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Cross section measurements in the T2K experiment



Overview of the T2K experiment

Long-baseline neutrino oscillation measurement

Super-Kamiokande

J-PARC
Near Detector 280 m
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@ Aim to discover CP violation of the lepton sector
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T2K Near-detectors 5

ND280 Measure the unoscillated neutrino flux
wm ., for constraining the flux & cross section

(Off-axis angle : 2.5 degrees) ./ m

L, 3 9 39 39 8 3
Some detectors are installed | 7V —S—r— NaRrD
» in the UA1 magnet (0.2 T)

~_vertical
modules

" POD
-4 - TPC Proton Module
- - FGD
- ECal
- SMRD INGRID horizontal modules
Measure the beam direction, beam profile,
Tracker and beam stability (located at on-axis)
@® FGD : Scintillators (FGD1) INGRID (16 modules)

Scintillators + H,0 (FGD2)
@ TPC : Mainly Ar (95%) filled
Tracking & Particle ID |

@ Fe + Scintillators (sandwich structure)

Proton Module (1 module)
@ Fully active scintillator tracker
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T2K syStematic errors Large nuclear-model uncertainties...

@ Target difference between Near-detector (CH) and Far-detector (H,0)
- Some measurements on carbon & on water are described later

@® 2p2h interaction can look like CCQE signal event in the final state at SK

- Due to nuclear effects, 2p2h contributes to the signal

Error Error Error Error W
vy=>v) (,=->v) ,->9) ,->v,.)

Systematic error source

v flux & cross section 3.1% 2.7% 3.4% 3.0% n
v cross section v u
SK FSI & S 3.0% 2.4% 2.1% 2.2% | [202h /SNW P
Total 6.8% 7.7% 11.6% 11.0% P

Need model-independent measurements !
@ As a function of measured variables (muon kinematics)
- No dependence on model to translate to neutrino energy
@ Charged current process w/o pions in the final state (CCOpi)
- Less dependence on FSI model




CCOpi on Garbon @ND280 under publication on PRD

arxiv:1602.03652,

In order to confirm the robustness of the measurement,

two analyses have been performed ECALTSMRC
@ @ ® @ FGD
Analysis | IR “ _ /u o Analysis |l 4/“
. A == [N ~~p ) 3 —
Sel eCtl on ECAL+SMRD ECAL+SMRD | ECAL+SMRD ECAL+SMRD SE' ECtI on ECAL+SMRL

@ Only muon in TPC
@ 1 muon + 1 proton in TPC

@ 1 muon in TPC + 1 proton in FGD
@ 1 proton in TPC + 1 muon in FGD

in final state

@ Only muon in TPC + no pion

(e.g. no pion-like tracks in FGD)
- No proton information used

Method to extract the cross section
@ Bayesian unfolding

Method to extract the cross section
@ Likelihood fit

Good agreement can be seen between two analyses
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arxiv:1602.03652,

CCOpi on Garbon @NDZBO under publication on PRD

Analysis |

0 [%10.5 cm? nucleon']

Muon cos 6 0.70 - 0.80

Results indicate the presence of 2p2h interactions,
but it is difficult to make a conclusion ..more data desired !

Muon cos 6 0.80 - 0.85
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Results are in agreement

with both NEUT and GENIE predictions
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Neutrino energy [GeV]

Integrated cross sections [ X 10-38 cm? nucleon']

I :0.417 £ 0.047 (syst.) & 0.005 (stat.)
(NEUT prediction : 0.444)

(NEUT prediction : 0.232)

| I :0.202 £ 0.0359 (syst.) = 0.0026 (stat.)




CCOpi on carbon @Proton Module

Combination of measurements at on/off-axis would give a model-independent
estimation of the energy dependence of the cross section

MC study is now on-going ! Proton Module INGRID

No B-field at Proton Module... if> i Throug‘%"%".l“% T“w%%'
-> Use INGRID penetration distance il 1 o
for p, determination (100 MeV/¢ resolution) $}> 1 1l |
PID is based on dE/dx i}> | kit ——— (s )
':,:I E-h.naé J“H - u 0 J.L f . : |
= y Cop s, ealy > | M
O 0.06F _ ﬁd (.‘e V 1111 ‘ I f
] p en il Not
o:o4§ J{} y we/ W
o.osi | 34 > = u tl'aGkS
é}‘ b = | - 7 tracks u -like |
00;5"20"'40'3?;;"’2:“703"”%%’%?‘160 T '§ |- p tracks proton-like %
Charge corrected per hit [p.e.] T 10-2; . ‘
Selection cut for PID : A
@ CL.>-25: p-like, C.L. < -3.5 < proton-like | ™ &7\ it '
@  track looks u -like g
-> Only 1 u-like track is required I T U

