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> Oscillation experiments demand a good knowledge of how
neutrinos interact with matter to reduce systematic effects

> Measured cross sections from other experiments show
discrepancies with most common theoretical models

> Data taken with the T2K near 31_4_
detector (ND280) cover most 1.2

of the critical energy region 8: i
(0.2 ~ 2.0 GeV, highlighted) —» 0.8}
S0.6f

© F

> This talk: focus on resonant 30'45
and coherent contributions go'zE

M. Nirkko, University of Bern 2
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T2K experiment

b

u

b
UNIVERSITAT
BERN

AEC
ALBERT EINSTEIN CENTER
FOR FUNDAMENTAL PHYSICS

1
P B
3 H i
- L, -
Ti 0.5 ; s%n22923= 1.0 ]
o i ' §in"20,,=0.1 5
= 1) : Am}, =2.4x107eV?
T I '
| 1 1 —
- - OA 0.0° —
~ oo %42 OA 2.0° 8
o] i SN 0A2.5° ]
| 1 -
£ r i , ]
§ 2 0'57 'l ]
oL > [ —
S i 1
L , il |
OO 1 2 3
E, (GeV)
B excluded at 90% CL =
6 -
——— Normal Hierarchy =
5 —— Invened Hilenjlfchy ; .
Super-Kamiokande e FO51% e A i E
Mt.Noguchi-Goro Dake Ls 4 E
2,924m 2PN 3
Mt.Ikenoyama Near Detector =
1,360m 5 .
Neutrino Beam 1 @ excluded at 90% CL :
< 0 T\T“?-—-- ——ﬁ’fjf | Ll 1
-1 0.5 0 0.5 1
ﬁcp(u)

M. Nirkko, University of Bern

Phys. Rev. D 91, 072010 (2015)



b

u
Collected data in T2K
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Neutrino interactions in T2K
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ND280 detector (off-axis)
FGDs
ECAL ThGs oy Designed to measure
Magnet NS L N _ f|
yoke v, Tlux
> v, contamination
Magnet
coils > v cross-sections!
Multi-purpose detector
> Fine-grained det. — X,
>  Time-projection ch. — 9/
> El.mag. calorimeters — E
v beam
>  Magnet (0.2 T) — P, q

Main target materials
Tracker > Scintillator (FGD1) — 12C
> Water (POD, FGD2) — 160

Pi-zero

Detector
M. Nirkko, University of Bern 7



INGRID detector (on-axis)

+

~10m
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Designed to measure

> v beam direction & profile
16 “sandwich” modules

> Scintillator trackers — 12C

> lron plates — %4Fe

Proton module (scintillator only)
used for xsec measurements

Proton Module INGRID




Interaction topologies at T2K
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Cross-section analyses at T2K
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> Current single and coherent pion analyses at the near detector site:

Target CC-1n CC-coh CC-1K
Scintillator (CH) FGD1

INGRID — on-axis
Water (H,0) FGD2 - Legend:

Publication in preparation

> Other studies on the way, but will focus on more mature analyses

> For more information about oscillation and cross section analyses,
see talks by A. Furmanski, S. Bolognesi, K. Duffy, K. Mahn!

M. Nirkko, University of Bern 10
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Typical event selection

> Select muon candidate (CC-inclusive)
— Highest momentum negative (HMN) track with good quality
— Starting point inside fiducial volume of subdetector

— PID cuts require track to be MIP-like (assume HMN track is muon)

> Select pion candidate (CC-1m / CC-coh)
— Positive track with good quality in fiducial volume
— PID cuts require track to be pion-like

— No other (pion-like) tracks in event

> More individual cuts are applied in specific analyses

M. Nirkko, University of Bern
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Particle ID using Bethe-Bloch
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> Tracks are assigned a likelihood for each particle hypothesis

> Likelihood calculated via dE/dx pull variables for given momentum

— Here: reconstructed variables in the TPCs using NEUT MC

M. Nirkko, University of
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CC-1x in water (POD)
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> Select events with exactly two (contained) tracks in fiducial volume
— Starting points close to reconstructed vertex
— dE/dx pull variables match muon/pion hypothesis

— Contained tracks must have delayed Michel cluster

> leferent data runs W|th “Water'in” and Upstream Water Target Central ECal
“water-out” configurations e T I Py

