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The T2K experiment

T2K overview

Super-Kamiokande

Mt. Noguchi-Goro :

2,924 m

Mt. lkeno-Yama

. I 1,700 m below sea level

: Neutrino Beam A
E 295 km

@ ~500 people from 12 countries, 66 institutes
@ high intensity beam produced at J-PARC with v, and 7, mode
o off-axis technique to get narrower energy spectrum

main goals:
@ estimate dcp through v, appearance

o measure 63, |Am3,|, through v, disappearance
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The T2K experiment

Off-axis beam properties

Super-K

Off-axis ND
decay volume
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On-axis ND (INGRID) } 03_ 2 4I>< 107 eV?
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@ narrowed energy spectrum &

peaks at 0.6 GeV

@ v, flux peaked at maximum
disappearance and appearance

H OA 0.0
%4 OA2.0°

o off-axis technique used in the
experiment for the first time

1
E, (GeV)
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Motivation

Motivation

@ Difference between near and far detector
e angular acceptance
o target
o flux
@ requirement of proper interaction model to decrease the
systematic errors in OA
@ demand of different cross section measurements on different
targets and for all v flavours

Neutrino mode Anti-Neutrino mode
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Motivation
Oscillation analysis prescription

NA61/SHINE|[
data
U flux ND280 data

model /
INGRID /Beam ND280 model
monitor data ~~_" \‘

_—~, D28 fit —
External cross

section data UV Cross SK data

section model /
SK model

v oscillation e ;
— | Oscillation fit ‘/
model

[Oscillation parameters]
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Motivation
Near detector fit

Source [%)] Vy Ve VeTT Dy De

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 438
Flux & ND280-constrained cross sec. 3.3 3.2 4.1 27 29

SK detector systematics 24 29 133 20 38
Hadronic re-interaction 22 30 115 20 23
Total 51 88 184 43 7.1

@ Errors on SK reduced from:
~ 15% to ~ 5%

Phys. Rev. Lett. 121, 171802, 2018
arXiv:1807.07891
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https://doi.org/10.1103/PhysRevLett.121.171802
https://arxiv.org/abs/1807.07891

Results

T2K Data-Taking status

Total Accumulated POT for Phié““
v-Mod

ode Accumulated POT for Physics

v Mode Accumulated POT for Physics
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POT total: 3.16 x 102*

Year

v-mode 1.51 x 102! (47.83%)
7-mode 1.65 x 102! (52.17%)

@ 3.16 x 10%! Protons On Target (POT)
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Results 2.5° off-axis measurements

2.5° off-axis properties

Neutrino Mode Flux at ND280 Antineutrino Mode Flux at ND280
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@ peak energy at 0.6 GeV

@ wrong-sign component greater in anti-neutrino mode
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Results 2.5° off-axis measurements

Off-axis beam detector:

@ sub-detectors in 0.2T field:
e POD - 79,
o TPC - PID, track particles,
o FGD - target, vertex info.,
o ECAL - PID for particles exiting
ND280 (v's, 7°'s)

(—)
@ measure v event spectrum before
oscillation occurs A b

r

Barrel ECAL

(—) .
@ U Ccross-section measurements

(—) . . .
@ measure Ve contamination in the
beam

[e[s[e[[s[s
EEEEEE

Nucl. Instrum. Meth. A 659, 106 (2011)
arXiv:1106.1238
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https://doi,org/10.1016/j.nima.2011.06.067
https://arxiv.org/abs/1106.1238

Results 2.5° off-axis measurements

veCC and 7,CC inclusive cross-sections on plastic

Motivation - measurement of intrinsic v, and U,

Neutrino mode FHC CC-v, Inclusive
T T

T2K Preliminary
T

T T

gm :_ T2K FHC 11,92  10° POT e

§ o —e— Data =

g = vcom  marcaron =

i E e E

150 E+_,_+_ Oter background 915211153‘7[1 _:

o Challenging - small sample wE _T_L_ 3
@ background contamination = E

in low momentum region :

