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Overview

- Brief introduction to T2K experiment and the near detectors

- Highlights from recent cross-section measurements at the T2K near
detectors: variety of measurements on different targets, fluxes, detectors,
neutrino and anti-neutrino flavours — test T2K cross-section model and
uncertainties on multiple neutrino spectra

* CC-v, and CC-v, inclusive on plastic (2.5" off-axis detectors)

+ NC single gamma production (2.5° off-axis detectors)

* CC-v, Om on plastic and water (2.5°off-axis detectors)

» CC-v, charged-current inclusive on plastic, water and iron (On-axis detectors)
» CC-v, Om Oproton on plastic and water (1.5° off-axis detectors)

- Summary
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See Laura
Kormos talk from

T2K long-baseline neutrino (rriday morning
oscillation experiment in Japan
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- Off-axis narrow band v, beam to far and near detectors
- Enhanced signal at oscillation maximum

e * Reduce high-energy tail background

- Measurements of the v, appearance and v, disappearance
* Currently searching for CP-violation in the neutrino sector
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T2K accumulated protons-on-target (POT) %

Total Accumulated POT for Physics.
v-Mode Accumulated POT for Physics
v-Mode Accumulated POT for Physics
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o/E, (10% cm? GeV')

Importance of neutrino cross-sections
to neutrino oscillations

- Good neutrino interaction model 1s
essential to reduce neutrino
oscillation systematic uncertainties

- Need a variety of measurements on
different targets and for all neutrino and
anti-neutrino flavours

- Differences between near — far
detectors

- Target, acceptance, flux

Phys. Rev. Lett. 121, 171802, 2018

TABLE I. Systematic uncertainty on far detector event yields.

Source [%)] Vy | Ve |VeT " | Dy | Ve
ND280-unconstrained cross section  [2.4|7.8] 4.1 [1.7|4.8
Flux & ND280-constrained cross sec.|3.3(3.2] 4.1 |2.7
SK detector systematics 2.412.9] 13.3 |2.0
Hadronic re-interactions 2.213.0] 11.5 |2.0
Total 5.1/8.8| 18.4 |4.3

11 - 14 % before near

T2K flux
—— CC Total
—— CCQE
-=-- MEC
n CC RES
CC Multi-pi
—— CCDIS

detector constraints

V}l n-

Neutrino charged-

current quasi elastic
(CCQE) — T2K far
detector golden
channel
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Neutrino cross-
section

measurements at the
T2K near detectors
at 2.5 off-axis




Near detector at 2.5 oft-
ax1s (ND280)

e 2.5° off-axis to measure neutrino
Interactions and estimate the
background contamination

e Refurbished UA1 magnet - 0.2T field

e Front optimized to measure
interactions (POD) on water/plastic

* Rear optimized to measure charged- Barrel ECAL
current interactions

2 Fine-Grained Detectors (FGD)

First 1s plastic (FGD1), the other is plastic +
water (FGD2)

3 Time Projection Chambers (TPC)
following the POD and the FGDs
Tracking, dE/dx

UA1 Magnet Yoke

Downstream
' ECAL

Solenoid Coil

FGD1
N ]
s,

e Surrounded by the electromagnetic - Z/;’; /}/
calorimeter and muon detector — - | ] g
[ e Tl
o NN

Nucl. Instrum. Meth. A 659, 106 (2011) d il i — I’

=
o
—
=]
=]
e
Qo
he}
n
5
<
@)
wn
o
]
on
—
o
)
@)




Neutrino Mode Flux at ND280

Forward Horn Current (FHC)

_

<
(3]
[

Electron (anti-)neutrinos at
ND280

- First T2K CC-v, cross-section measurement on plastic
published in 2014 (Phys. Rev. Lett. 113, 241803, 2014)
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—

=)
=
=)

- New measurement with twice the neutrino mode statistics and
including the anti-neutrino mode data until 2017

+ First CC-v, measurement after Gargamelle in 1978 10°¢

. ° : o 2 4 6 8 10
Challenging analysis E, (GeV)

Antineutrino Mode Flux at ND280
I Reverse Horn Current (RHC)

v, 1s only ~1.5% of the neutrino beam

- Perfect particle identification to select electrons and remove
muons, pions and protons
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I IIH\HI

-V, —v,
" Vu

- Large (%) backgrounds from charged-current and neutral-
current v, interactions in and outside the FGDs

+ CC-v, selection in neutrino mode is currently not used due to tiny
statistics and low purity

Flux (/cm*/50MeV/10%'p.o.t)
S S

- CC-v./CC-v, 1s the only irreducible background at the far

detector neutrino analyses for v, (v,) appearance oo T—
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Entries / 300 [MeVie]

