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The T2K Experiment

« Tokal-to-Kamioka (T2K): Neutrino Oscillation experiment

= [ ocation: Japan » Beam: J-PARC Lab 30 GeV proton beam
= Baseline: ~295 km Designed to produce ~0.6 GeV v,

» Far Detector:  Super-Kamiokande = Near Detectors: In J-PARC campus
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T2K Near Detectors
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T2K Near Detectors

Beam view
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T2K Near Detectors

e On-AXxis:
* INGRID . lMagnet open’sfate.
o 16 Modules of Iron and Scintillator e S
« Off-Axis (ND280):
Pi-Zero Detector (P@D)

Tracker
o 3 Time Projection Chambers (TFPC)
o 2 Fine-Grain Detectors (FGD)

Surrounded by Electromagnetic Calorimeters
Housed inside a 0.2 T Magnet
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T2K Far Detector
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Neutrino Oscillation

 T2K Oscillation results
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Neutrino Oscillation

 T2K Oscillation results
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* For “Best fit” and background prediction
T2K needs: a Near Detector to constrain
(unoscillated) beam flux x V Cross sections
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Oscillations and Cross Sections

Cross section model (MC) Flux model
External data tuning External data from
(Minerva and/or MiniBooNE) NA61 (CERN)
\ )}
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Near Detector data fit
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Oscillations and Cross Sections

Cross section model (MC) Flux model
External data tuning External data from
(Minerva and/or MiniBooNE) NA61 (CERN)
\ )}
\

l

Near Detector data fit
Tune cross section, flux and background
parameters to the ND data sets

Constrain FD flux and subset
of cross-section parameters
and extract an event rate
prediction at the FD

\Z
Far Detector data fit
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Oscillations and Cross Sections

Cross section model (MC)

External data tuning

(Minerva and/or MiniBooNE)

\

Flux model

External data from

NA61 (CERN)
)
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Near Detector data fit

Tune cross section, flux and background
parameters to the ND data sets

Constrain FD flux and subset
of cross-section parameters
and extract an event rate
prediction at the FD

Far Detector data fit >

\4

Use the combination of ND and

Events/0.10 GeV

external errors in oscillation fits at FD
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Oscillations and Cross Sections
@ section@(MC) Flux model

xternai data tuning External data from
(Minerva and/or MiniBooNE) NA61 (CERN)
\ )}
|
l V cross sections are key ingredients

Near Detector data fit
Tunecross section, flux and background
parameters to the ND data sets

Constrain FD flux and subset

oflcross-section parameters .
v,—V, Disappearance
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T2K Cross Sections

* T2K v, beam energy peaks ~0.6 GeV o oo

i 10%¥ ecm2/
v cr.gss gctlglll%( 0™"c n G._eLV)
o ” h m mI 1 IAI 1 IMI 1 Ih

PN 1 i
10" 1 10 102
E, (GeV)

T2K v beam energy, 0.6 GeV

16



T2K Cross Sections

* T2K'v, beam energy peaks ~0.6 GeV Y L Cross Sectlons
e Charged Current (CC)
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T2K Cross Sections

* T2K'v, beam energy peaks ~0.6 GeV Y L Cross Sectlons

e Charged Current (CC)
= CC Quasi Elastic (CCQE)
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T2K Cross Sections

» T2K v, beam energy peaks ~0.6 GeV Y L Cross Deetlons
e Charged Current (CC)
= CC Quasi Elastic (CCQE)
= CC RESonance or CC 1n

v cross section /E, (1 0% cm?/ GeV)
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T2K Cross Sections

* T2Kv, beam energy peaks ~0.6 GeV 5 —— oo

31.4_
« Charged Current (CC) ik
» CC Quasi Elastic (CCQE) 30;

= CC RESonance or CC 1n
= > few GeV DIS processes will dominate
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T2K Cross Sections

* T2K v, beam energy peaks ~0.6 GeV o oo

e Charged Current (CC)
= CC Quasi Elastic (CCQE)

E (1 0% cm?/ GeV)
- N B

= CC RESonance or CC 1n Zo.6f
= > few GeV DIS processes will dominate 8o}
« Neutral Current (NC) =
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[
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T2K Cross Sections

* T2K'v, beam energy peaks ~0.6 GeV Y L Cross Sectlons

s
» Charged Current (CC) %::
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T2K Cross-Section Results

'« On-axis near detector —
= v, CCinclusive in E, range 1-3 GeV

o (Off-axis near detector
= v, CC 1n* (exclusive) on CH

» Far detector — Made public recently
= v, NCQE (exclusive) on O

—

y . Anti-vH: Off-axis near detector
= Anti-vILl CC inclusive on CH and O
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T2K Cross-Section Results
&_On-axis near detector >

= v, CCinclusive in E, range 1-3 GeV
« Off-axis near detector
= v, CC 1n* (exclusive) on CH

* Far detector
= v, NCQE (exclusive) on O

Sl (~10m

. Anti-vH: Off-axis near detector
= Anti-vILl CC inclusive on CH and O
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v, CC Inclusive In E, range 1- 3 GeV

 Motivation

= Few v cross-sections measurements on heavy nuclei
in this low E, range

Sl (~10m
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» Few v cross-sections measurements on heavy nuclei |

in this low E, range i
« Energy spectrum |
= “off-axis” angle/E  dependence
[INGRID: 0° —1.1°]
» The idea: Group modules by position from center
<10
% r — Module 37
% 60— i Module 2]
= | . 1, il - Module 1]
% 40_ :'5.: ModuleO_:
e L4 i
2 T T T
E, (GeV)
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 Motivation

» Few v cross-sections measurements on heavy nuclei
in this low E, range

i 77 ~10m
* Energy spectrum
= “off-axis” angle/E  dependence
[INGRID: 0° —1.1°]
. - ~10m
» The idea: Group modules by position from center
* Neutrino flux X1
. . = r — Module 37
= Flux prediction, for E, < 3 GeV: ~95% v, TP .
..g we: Module 1]
. 40—') 40_ . R 1 I Module 0
Neutrino energy range [GeV] 8 "
S
Flavor 0-1 1-2 2-3 3-4 > 4 Goof fu '
v, 94.2% 96.8% 95.4% 89.7% 86.5% z bl o,
v 48% 2.7 8% 7.9% 9.3 <07 1 2 3 42
Va 8% 7%  3.8% 2 2 E, (GeV)
v, 0.9% 05% 0.7% 2.0% 3.5%
v 0.1% 0.0% 0.1% 03% 0.6% 28
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v, CC Inclusive In E, range 1- 3 GeV