L = Nomentum IMev/cl

o discrepancy between data Anti-neutrino mode CC-V, INCIUSIVe 1 preiminary

T
T2K RHC 6.29 x 10% POT

and MC
0° <6, < 45°
py. > 0.3 MeV/c

—e— Daa
NEUT 532 Total 175.92

C—) v.ccon 3343 (19.00%)
v, CC-Other  50.19 (28.53%)
Vbackground 6264 (35.61%)
pbackgrond 638 (3.63%)

@D Other background  23.28 (13.23%)

Entries / 300 [MeV/c]

& 8
TT II!YI TTTTTTT

©

Systematic Error
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Results

2.5° off-axis measurements

veCC and 7,CC inclusive cross-sections on plastic

@ limited phase-space H
@ three channels & ;
sidebands fitted %
simultaneously g
o agrees with NEUT and ‘:f
Genie MC 8
o first 7,CC result since

Gargamelle measurement
(1979)

K. Porwit@MTTD2019 02.09.2019

CC-v, and CC-v, Cross-Section

T2K Preliminary

2o T2K FHC 11.92 x 10 POT B Data result Neut (stat)
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Results 2.5° off-axis measurements

v, CCO7 flux integrated cross-section (O, C O/C)

Motivation: important for proper v energy reconstruction

FGD1 T2K Preliminary
T

c e —
o
g
2
c
2
Ll Other Matersl 3.43%
) ooFv 223%
Selection:
o five samples & two , -
. 5 20 25 30 35 40 45 50
sidebands Reconstructed P, [GeVic]
@ vertices in FGD1 / FGD2 < et
e}
o different targets (C, O) g
§2}
o data/MC disagreement 5
w

0 272/ 2.0 0.0, zZ
0.0 05 1.0 1.5 2.0 25 3.0 3.5 40 45 50
Reconstructed P, [GeVic]
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Results 2.5° off-axis measurements

Double differential cross section on Oxygen
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Results 2.5° off-axis measurements

Double differential cross section on Carbon
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Results

Double differential cross

flUX int.
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5° off-axis measurements
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2.5° off-axis measurements

Results

1D integrated cross sections

o/C T2K Preliminary
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Results

off-axis properties

Predicted flux at WAGASCI (MC)
T T T

T
T2K Preliminary

I VP
. X}J
Ve
V

e
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Neutrino Energy [GeV]
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-
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1.5° off-axis measurements

@ peak energy at 0.66 GeV
@ mean energy 0.86 GeV
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Results 1.5° off-axis measurements

PM, WAGASCI, INGRID

@ Detectors are not magnetized!

@ INGRID used for y tracking
Proton Module:

o fully active tracking
- @ 1088 scinitlllator bars
N @ 98% CH

Proton Module = WAGASCI

" s WAGASCI:
@ 0.6 tons of water (80%)
Y, @ 1280 plastic scintillator bars
St pancl Hp‘\\l/ @ 3D-grid like structure

Phys. Rev. D 90, 052010, 2014
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https://doi.org/10.1103/PhysRevD.90.052010

Results 1.5° off-axis measurements

CCOm0p™ cross section (H,O & CH)

Motivation: increase the number of water target cross sections

measurements W
agasci
L N
s"ER e ]
5.0 S
Q S
Q Ovesv |
2.k E
@ Vertex in WAGASCI or PM E ]
o

® 0, >30°& p, >0.4GeV/c H E
@ Detectable phase-spaces for 7's ) =S NP |
ey Muon Momentum [GeV/c]
and p™'s: C - Poonose
Sel e
@ 0 <70° & pr > 0.2 GeV/c 5 Seen 3
o 2" S
° 0, <70°& pp, > 0.6 GeV/c gk =V
@ measure 7, and (7, +v,) MaE E

s 6 7 8 9.1
Muon Momentum [GeV/c]
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Results 5° off-axis measurements

p* cross section on water

Y (Vu + vu)

o. T T

T T
T2K Preliminary.

