucleus.
Events may be observed as “CCQE-like”, or
pion momentum and directions are measured differently.

08

06

Interaction Probability

04
. Charge exchange

0.2 _
1 Production

0 400 600 800 1000
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Single pion production

Number of entries

T2K CC 1+ measurement (Scintillator = CH target)

Select event with u~ generated in the “Fine Grained Detector’

(FGD) #1 and detected in the TPC #2.

1 positively charged ™ -like particle in TPC #2
or decay electron in upstream FGD fiducial volume.

Purity = CC 1m production (primary interaction) is 61.5%.

Agreement of u~ kinematics is quite well
but forward suppression seems to exist.
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Phys. Rev. D 101, 012007 (2020)
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Single pion production

T2K CC 1+ measurement (Scintillator = CH target)

Suppression in the small g2 seems to exist.
Cause of the forward angle u~ discrepancy.

Agreement of m~ kinematics is worse than u™.
but forward suppression seems to exist.
Pion momentum distribution is largely affected by
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Single pion production

Charged single ©™ production from MINERVA

e Exactly one ®* with any number of baryons

* Pion Kinetic Energy (T,,) between 0 and 350MeV
(between 35 and 350MeV for 8, result)
* Muon Angle w/rt beam: <20 degrees
e Muon momentum between 1.5 and 20 GeV/c
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Single pion production
Charged single ©™ production from MINERVA
e Exactly one ®* with any number of baryons
* Pion Kinetic Energy (T,,) between 0 and 350MeV
(between 35 and 350MeV for 8, result)
* Muon Angle w/rt beam: <20 degrees

Q%(GeV?) D. Harris and M. Sultana (@NuINT24)

* Muon momentum between 1.5 and 20 GeV/c

6, (deg)
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Single pion production
Charged and neutral single  production
v+N->1I"(v)+N' +n
Discrepancies between the observation and
simulation results

Suppression in small g% region.
(But predictions depend on the model.)
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Single pion production
Charged and neutral single m production
v+N->1I"(v)+N' +n

Discrepancies between the observation and
simulation results

Low-momentum charged pion Low-momentum lepton + pion
events excess in the data events excess in the data
(7 + Fe@Ninja) (e:hke 1 ring with decay-e@SK =
— pion momentum < therehsold)
40? Ninja i 10: + | | | -I—IData | _i
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Single pion production
Charged and neutral single  production
v+N->1I"(v)+N' +n

Discrepancies between the observation and
simulation results

Larger # of charged pions in the backward direction.
(v + Fe@Ninja) (v + Fe@Ninja)

15

Ninja

PRD 106, 032016 (2022) 30

20

‘ SRR
10

Number of charged pions
Number of charged pions

0 20 40 60 80 100
Charged pion angle W
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Shallow and Deep Inelastic scattering (SIS/DIS)

Charged and neutral SIS & DIS
v+ N->1"(v)+ N+ X (X = hadrons)

Dominant interaction above a few GeV. Vi F
Described as neutrino-quark interactions.

e Rather simple cross-section equations
with parton distribution functions. N Hadrons

* Parton distribution functions (PDF) are
extracted from various high energy

experiments.
Issues

Existing PDF does not cover the
entire kinematic regions as-is.
(Covers large g% and W regions.)
No nuclear dependences are considered. = (GeY)
mm) Careful treatments (corrections) are required to
for the interactions from a few to 10 GeV. 75
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Shallow and Deep Inelastic scattering (SIS/DIS)

Charged and neutral SIS & DIS

v+ N->1"(v)+ N + X (X = hadrons)

Dominant interaction above a few GeV.

Model for “low energy” SIS / DIS
Prescriptions by Bodek and Yang are
commonly used. Their model provide
the way to extend the PDF to low g2,
low W region. (Model parameters are
extracted by fitting various data.)

— Type | + Q.E. + Res = 0.653 (30-50 GeV)

—— Type Il + Q.E. + Res = 0.672 (30-50 GeV)

—— World Average = 0.675 (30-50 GeV)
MINOS = 0.675 * 0.018 (30-50 GeV)
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Pion productions (from single pion to SIS/DIS)

MINERVA is studying the events with 1 or more .

Discrepancies in the pion momentum distribution.
Easily affected by re-interaction in the nucleus (FSI).

MINER VA Work In Progress
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Pion productions (from single pion to SIS/DIS)

MINERVA is studying the events with 1 or more it .

Eavail = Z Tp + 2 Tfr’“'— + Z Eparricles

(Excluding neutrons)

MINERVA Work In Progress
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Vv, charged current inclusive cross-section measurement

NOvVA experiment recently reported the v, charged current
inclusive cross-section measurement from 0.5 GeV to 4 GeV.

Cross-section below 4 GeV

_
(=} ]
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https://pdg.lbl.gov/2024/html/authors_2024.html

Summary

Current and future neutrino oscillation experiments uses the
nuclear target to measure neutrinos.

“Uncertainty from the neutrino-nucleus interaction” is one of the
major sources of the systematic error in the recent neutrino
oscillation experiment.

Unfortunately, current our understanding turns out to be not
precise enough to satisfy the requirements in the future
experiments.

There are various unsolved problems remaining even in the
simplest quasi-elastic scattering (vn — [~ p,vp = [T n).

More difficult situation for more complicated interactions, like
single meson productions, shallow/deep inelastic scatterings and
hadron re-interactions in the nucleus or in the detector.

Existing and new neutrino scattering experiments will publish
new results in coming years for further understanding.
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