» Event selection (for each module)
= |dentify all 3D tracks in an interaction il
= The tracks should be in-time with the beam bunches &
= pcandidate: The longest track in the bunch g

= Tag vertex position (most upstream hit or
tracks originating position)

= Vertex: Should start in the fiducial volume

Ml | ~10m

Side view Top view
SUANE | (R
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v, CC Inclusive In E, range 1- 3 GeV

 Event selection (for each module)
= |dentify all 3D tracks in an interaction i &
= The tracks should be in-time with the beam bunches Ji§ESN
= u candidate: The longest track in the bunch -

= Tag vertex position (most upstream hit or
tracks originating position)

= Vertex: Should start in the fiducial volume

« Event topology
= Down Stream (DS)-escaping

b M ~10m

" non- DS-eSCaplng Side view Top view
WA Side escaping U
[ ”
v L v % \
2 %\}”—H é# lﬁ " Fully|contained /
u
...... > /7 smnmmey 7
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Measurement method
= |east y? fit to vertex Z position

v, CC Inclusive In E, range 1- 3 GeV

Sl (~10m

Tracking plane (X,Y)
Iron plate zZ—
10cm 1 H H
A
FV
100cm
10cm i

Tracking
plae#012345578910
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 Measurement method

= |east y? fit to vertex Z position
= Fit 14 PDFs

(7 module groups x 2 topologies)

Sl (~10m

Tracking plane (X,Y)
Iron plate zZ—
10cm 1 H H
A
FV
100cm
v
10cm i

Tracking N
s 0 1 2 3 4 5 6 7 8 9 10
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« Measurement method
= |east y? fit to vertex Z position

» Fit 14 PDFs
(7 module groups x 2 topologies)

= For 4 energy bins
(0.5-0.8,0.8-1.4, 1.4-2.6, 2.6-4.0 [GeV])

Side escaping

u
K WV
>
Y Fully|contained
‘\:l& T

Sl | ~10m

Tracking plane (X,Y)
Iron plate zZ—

10cm 1

100cm

FV

L J
10cm i

Trackingy ¢ 5 3 4 5 6 7 8 9 10

plane#
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« Measurement method
= |east y? fit to vertex Z position

» Fit 14 PDFs
(7 module groups x 2 topologies)

= For 4 energy bins
(0.5-0.8,0.8-1.4, 1.4-2.6, 2.6-4.0 [GeV])

= The fit includes uncertainties on:
beam flux, physics models, detector response
and pion Final State Interaction (FSI)/Secondary Interaction (Sl)

Tracking plane (X,Y)
Iron plate zZ—

Ml | ~10m

10cm3 H H
A

Side escaping

H
p Y
| — W .
Fully|contained 100cm
El:& T

L J
10cm i

Tracking A
s 0 1 2 3 4 5 6 7 8 9 10
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v, CC Inclusive In E, range 1- 3 GeV

* Results

= Required continuous at the 4 energy bins edges
(linear interpolation)

Sl (~10m
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* Results

» Required continuous at the 4 energy bins edges

(linear interpolation)
= Final 3 E, measurements

(averaging on neighboring bins)

cc _ -38 cm°
c°°(1.1GeV) =(1.10 £ 0.15)x10 ucleon

e B -38 cm”?
o (2.0 GeV) =(2.07 +0.27)x10 nucleon

cc _ -38 cm’?
c°°(3.3GeV) =(2.29 + 0.45)x10 L ucleon

= Dominant systematics uncertainties
Flux (8%-9%), FSI/SI (6%-7%),
Detector (~4%)

6 (cm*/nucleon)

%107’ x10°
50 ' T ¥ I H T ¥ T v T & I '
| & T2K INGRID o
4o & T2K INGRID flux ave. A e
30~ g 3 :
" i P —1000
& * —¥ MINOS ]
— o i NEUrl‘ ;1
10 A 0 GENIE 1500
NEUT flux average -
- ==== GENIE flux average 7]
% 1 2 3 4 5 6 7T
E, (GeV)
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T2K Cross-Section Results

* On-axis near detector
= v, CCinclusive in E, range 1-3 GeV

@_Off-axis near detector >

= v, CC 1n* (exclusive) on CH

 Far detector
= v, NCE (exclusive) on O

. Anti-vH: Off-axis near detector
= Anti-vILl CC inclusive on CH and O
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v, CC 1n* on CH

Motivation

* One of the main processes in the intermediate
energy range (<4 GeV) with large uncertainties

» The dominant background uncertainties

for oscillation analyses (T2K and others...)

Scintillator

FGDhﬂn

Scintillator

FGD2
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v, CC 1n* on CH

 Motivation

* One of the main processes in the intermediate
energy range (<4 GeV) with large uncertainties

» The dominant background uncertainties
for oscillation analyses (T2K and others...) ‘- L
* Analysis strategy
= Measure both outgoing p and = from the interaction
= Calculate differential cross sections from the particles kinematics

Scintillator
-
o
Scintillator

FGDI -
FGD2




v, CC 1n* on CH

» Event selection
» Tag the u- candidate in the interaction

= u candidate: in time with beam
bunches and in fiducial volume

Scintillator
-
o
Scintillator

FGDI -

FGD2




v, CC 1n* on CH

* Event selection
» Tag the u- candidate in the interaction

= u candidate: in time with beam
bunches and in fiducial volume

= Scan the secondary tracks
and sort into 3 topologies

CCox CCln CCOther
(CCQE 64%) (CCRES 40%) (CCDIS 68%)
3 _—— .
/’l-l// \
P - / I J
l'c-““‘m\_~ H
— |