> Background reduction through

Legend .
. . \\.'awlu]l‘gt_h—:,lutmuz Fiber E AR T e A
water subtraction technique: S
E Lighr-}ii{;:\; Cover
Lead

Event rate g — gH20 4 Event rate

“water-in” e “water-out”
Event rate
in water

M. Nirkko, University of Bern 13
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CC-1x in water (POD) s
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CC-1x in water (FGD2)
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> CC-Inclusive selection with good-quality positive TPC track

— Track must be pion-like (with no other pion-like tracks in event)

— Reject events containing =’ (ECal) 1B T | Interaction
L & ﬁ_ in water, hit
— Muon candidate starts in x-layer of - - T2 £
scintillator — intrinsic background H ¥R Interaction
. . lal in x-l
from carbon interactions! | ] S
. — Int ti
> Main backgrounds are carbon and n LA i yaver
CC non-1x interactions 5 |
S 450% §Eg$ XY
> Two sidebands to control backgrounds: = o
= F = G non i3 oner
— CC-1x scintillator sample (y-layer) £ b woiey.
Z  200F
— CC-Other water-enhanced sample "

Il ] & Il ]
-1 -08 -06 -04 -02 0 02 04 06 08 1

M. Nirkko, University of Bern cos 6, , 15
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CC-1x in water (FGD2)

AEC
ALBERT EINSTEIN CENTER
FOR FUNDAMENTAL PHYSICS

CCixn XY
CC1n water
C1x other
CC non-1z XY
C non-1x water
CC non-1x other
+ non v, CC
Out of FV

CC non-1n XY
CC non-1r water

Number of events / 0.05 GeV
Number of events / 0.05 GeV

827 04 06 o3 . . . . 82704 05 o8 1 12
CC-1x scintillator sample x CC-Other water-enhanced sample

do

. . . : integrated
M. Nirkko, University of Bern efficiency inbink  nucleons v flux 16
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CC-1x in water (FGD2)
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CC-1x in carbon (FGD1)
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> Selection based on CC-Inclusive sample, with additional cuts:
— Require 1 " (TPC track with pion PID / Michel electron from decay)
— Require no 7 in TPC, no =’ in TPC or ECal

> Measured muon & pion kinematics, but also neutrino energy E,,

momentum transfer Q?, invariant mass W and special angular

variables 6, 0 (see next slide)
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SICs

Phys. Rev. D 26, 3297 (1982)
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CC-coh in carbon (FGD1)
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CC-coh in carbon (FGD1)
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AEC
ALBERT EINSTEIN CENTER
FOR FUNDAMENTAL PHYSICS

{Tcocanc)ps = (3.8 l.ﬂ(stmt}ffji(sys}} s 107 cmﬂ,flﬂﬂ nnclens

{oc.cone) 4 = (3.3 £0.9(stat) 1 3(sys)) x 107 em?/"C nucleus

% 0.5 ‘ Data uslng ns ml T | T T T T T T T T T T T T - E 35 TTTT I T TT I rTTT I TTTT I LI I TTTT I rrrr I L | Trrr I TrTT
(3] RS (nominal) fi = =
o 045 gs (:::I:al) c::i:v:éctlon yo) = > ! yo) ¢ Data E
a 04 ¥  Datausing AR model Q s = ; 30 Q& —— Rein-Seghal —
O | —— AR(nominal) flux avg 4 /47 = o (/44 ]
~ 035 AR (nominal) cross section /4/4 3 25 /Wq - = Alvarez-Ruso =
o E = -
5 oa R LRy £
=3 = = .
2 2% ER - E
x 025 E 10 : 3
© 0.155 = R E
0.1 = 5 | =
0.05 ;— ——————————— —i OF (statistical errors only) | =
E | 1 1 1 1 | 1 1 1 1 - 1111 I 1111 I L1 I 1811 I 181 I 1111 I 1111 I 1111 | I I 11 1 I_.

2 2.5 3 0 005 01 015 02 025 03 035 04 045 05
neutrino energy / GeV Reconstructed Q? (GeV/c)?
M.