Selection efficiency is about 80% in MC In(ae )



CCOpi on water @ND280 (FGD)

@ Exiract the dependence of nuclear effects on the target nucleus
= Useful since the T2K far detector is composed of water

@ Scintillators : Water = 50 : 50 (volume) in FGD2

- FGD1 contains only scintillators

@ Subtraction method used to extract the cross section (o “ater) and ratio (

- Water = FGD2 - Scintillators

Vertical scintillators
Horizontal scintillators
Glue, G10 sheets and
polypropylene sheets
- Air w/ G10 spacers
Water

><_ Polycarbonate structure

MC study is now on-going !
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Neutrino energy is well reproduced

by MC for both FGDs




New experiment for measuring H,0 / CH cross sections
- WAGASCI experiment -



Motlvatlon of the WAGASCI experiment

J-PARC

SK B 2 ND280
Target : H,0 v S Target : CH
Acceptance : 4 it Acceptance : Forward

, Error Error Error Error
Systematic error source W, »>v) W,»>v) @,->v) @,->7v,)
vV cross section
due to target difference 4.7% 5.0% 10.0% 9.8%
btw. ND280 and SK
Total 6.8% 1.7% 11.6% 11.0%

In order to reduce this large uncertainty, we are constructing
a new detector for measuring... (for charged current interactions)

@ Cross section on H,0 and CH with 10% accuracy, respectively
Flux uncertainty is a main error

@ Cross section ratio between H,0 and CH within 3% accuracy
Taking the ratio, flux uncertainty is expected to be canceled

12
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Detector geometry

Central detector Muon range detectors (MRDs)
@ H,0 module X2 + CH module X2 @ Iron plates + plastic scintillators

@ Target (H,0/CH) + plastic scintillators || @ |dentify muons
@ Each target has 1X1X1 m3 volume and measure their momentum
and 1 ton mass

.. ‘°~.

Muon Range Detectorssé\ 3.2m

(MRDs)

.......................................

R et
0s 1 15 2 25 ) )S “ 45 S

Neutrino energy [GeV]

Similar energy spectrum
Central detector—— . .cn tafget:
M : H,0 target

M : CH target




Scintillator 14

Detector components ‘e 3 mm thickness

@ WLS fiber is put on each groove

5.0 X5.0X 2.5 cm?

3D grid-like scintillators
@ Each space is filled with target materials
@ Target : scintillator = 79 : 21 (volume) Connected to MPPCs

Box for Japanese cake, “wagashi”

WAter Grid And SCintillator X100
— WAGASCI 32 ch array-type MPPC




Expected performance in MC a

__m”"_v{ __gﬂq_l?ryer‘ Ty @ Large angular acceptance
e @® Wide momentum coverage
..... 3 > 2 700
f _— &1-8 800
s 16
vp““” ; i“\‘ . 4%1_4 500
’ P .'"\.“; g‘-z 400
-3
~ E s
S
...... §°-5 200

ﬂ 100
J\..\LI.\L‘LJ\J\I L ‘L\ l L | 0

20 40 60 ‘g0’ 100 120 140 160 180
Muon scattering angle (degree)

oo B G R P i Y

[ MC events after the selection ]

Background
from outside
Event rate
/ 1021 POT 29450 1060 1640 32150
Fraction 91.6% 3.3% 5.1% 100% —

High statistics & Low backgrounds are expected



Detector Gonstruction Designed by LLR group 16

1 water module has been constructed
MM as a prototype detector (Oct. - Dec. 2015)
> -~ - ) N\

Complete module is installed

into the water tank Electronics boards have been

also prepared



Schedule

Prototype detector
@® ~ May 2016 : Performance test by cosmic-rays
- Event displays (3 samples) show a muon is well reconstructed

Illll

Illllllllllllllllll
lllllllilll'lllllll

h {

$ 5

+ &

1 : 1 1
@® Jun 2016 ~ Summer 2016 : Commissioning / Cosmic data taking
@® Autumn 2016 ~ : Start neutrino beam measurement
WAGASCI detector
@® ~ Summer 2017 : Detector construction
@® Autumn 2017 ~ : Start neutrino beam measurement