(FGDI -

Scintillator

FGD2

Scintillator
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v, CC 1n* on CH

 Event selection

» Tag the u- candidate in the interaction

= u candidate: in time with beam
bunches and in fiducial volume

= Scan the secondary tracks
and sort into 3 topologies

» Improve identify the = candidate
(with TPC and FGD PIDs)

= Select only the interactions
with 1 = candidate

CCOn CCin CCOther
(CCQE 64%) (CCRES 40%) (CCDIS 68%)

Number of entries

\\

Scintillator
k=
\
Scintillator

(FGDI -
 FGD2

: T I TT T I TTTT I TTTT I TTTT I T ml:l
1 B coeim
B -1
CC-Onther
| BELG

I Exicrnal

Pais tiiith

$00 1000 1500 2000 2500 3000 3500 4000 4500 S000
P, (MeV/c), muon candidate
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v, CC 1n* on CH

* Event selection
» Tag the u- candidate in the interaction

= u candidate: in time with beam
bunches and in fiducial volume

= Scan the secondary tracks
and sort into 3 topologies

» Improve identify the = candidate
(with TPC and FGD PIDs)

= Select only the interactions
with 1 © candidate

CCon CClin CCOther
(CCQE 64%) (CCRES 40%) (CCDIS 68%)
- H:_,_,.-’"‘_J =" \
//_'_./ ) L / /
]’I[-“H““a .

Number of entries

180 .
1605
1400
120E
1005

Scintillator
-
o
Scintillator

FGDI -
'FGD2

p, (MeV/c), pion candidate
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v, CC 1n* on CH

Measurement method
= Utilize iterative Bayesian unfolding technique

FGDI -

Scintillator

Scintillator

FGD2
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v, CC 1n* on CH

* Measurement method
= Utilize iterative Bayesian unfolding technique
= Flux integrated, extract from

X = observable,
e AX = bin width, :
<@G> NEHO ¢ N, = estimated #
—) = of true events,
X[ &AXT¢ g, = efficiency,

¢ = integrated v, flux,
T = # target nucleons

= QObservables:
P, C0SO, Py 0, 0,0 E,, Q% |dsf, W

pr!

Scintillator

FGDI -

Scintillator

FGD2
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v, CC 1n* on CH

Measurement method

= Utilize iterative Bayesian unfolding technique

= Flux integrated, extract from
X = observable,

AX = bin width,

N, = estimated #
of true events,

g, = efficiency,

unfolded
N k

<5_0> _
oX /[ &AXT¢

¢ = integrated v, flux,

T = # target nucleons

= QObservables:
P, C0SO, Py 0, 0,0 E,, Q% |dsf, W

UTT?
= Included 2 side-bands to constrain
different backgrounds

b o

Scintillator
<
\
Scintillator

(FGDI -

FGD2
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v, CC 1n* on CH

Measurement method

= Utilize iterative Bayesian unfolding technique

= Flux integrated, extract from
X = observable,
AX = bin width,
N, = estimated #
of true events,
g = efficiency,
¢ = integrated v, flux,
T = # target nucleons

unfolded
N k

<5_0> _
oX /[ &AXT¢

= Observables:
P €080y, Py Oy O, B, Q% 03], W
= |ncluded 2 side-bands to constrain
different backgrounds

= Sources of systematics uncertainties:
beam flux, physics models,
detector response and pion FSI/SI

Scintillator
<
\

FGDI -

Scintillator

FGD2

Source with side-bands | without side-bands
XSection paramelters 8.07% 9.4%
FSI 1.6% 1.75%
Flux 15.9% 18.14%
B-Field 0.11% 0.093%
Charge confusion 6.24% 6.99%
FGD mass 0.73% 1.02%
FGD PID 0.07% negl.
Michel syst. 0.33% 0.356%
Momentum resolution 0.62% 0.33%
Momentum scale 0.38% 0.38%
OOFV 4.6% 5.17%
Pile-up 0.16% 0.219%
ECal efficiency 0.24% 0.48%
SI Pion 5.04% 5.28%
TPC cluster efficiency 0.0002% 0.001%
TPC-FGD matching efficiency 0.07% 0.096%
TPC PID 0.2% 0.28%
TPC tracker efficiency negl.% negl.
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v, CC 1n* on CH

Results

= Restricted phase-space
0,0,<78%p, p,>200 MeV
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v, CC 1n* on CH

085 =cos & <0890

o RESU |tS : 0.25 C = flux
= Restricted phase-space F i
0,0,<78%p,p,>200MeV &} B s
e B [ < stasistics
[ ] dzO'/dpludCOSelu -._.; 015 :— ! ::::u::mm
,,3 E N ——— Data |uidolded viith NEUT)
&
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v, CC 1n* on CH

* Results

= 05g ] flux
= Restricted phase-space § ossl pfofz,%g?&ezv .-
OM’ On < 780, pM’ P, > 200 MeV é M; coS 67 >0.2 | 7] detector
5 035 [ | mcstatistics
u dZO-/d pludCOSGIu f 03 [ data statistics
= = NEUT (from truth
u dO- / d p T I\E"ﬂfplzsé_ Data (:nfolded w:th NEUT)
© 02
0.155—
0.12—
D.US’E
[y [ |

11 111 111 1 L |
0.4 06 0.8 1 1.2 1.4 1.6 1.8 2

0 0.2
p, ! GeV
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v, CC 1n* on CH

* Results

= ddldf,

- - - flux
. § g1a— cos 6,>0.2
= Restricted phase-space § 0, >200. MeV -
= O cross section
e ) en < 780; p y pTC > 200 Mev E 0I12: €o8 eﬂ )O' l:l detector
1) h) o C P, >200. MeV -
2 NE 01— l:l MC statistics
u d O-/d p/,ldCOSGIU ﬁo - - data statistics
"E 0.08— NEUT (from truth)
u dO- / d pﬂ: -8 o E Data (unfolded with NEUT)
©0.06—

0.02
0 1 1 | 1 1 I 1 | | 1

0 0.5 1 1.5 2 25 3 35 4

@Tt
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v, CC 1n* on CH

Results

= Restricted phase-space
0,0,<78%p, p,>200 MeV

= d%/dp,dcos0 ,
= do/dp,
= ddldf,
= do/dQ?

