T2K systematic error and
required measurementsfor
the Improvement

T. Kikawa (Kyoto)



Introduction

AWAGASCIBaby MIND and NINJA are aiming to
measured neutrino interaction precisely and reduce
the T2K systematic error.

ASimilar measurements WAGASCIBaby MIND and NINJA
to existing ones will not '
significantly reduce the
systematic error.

AWe need to understand
the current status of the )
T2K systematic error and =
existing measurements /
of neutrino interactions """ %#
(especially by ND280). S
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Flow of T2K osclillation analysis

AND280 fit plays an important role in T2K OA.

Neutrino flux prediction

Neutrino interaction model

A Nuclear models
A External cross section data

A Proton beam + INGRID

A External p-A hadron
production data

Super-Kamiokande

A Detector model

A Hadron interaction
model

A Detector model

A Hadron interaction
model

Oscillation parameters



ND280 measurement

ASelecty CC events (muon from FGD to TPC) and
classify the events into three groups:
ACCOe (mainly CCQE event s
ACCle (mainly CC resonant
ACG other (mainly CC DIS events)

CCOe event CCle event CGCother event
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ND280 fit

AMuon momentum -angle distribution of MC with
flux and cross section parameters are fitted to data.

Muon momentum distribution before fitting (20180A)
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Constraints on flux and
Cross section parameters

Cross sectionparameters
AByfitting, flux and cross section ~ (20180A)

parameters are varied to optimal :
values and their uncertainties == SHERSLCpe®
are constrained. o

Neutrino flux parameters (20180A)

T - FSI| parameters
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Correlation of parameters

AND280 fit also gives the correlations among the
flux and cross section parameters.

Correlation matrix before ND280 fit Correlation matrix after ND280 fit

I —
0.8 ‘ ' .
06 il ddeicis s B : ;
0.4 __T‘_‘_,,____u_ ;

e ‘ '

0.2
-0
02
04
0.6
0.8

s s Anti-correlation between flux
Flux parameters  Cross section parameters ~ and cross section parameters




Systematic errors

Systematic error on the number of events
at Super-K before ND280 constraint

ASystematic error
on the number
of events at
Super-K reduced
from >10% to
<5% thanks to
ND280
constraint.

ASystematic errors
are well
understood and
small enough?

O No.

1Ru 1Re
Error source FHC RHC | FHC RHC FHC CClz* | FHC/RHC
Flux 51% 4.7% || 4.8%  4.7% 4.9% 2.7%
Cross-section (all) || 10.1% 10.1% | 11.9% 10.3% 12.0% 10.4%
SK+SI+PN 29% 25% || 3.3% 4.4% 13.4% 1.4%
Total | 111% 11.3% | 13.0% 12.1% 18.7% | 10.7%

Systematic error on the number of events
at Super-K after ND280 constraint

1Rpu 1Re
Error source FHC RHC || FHC RHC FHC CClx* ‘ FHC/RHC
Flux 2.9 2.8 2.8 2.9 2.8 14
Xsec (ND constr) 3.1 3.0 32 31 4.2 1.5
Flux+Xsec (ND constr) | 2.1 2.3 20 23 4.1 1.7
2p2h Edep 04 04 0.2 0.2 0.0 0.2
BGERES low-p, 04 25 0.1 2.2 0.1 2.1
o(ve), o(7e) 00 00 || 26 15 2.7
NC vy 0.0 0.0 1.4 24 0.0 1.0
NC Other 0.2 0.2 0.2 0.4 0.8 0.2
SK 2.1 1.9 3.1 3.9 13.4 1.2
Total | 30 40 | 47 59 14.3 4.3




Effect of systematic error

ASuch an effect causes systematic error in the
oscillation analysis.

AEffect of the systematic error will be large in the
future as the beam data statistics increases.

Sensitivity to CP violation
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dp values excluding sind.,=0 (%)
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For Hyper-Kamiokande

sin?>—; octant degeneracy sensitivity

HK 10 years (2.70E22 POT 1:3 v:V)
—— Statistics only
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Why large systematic errors
still exist?

AMeasurement precision of ND280.
A Low acceptance for high angle.
AHigh momentum threshold for hadrons.
ALarge backgrounds for 4 measurement.

ADifference between ND280 and SuperK.
A Angular acceptance.
ATarget nuclei (mainly C for ND280 and O for SuperK.)
ANeutrino energy spectrum due to oscillation.

ANeutrino interaction modeling.

A Current neutrino interaction models and uncertainty
parameterization are ad-hoc in many aspects.

AND280 fit just constrains the parameters.
ABad modelling will be a bigger issue than error values.
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Recent modeling and ND280
m easu re m e nt Data and MC in previous analysis
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ANuclear model was updated
to a sophisticated one
(Fermi gas model© spectral
function) tuned with
electron scattering data.

ANeutrino flux uncertainty
was significantly reduced.

