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

SuperKamiokandelceCube Km3Net, T2K, Hyp&amiokande (kD)
MiniBooONENO A, JUNQ@Scintillatoy, MicroBooNEDUNHEKArgon

All experiments use nucleus as target.
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Why do neutrino crossections (interactions) matter?

Available neutrino beams are not monochrome.
Atmospherich, 100 MeV ~ TeV Acceleratorh, 100 MeV ~ 10 GeV

Wide energy range Narrower energy range
Wide travel distance (baseline) Fixed travel distance (baseline
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Why do neutrino crossections (interactions) matter?
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Neutrmo ﬂux and neutrino interactions
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Methodology of neutrino oscillation experiments

Case 1: Atmospheric neutrinds,> 100MeV
Charged current interaction” ' 0 © a « 8
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Case 1: Atmospheric neutrinds,> 100MeV
Different appearance probabilities
of’ and™

Normal hierarchy
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Methodology of neutrino oscillation experiments

Case 1: Atmospheric neutrinds,> 100MeV

Statistically separate

and™

™ SSSLJnAySf |Iéif|)\c">
'Hadrons
b
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Systematic uncertainties (Atmospheric neutrino @ SK)
Multi-GeV e-like (SuperKamiokande)

Statistics
v Xsec.
FSI

Flux shape |G
Neutron production | Neutrino interactions

Non-v, Contamination _ ’
DIS Model Hadron interactions

Single pion Model
CCQE Model
Flux flavor ratios

Systematic Uncertainty

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

A However, this analysis is statistically limited. b
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Case 2: Accelerator neutrinos,®£100MeV ~ a few GeV

nNb Dblblhb Charged current guaslastic scattering
n, f

n.+nb m+ m
n P P

Accelerator based experimefit Known neutrino direction

Usedirection and momentum of leptorto reconstruct(estimate)
energyof neutrinod dziT SELISNAYSy(Ga dzasS ¢
A Purity of the selected events
A Binding effects of target nucleus
Fermimomentum, Binding energy etc.
A Contamination ~ Impurity
Interactionsother than genuin€CCQHEIike multi-nucleon
Interaction o
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K ~ Constraints from near detector measurements
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Total syst uncertainty on neutrino mode 1Rp events at SK

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

Events

25

Flux + Xsec uncertainty 17%—+3%

oo Lo Lo Lo s 1w

|
~ Pre-ND
% Post-ND

T2K Runi-10,
2022 Preliminary

| Before fitting IR MR IRe
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 12.5 173 144 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

ND280 FHC vy Flux 12Kk Runi-10, 2022 Preliminary
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Case 3: Accelerator neutrinds,> several GeV

Charged current interactions,
mainlynb blbMMb Q b KI RNR2 Y a
( Charged current deep/shallow inelastic scattering )
n, f -

M (Em P

W+ > Om
P
N Hadrons P

P
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 guite similar in some detectors.
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Methodology of neutrino oscillation experiments
Case 3: Accelerator neutrinds,> several GeV

Charged current interactions,
mainlynb blbMMb Q b KI RNR Y a
( 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
CCve — CCv,require a well-reconstructed u track
— Reject cosmic rays with BDTs
| * Performance relative to preselection:
l“ —— ey NC 1 = v ~90% efficient, 9% bkg. rejection
- ) ) ] — v, ~80% efficient, 80% bkg. rejection

. s - Validate performance against data-driven
(A. Himmel) control samples in both detectors.

L
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Systematic uncertainties (N@ experiment)
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How we study neutrinanteractions
2S Oly y2d 20aSNWS 2N YSI adaN
2 S YdzZaud AaNBO2Z2yauNHzOU € Yy Sdziu N
particles, unless we just count the number of neutrinos.
Example (1 pion production)

’ r‘.] O ‘a r] 14
Neutrino Lepton
) proton
V' S dzi
O R/ ~0
Target nucleus’ ‘ Hadrons‘