Note: NEUT = v MC generators

= oar I
§ [ cos 6, >0.2 ]
@ C FSI
S 035 p, >200. MeV
E C l:l cross section
E 0.3 :_ l:l detector
3 - [ | mc statistics
ﬁo 025— - data statistics
'E NEUT (from truth)
~ 02
=] by} Data (unfolded with NEUT)
EE

0 | N T S T N I T I N I Y O S [ Iy v |
0 0.1 02 03 04 05 06 07 08 09 1
Q% GeV
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v, CC 1n* on CH

* Results . —
- g ’ - ep 0. flux

= Restricted phase-space $s F pfcf200‘ |8|§v 5 |

eu, en< 780, p“’ pﬂ? > 200 Mev g: | E [ | detector

T ool [ | Mc statistics

" doldp,deost), s e
u d (0] / d p . gV%& 1 :_ Data (unfolded with NEUT)
= ddldf, 01
u dO'/dQ2 0.053—
- dO-/dW 8; 1 1.5 2 .?.5I 3 35 I 4
= Dominant systematic uncertainties:

Flux (~15%), Detector (~6%) , FSI/SI (~5%)
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T2K Cross-Section Results

* On-axis near detector
= v, CCinclusive in E, range 1-3 GeV

o (Off-axis near detector
= v, CC 1n* (exclusive) on CH

* [ar detector

@ NCQE (exclusive)@

. Anti-vu: Off-axis near detector
= Anti-vlLl CC inclusive on CH and O

J-PARC

30GeV decay volume Off-axisND
proton beam . v
= ---- s=-- - S T -
- o
target&3horns [l B Hefko -l [ s] L
beam dump %%%“- 4

muon monitor
| On-axis ND (INGRID) [ 54
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SK: v, NCQE Cross section on O

o M Otivati On |Pr|mary Gamma | v
» Direct impact on the atmospheric w
background for low_energy 00 1__,, [Observe Cherenkov light l
phenomena in neutrino experiments 0, N’ 0"150
porn
~x0m
* Topology vose ool
. . econdary Gamma
= We look for de-excitation ys in SK’s 160 1SN* o 150"
lowest-energy sample (4-30 MeV) °®

= To be able to 1solate ys from NCQE
interactions on oxygen
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SK: v, NCQE Cross section on O

Motivation

= Direct impact on the atmospheric
background for low-energy
phenomena in neutrino experiments

* Topology

= We look for de-excitation ys in SK’s
lowest-energy sample (4-30 MeV)

= To be able to 1solate ys from NCQE

Event selection:
Tight timing cut (around beam bunch time)

interactions on oxygen

4 MeV <E

Remove beam-related background

o Reject likely decay electron events

Reco

<30 MeV

o Cherenkov angle cut > 349

Observed: 43 electron-like events

[ Primary Gamma ]

99 7 o=

5N or 150"

~0m
000 )
=00

(~ 6MeV)

[ Observe Cherenkov light |

=@@= | Secondary Gamma

160 15N* orlSO*

Number of events

Reconstructed energy (MeV)

—4— RUNI-3 data
NCQE

B cc
V7 Beam-unrelated
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SK: v, NCQE Cross section on O

* Measurement method [Primary Gamma |
~ 6MeV
= Cross section extracted from w
NObS Nexp th =x0a 1_,, IObserve Cherenkov light |
obs _ BG eory 16 15
(oncor) = NexD NP (O-NCQE ) O N N or*0’
porn
- ~Om
obs = observed in data il
exp = expected by MC = =@@= | Secondary Gamma
BG = background 160 BN* or 50"

(oncos” ) = 2.01x 10738cm? [PRL 108 (2012) 052505] °®
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SK: v, NCQE Cross section on O

(Uﬁilgsé]s

>_

Measurement method
Cross section extracted from

Nexp N

obs = observed in data
exp = expected by MC
BG = background

) = 2.01 x 1038cm? [PRL 108 (2012) 052505]

( theory

ONCQE

Results

obs _ 5 €XDP
exp

>0

theory> 160

NCQE

porn

= Flux-averaged v-Oxygen NCQE

(Uﬁlgséfz

) = 1.557

0.71
0.35

= Dominant systematics
o Primary (15%) and secondary (13%) y productions
o Flux uncertainty (10%)

 First measured v-Oxygen NCQE cross sectlon' )

X 10738cm? /nucleus

| Primary Gamma |

s T

7  p@n

15N* or 150*

~0m
000 )
160

°o®

6MeV)

[ Observe Cherenkov light l

Secondary Gamma

O Oom

15N* orlSO*

| —e— T2K data
T2K v flux

6 (107 cm?)

4 T T T T ' T T T T
Ankowski NCQE cross section

Flux-averaged Ankowski NCQE cross section -

2+ —_— .

1 1 1 I 1 1 1 1 i
1 1.5 2
Neutrino Energy (GeV)
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T2K Cross-Section Results

* On-axis near detector
= v, CCinclusive in E, range 1-3 GeV

o (Off-axis near detector
= v, CC 1n* (exclusive) on CH

 Far detector
= v, NCE (exclusive) on O

«_Anti-v,: Off-axis near detector

= Anti-vILl CC inclusive on CH and O
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Anti-vu CC inclusive on CH and O

+ Motivation Iy EECiEE
» Very few anti-v measurements in ;’E ‘-jg s cmemmmamien  x mvmamn
the intermediate energy range (<4 GeV) %o.a ‘i‘ &W VN - WX
= [mportant input to anti-v oscillation 3 =
analyses and CP measurements af TR TN
o b o s e saliandsusiiraiasli

1 10 100 150 200 250 300 350

PDG 2014 E, (GeV)
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Anti-vu CC inclusive on CH and O

IHEP-ITEP, SINP 30, 527 (1979)