17



Summary

@ Model-independent measurements in the T2K experiment
- Measure CCOpi cross section on C at off-axis
- Hint of 2p2h interaction
- Measure CCOpi cross section on C at on-axis
- Combine with measurements at off-axis
-- Measure CCOpi cross section on H,O at off-axis
- Extract the dependence of nuclear effects on target nucleus

@ New experiment is on-going to measure H,0/CH cross section ratio
- Detector has 3D grid-like scintillators -> large angular acceptance
- Prototype H,0 module has been complete, and the data taking
will be started from the beginning of Jun 2016

Projects are all very fine /
Stay tuned for more results of cross section measurements...
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Neutrino Oscillation Probability

1.27Am3, [eV*]L[km]
E[GeV]

P(v, — v,) = sin” 263 sin® #3 sin’(

1.27Am2,[eV2]L[km
P(vy — v,) = 1 — (cos™ 613 sin” 26h3 + sin” 2613 sin” 6h3) sin’( Eg[léﬂr]n[ ]}’

Oscillation phase

to be minimum...

lmmﬂ . ) E~0.6GeV
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Neutrino interaction ratio (CC)

- 1 E =

B w 0.35H— [ w
= I neutrino = anti neutrino
o [ a F
E sl T o
o L T2K flux o o T2K flux
g;c i —— CC Total 3 C —— CC Total
= i —— CCQE o 05 —— CCOE
= sl - -- MEC - - - - MEC
w L CC RES w oz CC RES
== B CC Multi-pi By o CC Multi-pi
= L — CcCDIS S —cCDIs

i o1

0.2/~ -

B 0.05—

[ aaffpmmg=mo= i ‘I'i"r-i—1'hg!-'-|’—:':l-::-—/' . - i e airiaias B iR e wirbed L T

% 2 %

2.5 3
E, /GeV

The fraction of CC events at the T2K energy is about 80%
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T2K Near-detector (Off-axis) 1

~_ Measure the unoscillated neutrino flux
for constraining the flux & cross section
(Off-axis angle : 2.5 degrees)

Some detectors are installed
in the UA1 magnet (0.2 T)

- POD
- TPC
- FGD
- ECal
- SMRD

FGD1 FGD2 DSECAL
POD = ——

e . Tracker
iy FENC @® FGD : Scintillators (FGD1)
i | | | Scintillators + H,0 (FGD2)
.IPCl . . TPC : Malnly Ar (95%) filled
Tracking & Particle ID




T2K Near-detector (On-axis) 1

Upstream view Top view

\JY/ '\TY\V/L,J 'iv/b \'\I\XL/' \Iy/ L/ \'J\v/;‘/ -{v/'};
INGRID
N vertical

modules
Proton Module

INGRID

INGRID horizontal modules

Proton Module INGRID Measure the beam direction, beam profile,
and beam stability.

INGRID (16 modules)
@ Fe + Scintillators (sandwich structure)

_ Proton Module (1 module)
@ Fully active scintillator tracker




arxiv:1602.03652,

Ccopi on Garbon @ND280 under publication on PRD

In order to confirm the robustness of the measurement, 25
two analyses have heen performed.

Analysis |

Good efficiency

Analysis Il

Selection
@ Only muon in TPC
@ 1 muon + 1 proton in TPC

® 1 muon in TPC + 1 proton in FGD
@ 1 proton in FGD + 1 muon in FGD

Selection

@ Only muon in TPC + no 1 in final state
- No proton information used

Analyses | B con

''''' Analysis| o
B8 Extomal
' | No truth

Efficiency 40%
Purity 90%

5 2 25 3
Reconstructed 9,,

F JE - | J¥] | n CC‘O!
< _ .. Analyses I B cC-u
: CC-Orher
. Analysis Il |/ 8KG
EE caormal

Na truth

Efficiency 50%
Purity 70% 1

Py |

g ) 15 3
Reconstructed O ,,




arxiv:1602.03652,

Ccopi on Garbon @NDZBO under publication on PRD

. There are two additional control regions are selected 26
Analysis | in order to constrain charged current event rate
with single-pion and multiple-pion production.

After pre-selection (e.g. 1), a reconstructed negative track in TPC with muon-
like PID and a positive track in TPC with pion-like PID are required.