Use particle ID information and measured kinematic distributions o
G20aSNISRE fSLIW2Y YR KIFRNRYaA
reconstruct energy and direction.
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How we study neutrino interactions
2S Oly y2d 20aSNWS 2N YSI adaN
2 S Ydzalu AaNBOZ2yauNHzOUe Yy Sdzi N
particles, unless we just count the number of neutrinos.
Example (1 pion production)

’ r‘.] O ‘a r] 14
Neutrino Lepton
® proton
neutron
@ ; ‘Q
Target nucleus’ Hadrons‘

Thed NXBdetécfors camot detect or measure all the particles.
Momentum threshold (or acceptance) and resolution, angular
acceptance, particle identification, charge separagtcX

18



How we study neutrino interactions
2S Oly y2d 20aSNWS 2N YSI adaN
2 S YdzZaud AaNBO2Z2yauNHzOU € Yy Sdziu N
particles, unless we just count the number of neutrinos.
Example (1 pion production)

’ r‘.]O ‘a r]u
b S dzi [ SLI|2 Y
) proton
N neutron'
Target nucleus’ Hadrons‘
bSdzINAY 2 AYF2NXYIOAZ2Y YySSRa G2

knowledge of neutrinenucleon/nucleus interactions.
Understanding of neutrino interactions

19



How we study neutrino interactions

wWSIljdZANBYSyYyGa FT2NJ GKS vy Sdzi

RSLISYRAY3I 2y (KS SySNHeé 2
1. Interactions are quite different.

2. Directional distribution of outgoing leptons are quite different.
3. Number of generated particles are quite different.
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- | T
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Current issues understanding/measuring
neutrino-nucleon/nucleus crossections

1. Neutrino energy is hot monochromatic, and neutrino flux
(absolute rate and shape) predictions have uncertainties.
2. Neutrino energy needs to be reconstructed using the observec
particles in the detector. However, not all the particles aisble
In the detector
3. Recent detectors use nucleus target, araitrino-nucleonand
neutrino-nucleus interactions havargeuncertainties
1. Various interaction channels exist.
0 a0 R GO a“0 R 0°al  QOQI &8
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.
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Crosssection measurement

Bubble chamber
Extensively used in 196031980s.

A Superheated liquid as targetnitially D2, later Freon.

A Lower the pressure when the particle comes by pulling the pist:
A Generated charged particles ionides liquid and create bubbles.
A Take pictures using a camera, find the trajectory (bubbles) in th
Image and reconstruct the tracks.

Magnet coils

Particles
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Crosssection measurement

Bubble chamber
A Curvature can be used to measure momentum and charge.

A Thickness athe track corresponddo the energy loss.
-> Used to identify particles.
A High particle detection efficiency
even for low momentum heavy particles, like protons.




Crosssection measurement

Bubble chamber

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

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

A “ detection efficiency was not high due to the limited volume.
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Crosssection measurements

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

: Scintillation fiber tracker 1kt Water
w1 With water container@K2K Cherenkov 538888838
e : (SC'F@ KEK, K2K) detector Water ILI“:]:(‘I'CIII\'()\'
(@ KEK, KZK)’eam Detector

Oil Cherenkov detector
(MiniBooNE@FNAIBNB)

Signal Region

Veto Reglon

Full active scintillator
tracking detector
(SciBar@FNABNB)

Scintillator + Iron
tracking detector
_ (MINOSND@FNAL,NuMI
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Crosssection measurements

More recent experiments

A Highstatistics(with intense neutrino beam)

A Lowmomentum particle (hadron) detectiotracking
A Various target nuclei

MINERA (@FNAWNNUMI)  NO A (@FNALINuMI)  T2K ND280 (@RARC, T2K)

Full active detector Full active scintillator Full active scintillator tracker,
+ various nuclear target tracking detector TPC, Calorimeter

+ MINOS ND

UA1 Magnet Yoke

Downstream

63.5cm

N ot | _\_u_l_[_H_l[__[_!l_l_\_U_l_l[_ll_ﬂ
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More recent experiments
A Highstatistics(with intense neutrino beam)