Y ANL, PRD 18, 2521 (1879) v
- - ; 16 - @ ArgoNeuT, PRL 108, 161802(2012) v |HEP-JINR, ZP C70, 39 (1996)
. M Ot I Vat I O n (0] . © BEBC, ZPC2 187 (1979) ® MINOS, PRD 81, 072002 (2010)
0 A BNL, PRD 25, 617 (1982) 4 NOMAD, PLB 660, 19 (2008)
~ 14 CCFR (1997 Seligman Thesis) & NuTeV, PRD 74, 012008 (2006)
N O CDHS, ZP C35, 443 (1987) X  SciBooNE, PRD 83, 012005 (2011)
. . . E 12} ® GGM-SPS, PL 104B, 235(1981) ¥ SKAT, PL 81B, 255(1979)
Very few anti-v measurements in 2 . T2 0 Gz 2t
~
o
™
=

the 1nterme.:d1ate energy rang.e (<.4 GeV) i ‘i‘ ______ NELLEC
= [mportant input to anti-v oscillation S| T X
analyses and CP measurements

* Two Analyses ooeaoia T T R G

1. Measure differential cross sections by p, and 6,
2. Measure o(v)and o(v)/o(v) cross-section ratio
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Anti-vu CC inclusive on CH and O

* Motivation S iEmEETiEEDET
= Very few anti-v measurements in 5" Jommmmzem pmmmmem
the intermediate energy range (<4 GeV) % _ ‘i‘ ity o wNowx
» Important input to anti-v oscillation 8 L A L
analyses and CP measurements TN WX
* Two Analyses < -7

1. Measure differential cross sections by p, and 6,
2. Measure o(v)and o(v)/o(v) cross-section ratio

 Event selection

» Tag the u* candidate in the interaction

= u* candidate: in time with beam bunches
and in fiducial volume
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Anti- v, CC Inclusive on CHandO

. Motlvatlon

" Very few anti-v measurements in
the intermediate energy range (<4 GeV)

* Important input to anti-v oscillation
analyses and CP measurements

* Two Analyses

1. Measure differential cross sections by p, and 6,

2. Measure o(v)and o(v)/o(v) cross-section ratio

* Event selection
» Tag the u* candidate in the interaction

= u* candidate: in time with beam bunches
and in fiducial volume

» Check: u*is the highest-momentum track

In the interaction — removes - contamination

* ANL, PRD 18, 2521 (1979)
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 1048, 235 (1981)
GGM-PS, PL 84B (1979)

meEOo» O

v |HEP-ITEP, SINP 30, 527 (1979)
¥ IHEP-JINR, ZP C70, 39 (1996)

@ MINOS, PRD 81, 072002 (2010}

4 NOMAD, PLB 660, 19 (2008)

< NuTeV, PRD 74, 012008 (2006)

X SciBooNE, PRD 83, 012005 (2011)
¥ SKAT, PL 81B, 255(1979)

% T2K, PRD 87, 092003 (2013)

10 100 150 200 250 300 350

E, (GeV)
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Anti- v, CC inclusive on CH and O

* ANL, PRD 18, 2521 (1979) v |HEP-ITEP, SINP 30, 527 (1979)

. Motlvatlon

" Very few anti-v measurements in
the intermediate energy range (<4 GeV)

* Important input to anti-v oscillation
analyses and CP measurements

* Two Analyses

1. Measure differential cross sections by p, and 6,

>1s-

0

~ 14r

£
o
£

o

Z

S— -
. 06
O

© o04fF

0.2

0

]

o 12
1F
08

meEOo» O

1
PDG 2014

2. Measure o(7)and o(v)/o(v) cross-section ratio s

* Event selection
» Tag the u* candidate in the interaction

= u* candidate: in time with beam bunches
and in fiducial volume

» Check: u*is the highest-momentum track

In the interaction — removes - contamination

Vv

ArgoNeuT, PRL 108, 161802(2012) v |HEP-JINR, ZP C70, 39 (1996)
BEBC, ZP C2, 187 (1979) @ MINOS, PRD 81, 072002 (2010}
BNL, PRD 25, 617 (1982) 4 NOMAD, PLB 660, 19 (2008)
CCFR (1997 Seligman Thesis) < NuTeV, PRD 74, 012008 (2006)
CDHS, ZP C35, 443 (1987) X  SciBooNE, PRD 83, 012005 (2011)
GGM-SPS, PL 1048, 235 (1981) ¥ SKAT, PL 81B, 255(1979)
GGM-PS, PL 84B (1979) % T2K, PRD 87, 092003 (2013)

V,N—- u'X

PP PP BT FEE TS PR TR FEE TS FER T R ETE S
10 100 150 200 250 300 350
E, (GeV)

sample ,u candldate

| L _+_ Em i,
- CC-On
- CC-I
CC-oihier
B cxc
- ot FV
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Antl-v CC inclusive on CH and O

* ANL, PRD 19, 2521 (1979) ¥ IHEP-ITEP, SUNP 30, 527 (1979)
ArgoNeuT, PRL 108, 161802(2012) v IHEP-JINR, ZP C70, 39 (1996)
BEBC, ZP C2, 187 (1979) @ MINOS, PRD 81, 072002 (2010)
BNL, PRD 25, 617 (1982) 4 NOMAD, PLB 660, 19 (2008)

CFR (1997 Seligman Thesis) < NuTeV, PRD 74, 012008 (2006)
CDHS, ZP C35, 443 (1987) X  SciBooNE, PRD 83, 012005 (2011)
GGM-SPS, PL 1048, 235 (1981) ¥ SKAT, PL 81B, 255(1979)
GGM-PS, PL 84B (1979) ¥ T2K, PRD 87, 092003 (2013)

-
(2]
—

. Motlvatlon

" Very few anti-v measurements in
the intermediate energy range (<4 GeV)

-
»
| | o<o» O

e/ E, (10°° cm?/ GeV)
S
?ﬁ
=2
R
Hl= =
: >

* Important input to anti-v oscillation

e X §
»
T 2 L §

----------------- $ *W"““"“’“‘"‘-"*@*
analyses and CP measurements 02f g TN S X
1) TR BRI P FEE T FET RS SRR TN FET TS SR Ees e
* Two Analyses oa20ts T T E Gew)