¢~ vata
I satstis

T eutrno Fux
I eracion ode!
Detectar

NEUT Expectation

| | I I
Ccoy CCoy, Ceo,, Cep, Ceo,
s, D, o, 0525, 0025
& ey ey ey ey
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Results 5° off-axis measurements

CCOm0p™ cross section on plastic

(P + )

0. x10 T T
045 T2K Preliminary.
- Data
0.40 I soisics
035 T eutrino Flux
Iteracion Model
00 I reeraction todet

Dotector
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o,
002
ey 0,
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Results 5° off-axis measurements

p*t cross section ratio

(l?ﬂ + V)

T2K Preliminary. T2K Preliminary,

1 1 L
2o, o, 8 T, o o,
00,5, 5. ":10. 15, 7020,
S0y 00, o0t 2oty 05y

K experiment neutrino cross section results
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Results 1.5° off-axis measurements

CCOm0p™ cross section (H,O & CH)

o x 10732 cm?/nucleon stat. error syst. error

o 1.082 +0.068  01%

o 1.096 +0.054 033
oltolol, 0.987 +0.078  159%8
oT 1.155 +£0.064 0148
ol 1.159 +£0.049 P13
U;_"ZSVM/UET_"*‘”M 0.996 +0.069 007

T2K Preliminary
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Results

On-axis properties

Flux/cm*10%'POT
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On-axis measurements

@ peak energy at 0.66 GeV
@ mean energy 1.5 GeV
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Results On-axis measurements

INGRID, PM & WM

INGRID:

@ 16 modules (iron/scintillator
sandwich)

j~10m @ additional module with scintillators

only
e 96% Fe
@ monitor beam rate, direction and
vV stability
vl Water Module:
@ 0.10 tons
@ 80% water
e 20% CH

Three INGRID modules used as y identification for WM and PM

JPS Conf. Proc.8, 023003, 2015
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Results On-axis measurements

Inclusive v,CC HyO, Fe, CH & ratios

Motivation: test of an interaction model at various targets material
and energies

Water Module
= [ i
2 1000 |— DOCCQE -
a L B52p2h ]
= [ gcclm ]
'\.2 800 [— OCCcoh  —
5} r ECCDIS 1
o 9“ < 450 5) L @CCother ]
S 600 — ONC -
5 r anti v 7]
e p, >0.4GeV/c E Syive ]
. S 400 — [Danti v, —|
@ main background from v Z ot 1
interaction on scintillators w [ .
0 1 1 1 ) Loy =
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0

Muon momentum (GeV/c)
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Results On-axis measurements

Inclusive v,CC HyO, Fe, CH & ratios

~ 15 .
L4 B T Daa
2" |, B — MCnominal
S LE T MOMY£018Gev
2 |-1 E MC2p2h 0, % 100%
% wE MCp, 0, +9 MeV
z 09 E il I !
g 08 j—l—,—l—;
. 207 F
@ Most precise for such energy e 3
H 2 sk ! 3
region z 5 = -
g D: o o}
@ first measurement of ratios S ]
—— MC nominal E

H,0/CH & H,0/Fe

@ agrees with model used by
T2K

ction ratios

—— MCM{" £0.18 GeV
MC 2p2h ()” +100%
MCp O, +9MeV

e O £

NI RARARRNRERRNRERRRRAR:

(Il_w/o(.H ‘ in
]
>
I

orc/onjo
Op/Ocy

arXiv:1904.09611
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https://arxiv.org/abs/1904.09611

Results On-axis measurements

Inclusive v,CC HyO, Fe, CH & ratios

o x 10738 cm?/nucleon  stat. error syst. error

o0 0.840 +0.010 e

ot 0.817 +0.007 o

o 0.859 +0.003 AT
o820 oS 1.028 +0.016 ~ +0.053
o Joi20 1.023 +0.012  +0.058
ok JocH 1.049 +0.010  +0.043

arXiv:1904.09611
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Results On-axis measurements

Previous T2K cross sections measurements

@ Measurement of the v, charged current quasi-elastic cross-section on carbon
with the T2K on-axis neutrino beam
Phys.Rev. D91, 112002, 2015