A Lowmomentum particle (hadron) detectiotracking
A Various target nuclei

MicroBooNE @FNAL BNB) NINJA (@BARC)
Liquid argon TPC Nuclearemulsion detecto

Scintillation Tracker

Water target
Emulsion Cloud Chamber

(ECE
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K2K Scintillating FibeB¢iF detector

K2K Front Detector

SciFi/Water target

1kt
Water Cherenkov

3 Detector
v beam 4 [

SciBar detector

Muon chamber

Waterin Iiim tanks
(70% HO, 22% Al, 8%H)

Angleresoltion

mmomentum threshold

(Requiremto reach MRD.)
proton momentum threshold

v, energy spectrum

K2K near detector
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MiniBooNE

800tons CH detector
Signal region 12808inch PMTs
Veto region 240 8inchPMTs

Use Cherenkov argtintillationlight.
"Y > 200MeV§ > ~287MeVi/c)
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SciBooNE

SciBar (used in K2K experiment )
wFull active tracking detector

15 tons of scintillator ( 14336 bars ) Muon Range Detector
also acts as the interaction target. (MRD)
Cell size 2.5 x 1.3 300cnd o
WLS fiber readout, 64ch MRAMT WM H -thick steel layers

+ scintillator planes
(alternate x &y )
wMeasuremmomentum
using range
(upto~ 1.2 GeVic)

6 /2YLRYySyGa ||
FTNRY LI ad SE

9f SOUNRY [/ |
wSpaghetti calorimeter
w2 planes (11

4 x4 cmcell x 128
wldentify p® andn,

4_/4
2m ( Used in CHORUS, HARP and K2K )



SciBooNE

AFull Active tracking detector Extruded

Extruded scintillator scintillator
with WLS fiber readout (15t)
Cell size 2.5 x 1.3x 300cnd
Light yield:7~20p.e /MIP/cm Il ||||| i
(2 MeV) _ h
Multi -anode [T ottt Bl

{econstruct vertex

dentify the interaction PMT (64Ch) WA

A AIK STTAOASyOs [INEHL TN
S@SYyY EK&WﬁKﬁNJC$§@§ i
wCan detect a s
low momentum protons o dEn de e dae
down to 350 MeV/c Wavelength
wPID (pp) shifting fiber

& momentum measurement
by dEdx.




MINOS Near detector

e 980 tonsTracking sampling calorimeters

e Stack Iron plate and scintillator plane
Thicknes®f lron plateis2.54cm
Scintillator width i1gl.1cm

scintillator

e With magnetic field

steel

Charge identification

Momentum measurement using
both curvature and track length.

3

F




MINOS Near detector
e 980 tonsTracking sampling calorimeters

e Stack Iron plate and scintillator plane
Thicknes®f lron plateis2.54cm
Scintillator width i1gl.1cm

e With magnetic field
Charge identification |
Momentum measurement using R
both curvature and track length. ™50 g

BEAM [ F7ii o STEEL
CENTER S, PLATE
. N
xa
120 PLANES 9 162 PLANES , iducial A
| — region
- CALORIMETER " S
MUON " APPROACH
SPECTROMETER . OF THIS STRIP
PARTIALLY INSTRUMENTED PARTIAL '—"7T—= g i TOTHE GO
REGION SCIMTILLATOR ‘ COIL HOLE
> PLANE
UPSTREAN DOWNSTREAM FULL SCINTILLATOR PLANE 35

IFINE SAMPLING) (COARSE SAMPLING)



MINERA experiment
Located in front of theVINOShear detector NuMIbeamline)

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

NuMI Low Energy Beam, FTFP Mediumenergybeam

~120r hadron procliuctic')n 7
@) corrected flux
D_ -
‘© 100 | _VM .
> [ Ry ]
80 | -
8 [ 3 ]
B ~7 Billion
2 [ Hion
£ 4oF neutrinos / m?2 -
= I ]
N at MINERVA
3 [ _
0 109 ol e oo Lo o B 1ol sl ialosalaonsluialoialinsg
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 1012 14 16 18 20

neutrino energy (GeV)

Neutrino Energy (GeV)