1. Measure differential cross sections by p, and 6,

v sample: ©* candidate

2. Measure o(v)and o(v)/o(v) cross-section ratio

Events

 Event selection

» Tag the u* candidate in the interaction

= u* candidate: in time with beam bunches
and in fiducial volume

» Check: u*is the highest-momentum track
In the interaction — removes - contamination

0[]



Anti-vu CC inclusive on C

Measurement method

e/ E, (10°° cm?/ GeV)

o o o - - ak
P ®» © 4 N b O
—

o
)

EEOOCrO e %

o

PDG 2014

ANL, PRD 18, 2521 (1979)
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 1048, 235 (1981)
GGM-PS, PL 84B (1979)

10 100 150

XX O >0 <4«

Hand O

IHEP-ITEP, SINP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010}
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255(1979)

T2K, PRD 87, 092003 (2013)

200 250 300 350

E, (GeV)
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Antl-v CC inclusive on CH and O

. Measurement method
= Cross section extracted from

corrected X = Observable,
oo = Ny AX = bin width,
X /. &AX,Tg Ng=estimated # of
true events,
& = efficiency,
¢ = integrated flux,
T = # target nucleons

= N, via
o Analysis 1: unfolding
o Analysis 2: background subtraction

1.6
14
1.2

0.8
0.6

e/ E, (10°° cm?/ GeV)

04

ANL, PRD 19, 2521 (1979) IHEP-ITEP, SINP 30, 527 (1979)
ArgoNeuT, PRL 108, 161802(2012) v |HEP-JINR, ZP C70, 39 (1996)
BEBC, ZP C2, 187 (1979) @ MINOS, PRD 81, 072002 (2010)
BNL, PRD 25, 617 (1982) NOMAD, PLB 660, 19 (2008)
CCFR (1997 Seligman Thesis) NuTeV, PRD 74, 012008 (2006)
CDHS, ZP C35, 443 (1987) SciBooNE, PRD 83, 012005 (2011)
GGM-SPS, PL 1048, 235 (1981) SKAT, PL 81B, 255(1979)

L GGM-PS, PL 84B (1979) T2K, PRD 87, 092003 (2013)
: m v, N - X

EEOOrO0 e %

¥ %X X & »

L V,N—- u'X

100 150 200 250 300 350

PDG 2014 E, (GeV)
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Anti- v, CC inclusive on CH and O

. Measurement method
= Cross section extracted from

corrected X = Observable,
oo = Ny AX = bin width,
X /. &AX,Tg Ng=estimated # of
true events,
& = efficiency,
¢ = integrated flux,
T = # target nucleons

= N, via
o Analysis 1: unfolding
o Analysis 2: background subtraction

= Cross section ratio extracted from

0'(17) _ seI NéG g” ¢V
o) NN

sel

% ANL, PRD 19, 2521 (1979) v HEP-ITEP, SUNP 30, 527 (1979)
; 16 ¢ @ ArgoNeuT, PRL 108, 161802(2012) v  IHEP-JINR, ZP C70, 39 (1996)
o O BEBC, ZP C2 187 (1979) @ MINOS, PRD 81, 072002 (2010)
O A BNL PRD 25, 617 (1982) 4 NOMAD, PLB 660, 19 (2008)
~ 141 O  CCFR (1997 Selignan Thesis) & NuTeV, PRD 74, 012008 (2006)
o O CDHS, ZP C35, 443 (1987) X SciBooNE, PRD 83, 012005 (2011)
£ 12F ®  GGM-SPS, PL 104B, 235 (1981) % SKAT, PLB1B, 255(1979)
wo B GGM-PS, PL84B (1979) % T2K, PRD 87, 082003 (2013)
~o
7 1F
o
—~
08 ¥ Vu N - X
1
= i 5 R
8" ‘
© L
e TSNS Y'WW"
* i AL ¢
0.2 M 0
wm_mw
0

10 100 150 200 250 300 350

1
PDG 2014 E, (GeV)
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Anti- v, CC inclusive on CH and O

. Measurement method

= Cross section extracted from

X = observable,

AX = bin width,

N, = estimated # of
true events,

& = efficiency,

¢ = integrated flux,

T = # target nucleons

N corrected

<@_0'> _
X/, &AX.Té

= N, via
o Analysis 1: unfolding
o Analysis 2: background subtraction

= Cross section ratio extracted from

0'(17)/0(‘/): seI NEvac; g .¢V

12 1%
seI N BG ‘9 ¢

= Systematics sources of uncertainties:

>
0

=
o~
£
o
o
2
o

-—
~—

ui

-~

(3
©

16
14
12F

1E
08
08l
04

0.2

0

* ANL, PRD 18, 2521 (1979)
ArgoNeuT, PRL 108, 161802 (2012)
BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 1048, 235 (1981)
GGM-PS, PL 84B (1979)

meEOo» O

v |HEP-ITEP, SINP 30, 527 (1979)
¥ IHEP-JINR, ZP C70, 39 (1996)

@ MINOS, PRD 81, 072002 (2010}

4 NOMAD, PLB 660, 19 (2008)

< NuTeV, PRD 74, 012008 (2006)

X  SciBooNE, PRD 83, 012005 (2011)
¥ SKAT, PL 81B, 255(1979)

% T2K, PRD 87, 092003 (2013)

v, N - X

................. % iﬁ‘ww"“"”'“'g‘ .