23



b
UNIVERSITAT

BERN

AEC

ALBERT EINSTEIN CENTER
FOR FUNDAMENTAL PHYSICS

Proton Module

CC-coh in carbon (INGRID)
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CC-coh in carbon (INGRID)
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CC-coh in carbon (INGRID)
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Kaon production

(2]
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« Three events have AS=0. »

[F]

— w2 BNL (1981)

Cross—section (107 cm®)

N
n

Energy of incoming neutrino (GeV)

4
P }K‘*

SUSY favored, T > 5.9-10% y (90%)

M. Nirkko, University of Bern
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Kaon production in carbon

> First attempt at T2K to measure 1600
strangeness at ND280

> GENIE 2.9.0 includes new model
for single kaon production

> Inclusive CC selection with K*

performed with restricted phase R R A

space in momentum and dE/dx
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B Muons

= Electrons

I Pions

—— Protons

Il Kaons
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. 1.8 2
Momentum [GeV/c]
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> Efficiency ~5%, purity ~40%, ! o
expect 7.2 events / 10°° POT : o
> Statistically limited, will expect 5.:_ Q'?OG o ruth
upper limit measurement i '?4“85.
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> Various T2K cross section measurements on the way

— Differential cross sections when possible v,
> First exclusive topologies being studied:

— CC-17m & CC-coh presented in this talk —

— CC-0r presented by A. Furmanski (Monday)

w & N

> CC-1x results provide insights into nuclear effects

— Some interesting discrepancies from MC

> CC-coh results statistics limited, expect upper limit measurements

M. Nirkko, University of Bern 30



Thank you!
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> “A coherent neutrino-nucleus interaction is defined as one which leaves the
nucleus in the same quantum state as it was 1nitially. The nucleus’
constituents must retain their identity, and the nucleus cannot be excited or
fragmented, though it can recoil, nor can any quantum numbers be
transferred to any of the nucleons.” - T2K-TN-191

> In a resonant neutrino-nucleus interaction, a nucleon is excited into a
resonant state (baryon resonance). The outgoing final-state particles are then

produced from the decay of this resonance.

M. Nirkko, University of Bern 33
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Systematics

M. Nirkko, University of Bern

Pr+ | cosfoy | p,- | cosl,— | cosb,+ o+
Flux-averaged o 3.222 | 3.133 | 2981 | 2772 3.118
Total stat. error 0.422 | 0437 | 0433 | 0442 0.441
Total syst. error 1.441 | L1701 | 1.473 | 1.253 1.670
Total error 1.501 1.756 | 1.535 | 1.328 1.727
Fractional uncertainties in %
| Data statistics 1248 | 13.34 | 13.96 | 15.28 13.53
MC statistics 3.93 4.12 4.06 4.58 4.17

Theory cross-section
FSI

Flux
B field distortion 0.18 0.07 0.26 0.10 0.09
TPC charge confusion 0.18 0.07 0.25 0.10 0.10
FGD2 backward migrations 0.56 0.35 0.42 0.86 0.38
FGD2 forward migrations 1.13 0.77 0.82 0.89 0.72
FGD mass scintillator 0.28 0.42 0.34 0.51 042
FGD mass water 0.78 0.79 0.82 0.87 0.82
TPC momentum resolution 1.37 0.76 1.57 1.03 0.75
TPC momentum scale 0.44 0.48 0.45 0.61 0.38
Out of FV 0.47 0.35 0.82 1.04 0.32
ECal PID 0.09 0.11 0.08 0.08 0.07
Pile up 0.35 0.36 0.38 0.40 0.36
ECal reconstruction 0.40 0.47 0.38 0.54 0.54
|_Pion secondary interactions 6.88 8.98 8.66 7.77 9.11
TPC quality cut negl negl negl negl negl
TPC-FGD matching efficiency | 0.03 0.03 0.02 0.03 0.03
TPC PID 1.08 1.36 0.81 1.97 2.24
TPC track efficiency 0.33 0.23 0.26 0.41 0.25
Ubermerging negl negl negl negl negl




How are K™ produced?

> Associated kaon production

W
V2N A
[ N K+
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Single kaon production
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NEW in GENIE v2.9.0 (Apr 2015)

> Secondary K° interaction

QL5 =0
0 K
Interaction with

another proton

M. Nirkko, University of Bern

Single pion FSI
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