MINERA experiment
Located in front of theVINOShear detector NuMIbeamline)

Fine grained detector with various targenaterial.
Elevation View
Side HCAL [ u
Side ECAL /{
= \ < / 2 %
S| =m %’6 v-Beam \('g/ § E’
e’ ol /= E ™ c ] © 3] L (o]
52 % ‘E”E Active Tracker gg §g s E g '8
@ s il 2|32 50|23
& E " Liquid o o 8.3 tons total §° © 8 z
8 Evaam é 15tons | 30 tons g é
Side ECAL 0.6 tons
Side HCAL 116 tons
. < . . 5m . > 2m—’
Triangular shape scintillator and three views,

X, U and V (60 degrees)
17/mm,

\ z \
) 7

¢

/C\O/WN/C} \  NIM A743 (2014) 130
> Ve 37

b L




¢HY b SI NJ RSGSOG 2 NA

Far Detector
Decay volume Near
target/ Y Muen Detector V (SuperK)
P Horn TF detector off-axis (2.5°) U
: - ----- ----- * ------- *
P o g_oﬁ'-axis
30GeV protons

—
from J-pARC MR——TT ™ HV— | |
Om

118 m 280 m
oOn axis nean detectorINGRID wOff axisn detectors

n interaction rate neutrino flux measurements
n beam direction monitor neutrino interaction studies

On axis ==t In the UA1 magnet (0.2 T )

l'A, I
wad Off axis 1
|
M detectors,
r | — \ Run rumtaer : 10335 | SublRan mumber -4 | Event munaer - 44776 | Sgell < 11501 | Time = Thu 201 4-08-05 05 14:12 JST | Parson - 63 [Trigger: Beam Sgill
FGD  FGD

Joewmetroem i
Solenoid Coil : = . S—|

295 km

I

Barrel ECAL i}

/| TPC TPC



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

NO ! experiment

NO ! @ FNALNuMIoff-Axis

(14.6mradoff-axis beam Near detector

TR vy 4.2m x4.2m x 15.8m (0.3 ktons)
: 214 layers, 20,192 pixels
108
To 1 APD pixel g 1‘ -
107 21 ’ !
” ‘ : 1 )l
X
10° - £
oéN o s 20
— |eEJtr|lnorer:ergvl(Gle\{)] e E 4 92
NOvVA Near Detector —Vu 3 T
i typical -7 1
3 charged »~
4 particle i
path . !
# a5
v
<« :
~ "
p o Kouirina
0 5 10 15 20 oo

Neutrino energy (GeV)



NO |

experiment

Liquid scintillator trackingetector

o Hl i
Showering
Y " O Y Lt 1 ).
U M
Il:a ’”’f—:-l:.-

f

La2t SR FyR ak2s$NAGHINT2E

(Matt Wetstein

— R

gD



MicroBooNE
MlcroBooNE@ FNAL, BNB (Liquid Argon TPC)

NE 10—9 -
< icroBoolE Smulation Prelminary | N ytring energy is < 1 GeV
S10° 3, ! CCQE dominant region
> | Low proton momentum threshold
a ~ 300 MeV/c (B~ 47 MeV)
o CCQ#ike event_
pBooNW Pl
107" L T T 1 ‘ N
0.0 05 10 15 20 25 3.0 3.5 4.0 45 50

Energy (GeV)

Candidate 4

Run 5412 Event 801, March 13th, 2016



https://doi.org/10.2172/1573216

NINJA experiment
NINJA@ JPAROG/ARNneutrino beamline
MeanO ~ 1.49 GeV

2.3mm

Nuclear emulsion detector

CCQE & singfeproduction  Emulsion films are inserted
between the target material.

emuIsioQ {‘llm

-O"f
|
L

Lt

1

e 1N

T
g <€ < <

LLLi

[

T l"TTHI T

>

I

:

-rl p

f

pe—'y
s}
[T AERTT|

Flux(/cm?/200MeV/10°'POT)

e

L 1 l 1 l L1 Ll 1Ll el Ll 1 | 11 | ik 1 v. - > 5
0 1 2 3 4 5 6 7 8 9 10 = =¥ S
Neutrino Energy E [GeV]