CC-v, and CC-v, inclusive selections in

FGD1

Low momentum region is dominant by the gamma background
- Data — MC discrepancy but large systematic uncertainties
« ~1/3 of the gamma background is coming from external photons

Gamma background in each selection is controlled by an independent control sample
selecting e-e+ pairs
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— T T T T T T T T —— T T T L LU S LA B R
T2K FHC 11.92 = 107 POT 7 = T2K RHC 6.23 = 107 POT = z T2K AHC 6.28 % 107 POT —
— = — = |
—%— Daa Ba7 — = ——%— Daa 176 . o —— Dal a5 _
NEUT 5.3.2 Tolal 797.07 ] ] NEUT 5.3.2 Total 175.92 — a NEUT 5.3.2 Toll 8008 :
I v, &6-on 199.75 (25.06%) — ; MM v, G-t 33.43 (19.00%) ] T [ Eg-gn 3?3? ‘3?'33;’;] -
v, CC-Other 229.41 [28.78%) — & v, CC-Other 50.19 (28.53%) — L ¥, GG-Other AT(17.47%) —_]
] £ . = ybackground  31.24 (31.24%) =
rhackgiound  240.32 (30.15%) ] = ybackground  62.64 (35.61%) . = pbackground 1.2 {1.22%) =
pbackgound 3567 (4.47%) — phackground 638 (3.63%) — Profon background 6,52 (6.52%) =
Other background  91.92 (11.53%) T Other background  23.28 (13.23%) - c 3 Cther background 717 (7.17%) = =S
] ] = ]
Systemaiic Ermar — Systematic Erar —] . Systemalic Emor — ’_‘,J
— = = =]
] - — "8
— . . 7 . . |
- T2K Preliminary 3 T2K Preliminary 3 =
1 — = <]
- — = =
. 1 B T s oad e - <
e &)
O B e ——————————— i1 7. WM 0 R e ———T i i Tt s <o wn
g g g E £
s’ ; E E =
o
a a a8 (@)
0 0 0
[} 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 i} 1000 2000 3000 4000 5000

Momentumn [Me\cl Momentum [MeVicl Momentum [MeVic]




CC-v, and CC-v, inclusive cross-sections
on plastic

- CC-v, and CC-v, selections and their
corresponding gamma control samples

CC-v, and CC-Vv_ Cross-Section

55 [ T2K FHC 11.92 x 10” POT O Data result Neut (stat)
C T2K RHC 6.29 » 102 POT IE Data result Neut (stat + syst)

g
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NC single photon production

- Select FGD1 — TPC e-e+ pairs with low 10 F——"Wang eral_calcuiation

. . ———— T2K 90%CL limit
Invariant mass T2K expected 909 CL limit

1 m T2E Flux [d“. "R Hl'hi.ll'q']l“y' Llll'll'b ....................................

. = NOMAD 90%CL limit
- Background dominant from NC 1n° and - =
external photons 210"
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v, CC-01 cross-section measurement
on plastic and water

sample I FG D2X

- Combined FGD1 + FGD2 analysis g 20T T e
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v.. CC-0m cross-section results on
plfastic
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v, CC-01 results cross-section results
on water
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CC-v, O water/plastic ratio
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Neutrino cross-section
measurements at the
T2K near detectors on-
axis




Near detectors on-axis
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Absolute cross sections
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CC-v, charged-current cross
sections on water, hydrocarbon and 1ron
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Neutrino cross-section

measurements at the
T2K near detectors at
1.5° off-axis




Near detectors at 1.5 off-axis

Vertex in proton module or water module

INGRID is used for muon tracking

Detector system 1s not magnetized

- No separation between neutrinos and anti-
neutrinos

7.91x102%° POT collected in anti-neutrino
mode from October 2017 until May 2018
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CC-v,, O Oproton selection

- Neutrino vertex either in WAGASCI 140

:_ o []CCOn0p _:
or proton module - T2K Preliminary [1CCOnNp -
120 — [meccin
- Phase-space N £ CCothers -
. 0 __ [ NC ]
p, > 0.4 GeV/c and 6, < 30 100 | Clv, -
- No pions: p, > 0.2 GeV/c and 6, < 70° _ Cve+ Ve ]
R0 (— —
* No protons: p, > 0.6 GeV/c and 6, < 70° - N
: . 60 [— i
- Large neutrino background with - ]
larger cross-sections 40 — ]
» Measure both CC-v,, and CC-v, + CC-v,, - . c
cross-sections 20 — — e
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CC-v, O Oproton cross-section
measurement on plastic and water
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CC-v, + CC-v, Om Oproton cross-
section Water}lplastic ratio