- Events with exactly two tracks are included in region 5 : CC1 7t control region
- Events with more than two tracks are included in region 6 : CC,,, control region

e L] T L] b
150 o
B Analysis | 2 regaon 5 B soof
180 ) T
- = i T snop
Cit -
L= _.“.m:_
CiThher -
B s © ok
D of’ Y -
0=
o
n" [ [ i i 'l
3 4 5 -1 LR -0& 04 02 0 0 o4a 06 DE |
Heconsirsced p}-llii-r"r'] Reconstructed =i

The fraction of CCOr signal in the control regions is very low
and the CC1 7 (CC,y,,) purity is quite good !




arxiv:1602.03652,

Ccopi on Garbon @NDZBO under publication on PRD
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Likelihood fit (Analysis 1)

 To predict true spectrum from reconstructed spectrum

# of events : [ Signal events 5 bked events ]y MC based
in true bin in reco bin in reco bin reco -> true
bins by topo model bkg reactions maodel >
AT \I( C'C0O7 ((U *MC bkg k dct let
n= 3 fa (e Tug) « 5w Tl wios | et
’ : a

DATA/MC: parameter fitted Free nuisance parameter
(theory + detector)

« Simultaneously fit four topologies and two control samples.

reco ans ATohs

Minimizer: X =Xia+Xpu= ) 2AN;j— N+ N™In-
J

<' ] T \::,ys!

&Yy

et let det det et
= (P — Tpror) (Viow) (7™ —f,,.......>

. ((I‘Hu_'n; Jh nu)(‘ rthe rry) (‘ wy -lf v:y)

« Extract flux integrated cross section -



arxiv:1602.03652,

CCOpi on Garbon @NDZBO under publication on PRD
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Bayesian unfolding (Analysis ll)

 To predict true spectrum from reconstructed spectrum
Prediction in true bin:

u"f()ldd——zpfll B.)
Slgnal - Background

Reconstructed bins

Unsmearing matrix;

x Smearing matrix

ri|t;) P(t;) Extracted

P(r, ) "\ Probability of event being in fame k.
reco and true bin

P(t;lr:) =

-

« Extract flux-integrated cross section from the true prediction




o [fb]

o [fb]

muon cos B 0.60 - 0.70

+ Analysis | g

‘d} —+ Analysis Il ©
% t t

i 1 Al pu [GeV]

muon cos 6 0.80 - 0.85

'ﬂ? + Analysis | i)

m'E_ *AL’( _+_ Anal]l’SiE | o
,EE + l‘*

SE BB

o Bk BEeEEE

arxiv:1602.03652,

Ccopi on Garbon @ND280 under publication on PRD

Good agreement between two analyses
muon cos© 0.70 - 0.80

4Hﬁ - Analysis II

_+_

!

+

~+- Analysis |

"
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" p, [GeV]
muon cos 0 0.85 - 0.90

+

T

|
f

L

¥,

| ko L3 s = sagl

~+ Analysis |
—+ Analysis I

T AP T T
10"

GeV]



arxiv:1602.03652,

CCOpi on Garbon @NDZBO under publication on PRD

0 [%10.5 cm? nucleon']

o , , 30
Analysis | Results indicate the presence of 2p2h interactions,
but it is difficult to make a conclusion ...more data desired !
/ Muon cos 6 0.70 - 0.80 \ Muon cos 6 0.80 - 0.85 - Muon cos 6 0.85 - 0.90
%L —__ Martini et al. g“-”‘ gn 3
= nzf RPA a1
8 o H g ' B 8 ++
e E e T
i . =% o + ] =
:t_: i _+_ ::; i pog— _+_ =+=
Msi- : LR o - o = e '3r_.: } | R s i Ll I:G-_I+__ L Ll Ll
~ Muon momentum [GeV] " ™ Muon momentum [GeV] "™ Muon momentum [GeV]
“-"';— Analysis I
o8- Results are in agreement
osf- —}— T2K data with both NEUT and GENIE predictions
0.4 f_ NEUT (nominal) flux avg
R A neut momina precicion | | [ntegrated cross sections [ % 10-38 ¢m2 nucleon]
EE s fucx avg I :0.417 £ 0.047 (syst.) £ 0.005 (stat.)
E CEME preciction (NEUT prediction : 0.444)
, | (e : 0.202 £ 0.0359 (syst.) = 0.0026 (stat.)
K ‘ 2 R : (NEUT prediction : 0.232)
Neutrino energy [GeV]




CCOpi on carbon @Proton Module =

PID selection
@ Estimate a confidence level that a particle is a muon on a plane-by-plane basis

@ The expected dE/dx distribution of muons is obtained from the beam-induced
muon backgrounds which are mainly created by the neutrino interactions
in the walls of the detector hall

4 i )
_1(=InP
L. i 1 ), P =TI, CL,

n : Number of penetrated scintillator plane
\CLi : Calculated confidence level at the i-th plane as a function of dE/dx)

In the case where the track penetrates only two planes,
_ 4 _ (1 1
CL=1-[ dx fP/x dy
=P(1-InP)




CCOpi on carbon @Proton Module =

0, [degrees]

Bayesian unfolding method is used. P(Ci|E;) = > P

[True] Event in b|n pu, 0,

IBI]

PO[RMSy 1485

[Recon] Event in b|n d,, 6,

P(Recon.|True)

(MC simulation)

P(True|Recon.)