Events/(100 MeV/c)
|

Data / Sim.
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Data and MC in the latest analysis
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ADiscrepanciesbetween -f =
measurement and nominal =

orediction at ND280
pecomes larger than
orevious analysis.
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Discrepancies are really
compensated by ND280 fit?

ADiscrepancies can be compensated by several
combination of parameter changes.
O Source of the systematic error at SuperK.

ASource of discrepancies is really in these parameters?

O If not, interaction model must be improved.
Variation of flux parameters Variation of cross section parameters
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Angular acceptance and
threshold for hadrons

AHigh muon acceptance of WAGASCIBaby MIND.

ALow threshold of hadron detection of NINJA.
O Will be a clue to understand where the
discrepancies at ND280 come from.
Momentum -angle distribution

Neutrino detection by ND280 of detected muon by ND280
/\_ %\1805"'N‘"l"'l"'l"'l"'l"'\‘E 900
Not detectable G 10 “Bs00
(High angle) S M =700
; o 1200 = =600
[|)etectable g ok
___________ ~ Not detectable
(Short track)
— N
Q Q
@) @) :
TPC]_ LL TPCZ LL TPC3 200 400 600 800 1000 1200 1400

Momentum (MeV/c)



15

Neutrino energy spectrum

ANeutrino oscillation probability is energy dependent.

ANeutrino interaction measurement at different off -
axis angle (different energy) will be a common benefit.

Predicted & flux at Super-K Predicted & flux at different OA angles
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Neutrino interaction modes

a lepton
_ o U : nucleon
AVaI’IOUS neutrino interaction modes exist. 0: nucleus
A Charged current quaskelastic (CCQE)" €° a 1
A Neutral current elastic (NCE) 009 0
A Resonantp production ' 00 da Ve ”
A Coherent p production " o0 & 6 ¢
A Deep inelastic scattering (DIS) ’ 50a 0O 4&°
A Multi -nucleon interaction (2p2h) ¢ 0o0a n 0
v, CCQE a v, CC Resp i v, 2p2h /-
W W W
/1 L " \ ¥4 ] P
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Flux (/cm?%/50MeV/10*'POT)

Neutrino interactions
In the T2K energy

Aln the T2K energy X 1GeV) CCQE is dominant.
O Used as signal mode in the oscillation analysis.

ACC resonant pion is the second largest.
A2p2h is also expected to exist in some level.

T2K neutrino flux prediction

T T T T T T T T T AIS T T T T [ T T T T [ T T T T [ T T 17T
\ | [ [ > - \ I I \ I

10_39Neutrino cross section in NEUT
X

L T ‘ L | T
6 - — Total (CC+NC) E
10°E 'V o Total (CC+NC) CCQ =
: K g ] CC total e CC resonant T -
] Tr 5 - ____. V}J, ~ 14 } ....... NC total CC COherent TC{
g 5 v € F CC DIS
e = 12 ]
________ . >
10*E Ve g (S . B
E:_f: S T E
5[ S .
07 e 6L =
02k o ps - 4% "'-::.’“_7';"-_' ........................ E
_______________________ off £ s
‘ 1 | 1 | """ "t | """ i i e 0 il.é;l } | l s ;"I'”‘I'”]'”]“"””“"'” ‘I.m' ............
0 2 4 6 8 10 0 1 2 3 4 5 6 7 8 9 10
E, (GeV) E, (GeV)



Mixture of interaction modes

ABecause of the final state interaction and detector
capability, detected final state particles are not
always the same as neutrino interaction mode.
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Neutrino energy reconstruction

n@2——(7nn-—_E%)2

p
B = 2(my, — Ep —
ANeutrino energy
can be
reconstructed from
charged lepton
kinematics in CCQE.

ABut other
Interactions are
mis-identified,
neutrino energy Is
mis-reconstructed.

Number of events (a.u.)

80

Charged
lepton
kinematics

Reconstructed neutrino energy
subtracted by the true neutrino energy
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Effect of Y-like 2p2h

Aln the neutrino energy reconstruction assuming
CCQE, energy shift is large fory-like but small for
non Y-like.

AWe have to understand not only the 2p2h cross

section but its characteristics properly.
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Neutrino interaction mode
identification at Super-K

Aln Super-K, protons cannot be measured.
O 2p2h cannot be separated from CCQE.

ACC resonant pion is also sometimes misidentified
as CCQE events if pion is absorbed or not detected.

Super-K4g or 4 candidate sample (trying to select CCQE events)
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Importance of Y&

AYou know the importance of sin2—, and 1

ARecentpaper indicated the combination of the
reactor neutrino experlment (JUNO) and precise

measurement of Y4 AT G RS SR LSS S 8 £
by long-baseline : \ / /

neutrino experiment L3 T N / S
will dissolve the mass S
ol %\xzoétﬂ
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APrecise understanding e
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Basic strategy

Alt is difficult (impossible) to separate the interaction
modes and the effect of FSI in SupekrK.

AWe have to properly model the neutrino
Interaction and precisely predict the background
contamination and signal kinematics based on the
measurement.