* ' V,N - u X

1 10 100 150 200 250 300 350
PDG 2014 E, (GeV)

beam flux, physics models, detector response and pion FSI/SI
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Anti-vu CC inclusive on CH and O

% ANL, PRD 18, 2521 (1979) v IHEP-ITEP, SINP 30, 527 (1979)
; 16 @ ArgoNeuT, PRL 108, 161802(2012) v IHEP-JINR, ZP C70, 39 (1996)
PY o O BEBC, ZP C2 187 (1979) @ MINOS, PRD 81, 072002 (2010)
u o A BNL, PRD 25, 617 (1882) A NOMAD, PLE 660, 19 (2008)
~ 14 CCFR (1997 Seligman Thesis) & NuTeV, PRD 74, 012008 (2006)
% O CDHS, ZP C35, 443 (1987) X SciBooNE, PRD 83, 012005 (2011)
1.2 ®  GGM-SPS, PL 104B, 235 (1981) SKAT, PL 81B, 255(1979)
”0 B GGM-PS, PL84B (1979) % T2K, PRD 87, 082003 (2013)
~o
?
P 1
™ -
08 Vu N - X
—~—
o 0.6
O
© 04
0.2 VN - u* X
[N PR FEETE FREEE SEEEE R
0
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Antl-v CC Inclusive on CHand O

Results
» Phase-space: (both analyses)

Restricted measurement — Full extrapolate %o_a:

-]
~

“ ANL, PRD 18, 2521 (1979) ¥ IHEP-ITEP, SUNP 30, 527 (1979)

@ ArgoNeuT, PRL 108, 161802(2012) v |HEP-JINR, ZP C70, 39 (1996)

O BEBC, ZP C2 187 (1979) @ MINOS, PRD 81, 072002 (2010)

A BNL, PRD 25, 617 (1982) 4 NOMAD, PLB 660, 19 (2008)

O CCFR (1997 Seligman Thesis) < NuTeV, PRD 74, 012008 (2006)

O CDHS, ZP C35, 443 (1987) X  SciBooNE, PRD 83, 012005 (2011)
GGM-SPS, PL 1048, 235 (1981) ¥ SKAT, PL 81B, 255(1979)

B GGM-PS, PL84B (1979 ¥ T2K, PRD 87, 092003 (2013)

\00.6'
c 04
e Y*"W 2 e
0.2f * v, N - u* X
owm_mmmm

Analysis 1: 0,
Analysis 2: 0,

1 10 100 150 200 250 300 350

PDG 2014 E, (GeV)

<78° p,>200 MeV
<74° p,>250 MeV
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Antl-v CC inclusive on CH and O

* ANL, PRD 19, 2521 (1879) v IHEP-ITEP, SINP 30, 527 (1979)
> Y ArgoNeuT, PRL 108, 161802(2012) v IHEP-JINR, ZP C70, 39 (1996)
PY R eS I t O BEBC, ZP C2 187 (1979) @ MINOS, PRD 81, 072002 (2010)
u S (9 A BNL PRD 25 617 (1882) A NOMAD, PLB 660, 19 (2008)
~ 14 CCFR (1997 Seligman Thesis) & NuTeV, PRD 74, 012008 (2006)
O CDHS, ZP C35, 443 (1887) X SciBooNE, PRD 83, 012005 (2011)
®  GGM-SPS, PL 104B, 235 (1981) % SKAT, PL81B, 255(1979)
B B GGM-PS, PL84B (1979) % T2K PRD 87, 082003 (2013)
rd

1-

= Phase-space: (both analyses) E r2p {w
. Restricted measurement — Full extrapolate <., ‘i’ ______ M %md%_;*_

= -
., 06
o

© o04fF

e L i ¥ i 5 A
03__ 02F N W VHN—')H+X
- stat.+sys. . , | evsilvalimusereians
D.Z:-_— 1 10 100 150 200 250 300 350
- E, (GeV)
- stat. PDG 2014

— NEUT truth
— GENIE truth

daolidp ( 0% eme [ GeV / nucleon )

00s L Analysis 1: 6, < 78°, p, > 200 MeV

= Analysis 2: 6, < 74°, p, > 250 MeV

0.5 1 1.5 2 25 3 35

oo
= Dominant systematics :
Flux (~9%), Statistics (~5%) ,
Physics parameters (~2%)
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daolidp ( 0% eme [ GeV / nucleon )

Anti- v, CC inclusive on CH and O

* Results
» Phase-space: (both analyses)

0351
0.33—
. stat.+sys.
0.25—
- stat.
02f
D 1; —— NEUT truth
— GENIE truth

0.05 o

E q12f
Restricted measurement — Full extrapolate %o_g ‘i’{wﬂﬁ*“ | L,

o(77)=(0.91+ 0.03(stat) = 0.09(syst))x10 % cM’

* ANL, PRD 19, 2521 (1879) v HEP-ITEP, SUNP 30, 527 (1979)
> Y ArgoNeuT, PRL 108, 161802(2012) v IHEP-JINR, ZP C70, 39 (1996)

O BEBC, ZP C2 187 (1979) @ MINOS, PRD 81, 072002 (2010)
(9 A BNL PRD 25 617 (1882) A NOMAD, PLB 660, 19 (2008)
~ 141 O  CCFR (1997 Seligman Thesis) & NuTeV, PRD 74, 012008 (2006)
o O CDHS, ZP C35, 443 (1887) X SciBooNE, PRD 83, 012005 (2011)

®  GGM-SPS, PL 104B, 235 (1981) % SKAT, PL81B, 255(1979)

B GGM-PS, PL84B (1979) % T2K PRD 87, 082003 (2013)

S— -
. 06
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© o04fF

0.2F V,N—- u'X

- 0 EFEETTTY B AT AT
| | 1 10 100 150 200 250 300 350
Restricted =+ .

(_) nucleon
o\ _
/y ()= 0368 £ 0.011(stat)  0.019(sys)

Analysis 1: 6, <78°, p,> 200 MeV
Analysis 2: 0, < 74°, p, > 250 MeV

0.5 1 1.5 2 25 3 35 435 5
B, (GeVic)

Dominant systematics :
Flux (~9%), Statistics (~5%) ,
Physics parameters (~2%)

Note: NEUT and GENIE =v MC generators
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da/dp (10 Fomt / GeV (/ nucleon )