(Baye theorem)

8, [degrees]
S

Igll

Igllllgllllglllllll

[y
=
TTTTTT

ol

P(E;|C;) -

Mean x B 6
5 Bl Mean ¥ .82
Lo RMSx 1484

P(C;) g

o
=
T

Number of events

Reconstruction distribution

d, [cm]

Number of events

Angle distribution

[ - L
AL

8, [degrees]

(Ej|Ck) - P(Ck)

Uncertainty : 10~20%
- Not enhanced by
the unfolding method

—| Data box will be
opened very soon !




CCOpi on carbon @Proton Module =

* 3 samples for muon propagating through downstream INGRID detector :

¢ — High momentum sample (p > 1GeV).
| — Differential 6_
| — High statistics (~40 % of the total sample) since
| on-axis flux highly energetic.
i Stopping u:
— Differential P : 0.1 - 1GeV.
— Differential EJ;_
— Low statistics (~5 % of the total sample).
Side escaping
- No p,: prediction — not used

Proton Module Standard module  Through-going n:

|
(W | '[I.n‘ﬂ-lh'-h mmﬂlﬂﬂﬂn
| &

* Flux of neutrino interacting in the PM

Ei'm: = i?m + Most of the 1 are through-going
Sropping 50 ~Through-going-u- b (44 % of all interactions, 5 % for
n 51200— - S .
21000 - Bkg stopping)
- &= INGRID H Bkg
B - INGRID V Bkg

|-

+ PM flux spread from 0.5 — 3 GeV :
covers both MiniBooNE & Minerva

— ideal to check incompatibilities.



CCOpl on carbon @ND280 (FGD) W=

Nwater — ﬁJing . G_Er_'int _ TngE_K‘r"ﬁke _ qn)fgdi
where TngE_K‘r"ﬁke :ngdE,HV+ ngd;l_lfirtua.l'x‘r"
vfgd
scint __ ng '
T — Tfgd1 gfgd1
A jfgd?2 njfedl ' i
Jwater B N.\'{g ng ngdl_,l'{ Ylike
k T fed2_waterlike | (;')fgdi T fedl . ¢,fgd1 T fed2_waterlike
Urivater ﬁur:Ed 2 ngdl (;'}fgdl ngd;}_ XY like
Jiﬂnt o ﬁf:gdl T fed2_waterlike ‘i‘)fgdi T fed2_waterlike
34




Detector candidate location

x10'S

O : WAGASCI
[ : ND280

INGRID

==l || On-axis

Neutrino flux[/25MeV/102'POT]

0 1 2 3
Neutrino energy[GeV]

WAGASCI

In the T2K near-detector hall at an off-axis angle 1.6 degrees
- ND280 is located at an off-axis angle 2.5 degrees

Neutrino energy spectrum is similar between WAGASCI and ND280
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Detector components

Scintillator 36

@ 3 mm thickness

5.0 X5.0X 2.5 cm?

@ WLS fiber is put on each groove

3D grid-like scintillators

@ Each space is filled with target materials
@ Target : scintillator = 79 : 21 (volume)

Connected to
array-type MPPCs

x10°

a
8
AL MATIAM A AL LA AL LAY

@® OId type
@ New type 1

@ New type 2

e el e e e et e B

I
E

3

4

AV V)

X100

Multi-pixel photon counter (MPPC)

@ 32 ch new MPPC
@ Low noise



WAGASCI ele_c_tronics

configuration data — =
!Readout data

Read-out electronics is

tested by LLR group, in France
OMEGA SPIROC2D chip will be
used in ASU boards.

Readout data

‘ clock [ trigger

CCC

I signal from

trigger system

MPPC (~56 v]‘ 'Chip (5V)

! Setup for the test operation

37




WAGASCI event selection %

Fiducial volume

MRD

WAGASCI
detector

@ ldentify muon
- At least one track should penetrate more then one iron layer in MRD

2 Measure muon momentum
- Track should stop in MRD or penetrate all layers

@ Reject background from outside
- Vertex should be in Fiducial volume
- Track should go outside from target module