Low hadron momentum threshol: - ;."-:_‘z.i
Proton ~ 200 MeV/c gty T8
Charged pion~ 50 MeV/c

|
iron(.5mm) water

- 9ELYLX S 2F Ydz (




NINJA experiment
NINJA@ JPAROG/ARNneutrino beamline

N ECC , INGRID
i /\‘4 Side view
= /'//“\&f\«,
ECC
/ |
/ CCQE : 5
// . |
< Candidate
— y |
B - ‘ H \\
z «—10cm ‘
<— 1000 pm
emulsion film
2.3m \ \
—vr —————————
[ M
Wall MRD ::::7 V
Proton Module WAGASCI =11 p
/ \
emulsion film steel plate L 4| INIfin| T L]
03 man thick) (R e iron©.5mm) 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 ea
Need to be combined with the other time stamper
and tracking detectors:



Frequently used variables
t (B p)

RO A B
" €. P
N Nucleon or Resonance N*
(Ex P) = (B P
1 ' : Energy transfer
17 K-k

i"YnY2YSyddzyY 0N} ya¥TSNJ
9> EF- (P -P) W T
(=-Q) ~ (Bjorkenx)
W : Invariant Mass of N* 0 L

w1 JEZ - pi |




Charged current guaslastic scattering N I

Crosssection formulation W
Free nucleon : C.H.L. Smit{Phys. Rep. 3,261(1972))
G n LJ

ant — Ejfpjﬁad + h.c.

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

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

o )M )W O are described as functions of vector, axial
vector and pseudacaler form factors.

A Vector formfactors(R,)
Determined by the electron scattering experiments.
Quite precisely measured.
A Axial vector fornfactor (Fy)
Determined by the neutrino scattering experiments.
¢ K2dzZa3KU0 G2 0S aYSI adaNBRE



Charged current guaslastic scattering N I

Crosssection formulation W
Free nucleon : C.H.L. Smit{Phys. Rep. 3,261(1972))
G n LJ

Hint = EJ;’S”J,?@ + h.c.
< (K | (k) >= (K )ya(l —~s)u(k), iy = cosfc(VE — A%).
dj;”f _ GToov M (A(Q2) £ B(Q%)° " + C(@?) (SW”Y)
A@) =TT (0 ToB - - TR+ - R
ﬁ; FyvF —%Z ((FV+Fm)2+(FA+2Fp) (4+%)F§)}
B(Q2)_ACZFA(Fv+FM) C(Q2)_i(Fﬁ+Fv+ 6,3;2’:;\/0



Charged current quaslastic scattering I

Typical signatures of and™ CCQE W
, é O ¢ r‘]ﬁ—':] O ¢ é
n P

A Neutrino case

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

2) One (negative) charged leptavithoutl Y& 2 1 KSNJ @ ¢
hadrons.

A Anti neutrinocase
1) One (positive) charged lepton with neutron.
2YhyS o60LIR2aAlABSy OKFNHEHSR f SLIz
2§ Yl &8¢ NBIljdzANBE (KS SEA&GSY
0 Q" H O Q' T
But* may becaptured.
Also, detectiorefficiency(detector) isnot 100%.



Charged current guaslastic scattering N I

Why are the bubble chamber results used W
4 aNBTFSNEB Sé K

¢KS WNe@Sob20 tf GKSPTTELSNRY
bSdziNRPY G NBSG 6A0GK Y)\y)\deY

Pal

éa)\of,S ydzOfSI NI ST TS
| NESU ySdzuNEY Aa O
Ol { uSNB’IR BEINE BNY O
f Sdza S“fﬁ&)\NNSS GBiACR

auo00 “v @ proton NIJ(A:Ieus
A { C)I 0 G SNER LINE 02y YI® nedtryn(l S NI
A Additional particles generateldy non CCQE interaction may
Interact and become invisible.