APossible approaches.

AUnderstand and revise the neutrino interaction
models by precise cross sectionmeasurements
with WAGASCiBaby MIND and NINJA.

AFit WAGASCIBaby MIND or NINJA data to
constrain parameters as with the ND280 fit.



Flux-averaged cross section

measurement

Aldeal cross section
measurement.
(No background,
100% signal efficiency)
0
" O
AActual cross section
measurement.
(Background and signal
efficiency must be estimated
by simulation and corrected.)
U O

Oy

(4] (c:|112!1"|L|c10011)

First cross section measurement with ND280
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Energy dependent cross
section measurement

ASelect certain interaction mode such as CCQE.

ANeutrino energy is reconstructed from lepton
kinematics assuming the interaction mode.

Alnformation about the
Interaction mode can

Energy dependent CCQE cross
section measurement with ND280

be directly obtained. 5 75— [— ND280 syt ]
(such as M, for CCQE.) = = | {iiim E
ABut background B o e :
subtraction and signal 12 _|_—— E
efficiency correction 0s___| =
are stronygly o f | ggyiiggg-gtg
model-dependent. ”'202—._.’. DU N

E [GeV]



Double differential cross

section with final state

ASel ect

CCO' double differential cross section with ND280.
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ACross section is measured for anglemomentum
space of the final state particle.

ALess modeldependent.
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"/ " cross section difference

AlIn the CP violation search,” © ' oscillation is
compared with [ © ’ [ oscillation.

AUnderstanding of the cross section difference
between neutrino and anti-neutrino is important.

1 Cross sections ofd , & , 4 , 4
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g and 4 CCO\ double differential

Cross section

A2p2h affects
g and 4 Cross

sections in a
different way.
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g and g CCO\ double differential
cross section with ND280
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How It will be improved with
WAGASCIBM and NINJA?

AQ? dependence is largely different between
neutrino and anti-neutrino.

AThis effect appears as the angler distribution.

ACovering the large acceptancein WAGASCIBaby
MIND will improve the understanding.

ADetecting the knockout nucleons also will be a
probe to understand the Q 2 dependence.
(Low momentum detection efficiency of NINJA also
will work .)

AEnough statistics for double differential
measurement?

AWhen the anti-neutrino data can be taken?



Cross section on different

target nucleus

ANeutrino interaction is dependent on the target
nucleus. (different nuclear effect and isoscalar)

AcCarbon and

Cross section per nucleon for various nuclei

Oxygen are r R

main neutrino - =TT

targets for & ‘%{, e 1 0.8

ND280 and £ £ |

Super-K. 4 106
AUnderstanding & 4f cop o

the difference  ° | / Oxygen -

in the nuclear 2r 4 Argon - - - - 1 0.2

effect is Moo RebArC —— ]
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g4 CCO\ cross sectionon carbon

and oxygen

AGood
agreement for
carbon target
data.

ADisagreement
In forward
region for
oxygen target.

& CCO\ double differential cross section
on carbon and oxygen target with ND280
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g4 CCO\ cross sectionon carbon

and oxygen

ACross section ratio O/C was also measured.
AMeasuring the ratio is an important technigue to

cancel the

Q/C, 1< cos(:‘:Ll <0

systematic

errors.
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How It will be improved with
WAGASCIBM and NINJA?

ABoth WAGASCIBaby MIND and NINJA can provide
the high purity oxygen target results for lower
energy neutrino.

AWAGASCIBaby MIND also can provide the carbon
target result and O/C ratio resullt.

APossibility of carbon target run in NINJA?
AEventhe upgraded

ND280 will not Water purity in the water -rich target volume
Improve this point. Water purity (%)
ND280 FGD2 46%
WAGASCI 80%
NINJA water ECC 86%

(exclude only packing)



7 / 7

Alnthe’ O ([0 [
oscillation measurement,
understanding of the
cross section difference
between’ and’ IS

Important .

A, & T, & uncertainty
IS the largest systematic
error source.
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AVarious
effects on
) / )
Cross
section are
calculated.

A3% error
was given.

ABut it is
fully model
based and
not a

certain way.

Eﬁect of klnematlc I|m|t

—VSCC,

'mff/ Phys.RevD86 -

-0.004—
200 053003 (2012)
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cross section difference

Effect of radiative correction
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measurement at ND280

AConsistent with model

A
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CC-v(V,) do/dp [x 10 cm?/nucleon]
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and ’ [ measurement

ARecent new result including’ [ measurement.
A7 background is still large as well as statistical error.

Flux integrated 4 andg CC
cross section with ND280
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How It will be improved with
WAGASCIBM and NINJA?

ANINJA will have better background separation
capability, but will need much more target mass to
measure’ with 3% level.

candidate event in OPERA Energy of’ candidate event in OPERA
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Proton momentum from neutrlno interaction oo "

Proton measurement at ND280

Proton measurement by ND280

AHigh momentum
threshold (=700 MeV/c).

ACannot give strong
constraint on the model.
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