Anti- v, CC inclusive on CH and O

0.35

*ANL R09252(99) Vv IHEP-ITEP, SINP 30, 527 (1979)
< 18 108, 161802(2012 v IHEP-JINR, ZP coas<9se>
R ) ) BEB e z 87 (1979) @ MINOS, PRD 81, 072002 (2010)
eSUItS o A BNL PRD 25 617 (1982) A NOMAD, PLE 660, 19 (2008)
~ 14rf o CCFR (1997 Seligman Thesis) & NuTeV, PRD 74, 012008 (2006)
o~ O CDHS, ZP C35, 443 (1987) X SciBooNE, PRD 83, 012005 (2011)
®  GGM-SPS, PL 1048, 235 (1981) % SKAT,PL am 255 (1979)
= Phase- -space: (both analyses) e feiois i o bl
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\0 06
¢’ o R LW . 2
0.2F * ' V,N->u'X
- [1 T RPN e
] Restrlcted 1 10 100 150 200 250 300 350
PDG 2014 E, (GeV)

(_) nucleon
o\ _
/y ()= 0368 £ 0.011(stat)  0.019(sys)

Analysis 1: 6, <78°, p,> 200 MeV
Analysis 2: 0, < 74°, p, > 250 MeV

0.5

1 1.5 2 25 3 35 45 5
B, (GeVic)

Dominant systematics :
Flux (~9%), Statistics (~5%) ,
Physics parameters (~2%)

Note: NEUT and GENIE =v MC generators

= Dominant systematics :
0(17) 0'(17) O'(V)
Flux ~9% ~5%
Statistics ~3% ~3%
Physics parameters ~2%  ~3%
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Additional & Upcoming Results

e Additional

* v, CC-0m (CCQE tion on HyO
v, n (CCQE) cross section on H, __ See S. Dolan’s talk

= v, CC-On (CCQE) cross section on C Parallel #1. WG?2
with proton information ’

* Upcoming
= v, CC-On (CCQE) cross section on C

= v, CC-Ix cross section on H,0
= Anti-v, CC-0n (CCQE) cross section on H,0O
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Summary

* Neutrino Physics has entered its precision measurement era

77



Summary

* Neutrino Physics has entered its precision measurement era
* v-nucleus cross section knowledge — key ingredient

 Better v-nucleus cross section —— Better v oscillation results

\ Better physics /
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Summary

Neutrino Physics has entered its precision measurement era
v-nucleus cross section knowledge — key ingredient

Better v-nucleus cross section —— Better v oscillation results

\ Better physics </

T2K is making unique measurements with
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Summary

Neutrino Physics has entered its precision measurement era
v-nucleus cross section knowledge — key ingredient

Better v-nucleus cross section —— Better v oscillation results

\ Better physics </

T2K is making unique measurements with
" v,V and anti-v
= Off-axis, on-axis detectors and Far-Detector

= C, O, Fe and other materials (coming soon)

More
T2K measurements with better precision are on the horizon

T2/K\

v Cross Sections

For more information see http://t2k-experiment.org/results/ v
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T2K Results: J-PARC/Beam

« Protons-On-Target (POT) for T2K Runs 1-7

Total Accumulated POT for Physics

® v-Mode Beam Power
x 10%° s V-Mode Beam Power
5 18Runt—Run2 Run3—Run# Run5—Run6 Runfkp g
a 1 6 g_ i B ... R ... @) :\‘_,
:8 14;_ P T - . 400 g
(LET] . , o)
= E o I
E 10 ‘300 &
Q = (4]
O 8 = e’;‘a ()
- . . . (a)]
< | £ A7 i 200
e e oy 10
2011 2012 2013 2014 2015 2016
27 May 2016 v-mode POT: 7.57x1020 (50.14%)
POT total: 1.510x1021 v-mode POT: 7.53x1020 (49.86%)

(POT =Proton on target)
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Oscillations and Cross Sections

Before ND  After ND
Cross section model (M C) Flux model Parameter constraint  constraint
- QE
External data tuning External data from My (GeVich) 1212045 1.24£0.07
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(Plenary #6) for the latest parameters



Oscillations and Cross Sections
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Oscillations and Cross Sections
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Oscillations and Cross Sections
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Oscillations and Cross Sections
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Final Errors

TABLE XI. Contribution to the uncertainty on the cross-section
normalization at 1.1, 2.0, and 3.0 GeV from each error source.

Error source 1.1 GeV 2.0 GeV 3.3 GeV
Statistical error 2.0% 0.6% 2.3%
Flux + stat 7.6% 9.0% 8.4%
Detector + stat 4.3% 0.9% 3.9%
Interaction (cc) + stat 3.7% 0.8% 4.8%
Interaction (nc} + stat 2.4% 0.9% 3.2%
Pion FSI T 0.5% T
Pion multiplicity 3.3% 5.1% 2.1%
Pion SI 5.6% 2.0% 6.9%

v, CC Inclusive In E, range 1-3 GeV

1.1 GeV 2.0 GeV 33 GeV

1.1 GeV 20 GeV 33 GeV

Hos

o [=) [=
» =%
Correlation

S
(8]

FIG. 26. Error (left) and correlation (right) matrices for the
cross-section normalization at 1.1, 2.0, and 3.3 GeV. In both of
the matrices, the binning on the y axis is identical to that on the

X axis.
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v, CC 1n* on CH

* Case A: full phase—space.

» Case B: cos@, > 0.2,cos6, > 0.2,p, > 200MeV,p, > 200MeV. Not using the ME
sample.

» Case C: cosf, > 0.2,p, > 200MeV. If using the ME sample.

* Case D: cos@l, > 0.,costl, > 0.2,p, > 0MeV,p, > 200MeV. For the double differen-

tial measurement on muon Kinematical variables, then, low efficiency is covered by bin
sizes.

» Case E: cosf, > 0.2,cos6, > 0.,p, > 200MeV,p, > 200MeV. For the pion angle
differential result, then, low efficiency is covered by bin sizes.

* Case F: cos@, > 0.2,p, > 200MeV, p, > 0MeV . For the pion momentum differential
result, then, low efficiency is covered by bin sizes.

» Case G: cosf, > 0.2,cosl, > 0.2,p, > 200MeV,p, > O0MeV. For the pion momen-
tum differential result if no ME sample is used, then, low efficiency is covered by bin
sizes.

e Case H: cosf,, > 0.2,cos8, > 0.2,p, > 0MeV,p, > 200MeV . For the muon momen-
tum differential result, then, low efficiency is covered by bin sizes.
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