. EVENTS/0.06 (GeV/c)2

Charged current guaslastic scattering N I

| EA I f
Assumed dipole form. o ) "O(m) <p U—) n

GSOU2NI F2N)Y FI OG2N

W+
N

P

"O(mx p& ¢ Y Fromb decay )

Mainly, bubble chamber (mainly,Pdata were used to obtain 8

N
o

@

40 -

N
IGO—l‘

1236 WEIGHTED EVENTS B

M,=1.07 0.06 GeV/2

Mp= 1.LOT GeV

-~-=~Ma=0.84 GeV
Ma= 1.0 GeV

---{ M;=0.84 GeV
Int=2

1,236 events

Baker et al.,
PRD 23, 2499
(1981)

R

1.8 24 3.0

™ FiGevicH)

Events/0.05 GeV/c2?)

225

T L T Ll
1 I I

M,=1.00 0.05 GeV/e
1,737 events

Miller et al.,
PRD 26, 537 |
(1982)

World average

M,~ 1.8BGeV/E

| y I ¥ T ' I T |
0.5 1.0 1.5 2.0 2.5

Qo vy G D S8 K O O



Charged current guaslastic scattering N I

Example of th@ther experiments /&
MiniBooNHOIl Cherenkov detector)
Selecsingled Ydz2y f A1S5¢ NA V™~ SFSWi
with one decay electron.
Advantag2 ¥ NA Y3 AYlF3IAyYy3T a/ KSNBYT:
Angular coverage is large.

The energy threshold of is quite small.

Purity of CCQE was estimated to be 77% and
efficiency was 26.6%.
(Phys. Rev.&1 (2010) 092005)

X
FEN
S,

0.45
0.4
0.35

<E,>= 788 MeV (a)

MiniBooNEh flux @ proton N:Jcleus

(@) neutron

(V/POT/GeV/em?)
[==]
[#%)

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

o o5 1 15 2 25 50

3
E, (GeV)



Charged current guaslastic scattering
0KS FT2ftf26Aay3

YHY

YR

found discrepancies.

A {GNRY 3

G F 2‘NsbpbrésBion3 2 A v i

n

Stronger suppressiom the small gregion.

A Largemumberofa / /- B S¢€

SPSyu

ay &

yd

¥

NJ

AYAaSRaAURHBR Y S Y G AZY oKl RNR Y a

[ A YA (FINRAY2 Vi K S

MiniBooNE

E 1.6 - % ANL,D,
o [ © BEBC,D,
D 1.4 4 sNLH
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3 O LSND, C T,
c 1-2 [ == NUANCENv) + 4
~ - — NUANGE (V) [ I I ‘
~ 4 r
e 1 ¥ =
(8] i - 3
3 0.8 3
o [ 1 (},
T 0.6F : .
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C A4 NOMAD, C
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0 0 il ol . —— e
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Charged current quaslastic scattering [, ;o ’
Dominant interaction in a few hundred MeV. |'[[0 ¢ &

O 9ELISNAYSydGa I FGSNI GKS

W discrepancies.
A Fraction of forward going chargéeptons in
n X CCQ#Hike eventsissmallerthan expected.
A # of CCQHike events idargerthan expected
a2RSNY ySdzii NR Yy 2nuckerrtd@diE Y Sy (a4 dz

LYAUGALFf daydzOf S2

target nucleus.

Scattered (produced) nucleon is

In the nuclear medium

Hadrons may interact in nucleus.
adbdzOf S NJ S-

52

Nucleus*”



Charged current guaslastic scattering [ .
Dominant interaction in a few hundred MeV. |'[[0 ¢ &

OELISNAYSyiGa I FUGSNI GKS 1308 wmo
t248A0fS a2d2NDSa 2F RAAONBLIY
A/ KIyasa GKS Ftt2sSR 1AYySYl!
HUb SdziNAzPR S2y Ay aSNKI BAr2Y SEDM S
A/ KFy3aSa (GKS SELISOUGSR S@Syi
At NI'YSUGSNI A& RSUSN¥YAYSR 0Y
VSdzi NAY 2 SELISGRAINERN & Ay (K
Axial vector form factor (dipoléD n °

T
It is easy to change Mgives reasonable agreements
gAOUK RFOIFZ FYR 0KdzAX Aad
3) Missing interactionsvhich are observed as CG{ke
A Easily change the expected event rates and distributions.