T2K Preliminary

Georgios Christodoulou



Previous T2K cross-section measurements

Measurement of inclusive double-differential vi1 charged-current cross section with improved acceptance (Phys.Rev. D98, 012004, 2018)
Characterisation of nuclear effects in neutrino scattering with a measurement of final-state kinematics (Phys.Rev. D98, 032003, 2018)
First measurement of the v charged-current cross section without pions in the final state on a water target (Phys.Rev. D97, 012001, 2018)

Measurement of muon- antineutrino and neutrino charged-current inclusive cross sections and their ratio with the T2K off-axis near detector (Phys.Rev.
D96, 2017)

First Measurement of the Muon Neutrino Charged Current Single Pion Production Cross Section on Water with the T 2K Near Detector (Phys.Rev. D95,
012010, 2017)

Measurement of Coherent n+ Production in Low Energy Neutrino-Carbon Scattering (Phys. Rev. Lett.117, 192501, 2016)

Measurement of double-differential muon neutrino charged-current interactions on C8H8 without pions in the final state using the T2K off-axis beam
(Phys.Rev. D93, 112012, 2016)

Measurement of the muon neutrino inclusive charged-current cross section in the energy range of 1-3 GeV with the T2K INGRID detector (Phys.Rev. D93,
072002, 2016)

Measurement of the v charged current quasi-elastic cross-section on carbon with the T2K on-axis neutrino beam (Phys. Rev. D 91, 112002, 2015)
Measurement of the vip CCQE cross section on carbon with the ND280 detector at T2K (Phys. Rev. D 92, 112003, 2015)

Measurement of the inclusive vu charged current cross section on iron and hydrocarbon in the T2K on-axis neutrino beam (Phys. Rev. D 90, 052010, 2014)
Measurement of the Inclusive Electron Neutrino Charged Current Cross Section on Carbon with the T2K Near Detector (Phys. Rev. Lett. 113, 241803, 2014)
Measurement of the neutrino-oxygen neutral-current interaction cross section by observing nuclear deexcitation y rays (Phys. Rev. D 90, 072012, 2014)

Measurement of the Inclusive NuMu Charged Current Cross Section on Carbon in the Near Detector of the T2K Experiment (Phys. Rev. D 87, 092003, 2013)
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Summary

- T2K has a rich and unique neutrino cross-section program

- Different neutrino fluxes (on-axis, different off-axis angles), targets, detectors,
neutrino and anti-neutrino flavours

+ Vital to reduce systematic uncertainties for the neutrino oscillation measurements
and CP-violation searches

+ Also important for the design of the next generation of long baseline neutrino
oscillation experiments

- Highlights of the 2019 T2K cross-section measurements presented in this
talk

- Many more to come...
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MW Proton Facility : J-PARC

_ Materials and Life Science Hadron

Un|que faC|||ty : Experlmental Facility Experimental Facility
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Entries / 300 [Me/c]

Data / MC

300

Gamma control samples

selections

- Select FGD1 — TPC e-e+ tracks with low

Invariant mass

- Apply same veto cuts as the CC-v, analysis

FHC HMN vy selection

T
T2K FHG 11.92 = 107 POT

—— Daa 64T
NEUT 5.3.2 Total 700.97
[0 v, cctx 1474 (2409}
v, CC-Other 14.65 (2.09%)

ybackground  §71.87 (81.58%}
u background 484 {0.71%)
] Other background  84.76 (12.52%)

: Systemate Error

%_ T2K Preliminary
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Entries / 300 [MeVic]

Data/ MC

RHGC HMN y selection

T
T2K RHC 6.29 x 107 POT

—— Daa 182
NEUT 5.3.2 Total 183.73

D v, CGon 2,14 (1.10%)

v, GG-Other 3.90 (2.01%)
yhackground  153.83 (79.30%)
1 background 1.80 {0.83%)

Giher background  32.27 (16.65%)

Syslemalic Emrar

T2K Preliminary
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0 1000 2000 3000 4000 5000
Momentum [MeVicl

for CC-v

Enlries / 300 [MeV/c]

Data / MC

RHC HMP v selection

T2K RHC 6.2 « 107 POT

— Dala 157
NEUT 5.3.2 Total 168.31
[ ¥, GG-om 0.11{0.07%)
7, CC-Other 0.09 {D.08%;)
tbackground  143.70 (84.87%}
w background 1.38 (0.82%)

Other background  24.03 (14.18%)

Systematic Error

T2K Preliminary
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N* = baryon resonance
M = neutral vector meson v V v ;g«
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