@ Measurement of double-differential muon neutrino charged-current interactions
on CgHg without pions in the final state using the T2K off-axis beam
Phys. Rev. D 93, 112012, 2016

@ Measurement of 7, and v, charged current inclusive cross sections and their
ratio with the T2K off-axis near detector
Phys. Rev. D 96, 052001, 2017

@ Measurement of inclusive double-differential v, charged-current cross section
with improved acceptance in the T2K off-axis near detector
Phys. Rev. D 98, 012004, 2018

@ Characterization of nuclear effects in muon-neutrino scattering on hydrocarbon
with a measurement of final-state kinematics and correlations in charged-current
pionless interactions at T2K
Phys. Rev. D 98, 032003, 2018

@ First measurement of the v, charged-current cross section on a water target
without pions in the final state
Phys. Rev. D 97, 012001, 2018

@ -+ many to come...
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https://doi.org/10.1103/PhysRevD.98.032003
https://doi.org/10.1103/PhysRevD.97.012001

Results On-axis measurements

Summary

@ Good understanding of neutrino interaction mechanisms and
reliable interaction model are essential in oscillation analysis

@ Rich and unique neutrino cross section program

@ Combine measurement of cross sections at different angles
w.r.t. neutrino beam

@ Ongoing works to make measurements less model-dependent,
increase angular acceptance and lower particle reconstruction
threshold

@ Vital to reduce systematic uncertainties for the neutrino
oscillation measurements and CP-violation searches
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Results On-axis measurements

Thank You!
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Backup

WM, PM, INGRID details

Parameter

Water Module

Proton Module

INGRID module

Target mass in fiducial volume (ton)
Main target materials and fraction
Dimension of a scintillator (cm®)

Dimension of an iron plane (cmn?)

The number of readout channels

MPPC serial number

MPPC gain stability

MPPC dark noise rate (hits/module/bunch)
Mean scintillator light yield for MIP

tillator thickness)

ptance res

(p-e. per sc

Angular ac 't to beam axis

Period located at on-axis position

0.10
11,0 (80%), CII (19%)
100%2.5x0.3

1280
S13660
10%
0.2

16

0° to 90°
July 2016-

0.16
CII (98%)

120x2.5x1.3 (SciBar-type),

120x5x1 (INGRID-type)

1204

S10362-13-050C

10%

12

56 (SciBar-type),

23 (INGRID-type)

0° to 75°

November 2010-May 2016

2.1
Fe (96%)
120x5x1

124x124x6.5
616
510362-13-050C
10%

6

23

0° to 60°
2009-
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Backup

Inclusive v,CC NEUT MC details

Mode

Nominal model

Parameter

CCQE-like

Dipole type axial form factor

MYF =115 GeV/.

RFG model by Smith-Moniz
with binding energy (£) and Fermi surface momentum (pg)

Ey= 25,27, 33 MeV and
pr= 217, 225, 250 MeV /c for
120, 160, and %Fe, respectively.

RPA model by Nieves el al.

RPA is applied for 20 and '°C.
RPA is not applied for 5Fe.

2p2h model by Nieves et al.

Normalization

7

Model by Rein-Sehgal

C:(0) =1.01,
MREFS = 0.95 GeV/c?,
lsospin%bg =1.30.

DIS PYTHIA [31], Parton distribution function by Energy dependent normalization
GRV98 with Bodek and Yang correction
Coherent Model by Berger-Sehgal Normalization

2K experiment neutrino cross section results



Backup

Beam production

Horns De —
C.
+250 kA 7+ @ volume || v,
-
v,
3 H
Target | —
: B -
8 1 > 3 —
gu T O Ve
8
e
= o .
Tokai

30 GeV proton beam delivered by Linac— —
High intensity p™ beam hits the carbon target,
magnetic horns focusing outgoing hadrons,

7+ decays to pu* and (17;1 in 100m long decay volume,

beam dump stops almost all i particles,

number of ' 's is proportional to number of p*
(/" beam power ~ 7 v flux)
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