Charged current quasilasticscattering 50 4
1) Nuclear modeling (binding effects) 'O & &

Differential crosssection is large at
small 4momentum transfer (§).

{SYyarxdaAodS G2 ol

binding effects.

Outgoing nucleon is also-re

scattered in the nucleus.
{SOSN)}f Y2RSta KI @S 0SSy LINZ
A C S NBEvtAa

/| 2y aARSNAIWHEO fySH20f SCAYNNIE | A ;
A{LISOGNIt Fdzy Qi A2y

| 2V @A RSNAY I ydzOf S NI YSRA dzy
AwSt I IAOFABA® YWayo | LILINER I O
A{dzl@SOW f Ay3d Y2RSf 6A0K wacC
Addd

54



Charged current quaslastic scattering

1) Nuclear modeling (binding eﬁectsg;tudy@ MicroBooNE

» 5 9 _ arXiv:2310.06082
Pn = |Pn| = 1/P1 +0P7,  Select CCQE like events

A One muon (100g 1200 MeV/c)

A One proton (30@ 1000 MeV/c)

A No chargedionsover 70 MeV/c

A No neutralpionsor heavier mesons
A Any number of neutrons

MicroBooNE Data -- NuWro (27.5/10)
6.79e+20 POT -- GiBUU (29.1/10)
— 40 ¢ Stat @ Shape
E -1 Norm
pV NE\L.) F
ol 30 | e
L i
& R e :
L o20F [F S
Lm ....... | i i
S5 10k~ s T
L BRI SR SRR
A e oo o
p 0 \ \ \ |
A -« 0 0.2, 4 6 0.8
CAIdzNBa 0é ! dHEdzNXY I ya| %%G@VQ;L% ¢



Charged current guaslastic scattering
1) Nuclear modeling (binding effectsgt,dy@ MicroBooNE

= 2 | 52 arXiv:2310.06082
Pn = |Pn| = 1\/P1, + D7, .
o Select CCQE like events
dap = cos™? ( 2 oo | | for small missing momentum
7|7 pl
1 { G Dn p, <0.2 GeV/e
Q3p = COS = | - .

|q Hpn| —o 0.3 MicroBooNE Data --NuWro (11.0/7)
<« 6.79¢+20 POT ---GiBUU (12.4/7)
3 + Stat @ Shape
> 0.25[ Norm Unc
2, 02 NS
3 I————

VN 1 S S
o 00 | SO S
N R—
5('7 0.05 ....... ;....... .._I_-_I_i___l__
~ | \ \ | I I \ |
% 20 40 60 80 100 120 140 160 180
Oy [deg]

Figures by A. Furmanski@NuINT24 pc



Charged current guaslastic scattering

1) Nuclear modeling (binding eﬁect%tudy@ MicroBooNE
arXiv:2310.06082

o Select CCQE like events
cos ! ( 4 Pp | for large missing momentum

Pn = |Pn| = \/p% + 0p7,

$3D

p,> 0.4 GeV/c

—  MicroBooNE Data
6.79e+20 POT
_# Stat @ Shape
Norm Unc e .
-.- NuWro (14.1/7) ! -
A ----GiBUU (3.6/7)

— 001 RLLELEED|
0.005f . i === I """
B /G_‘_'_—_'_—_'il_'_—_'_—_',, ,,,,,,,,,,,,,,,, -
/ -
----- Y U o D Sl My A M \ \ \
20 40 60 80 100 120 140 160 180
Oy [deg]

Figures by A. Furmanski@NuINT24 57



| K NBASR O®NNMIBYWR O dzlOd X0 0 S N
2) Neutrinenucleon interaction modeling
8

¥

Axial vector form factor (dipoléD n

D was ~1.0 GeVfdrom experiments irl970s and 1980s (most of
them werebubble chamber experiments).
However,b is larger iimost of the experiments aftet990s.



