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Outline

- Brief introduction to the T2K experiment

« ND280 data used to constrain flux and cross-
section model parameters

- Current samples: v, 1n v, beam
- New samples: v, 1in v, beam

- New samples: v, in v, beam
(Understanding the v,—-mode beam composition)

« Current and future cross—-section measurements
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A brief recap of the
T2K experiment




T2K Physics Goals™®

Vu = Ve appearance : 613, O
vy @ v, disappearance : 023 , Am?4s
V Ccross—-section measurements

Formaggio Zeller, Rev. Mod. Phys. 84 (2012)
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| T2k
Tokaiz Kamioka EXpe r lme n t

ND280

Neutrino Facility &

.

to Super-Kamiokande

INGRID
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T2K\
Off—-Ax1s Near Detector

ND286

Tracker: FGDs + TPCs
Measure momenta of
N charged particles

UA1 MagnetYoke = — and pa rticle ID

Fine Grained
Detectors (FGDs)
Provide active
targets for neutrino
interactions
FGD1: carbon
FGD2: carbon + water

et Electromagnetic
ECAL T Calorimeter (ECAL)
- o Plastic scintillator
olenoid Coil _
- - and lead

| Aids in PID and
\photon reconstruction

Barrel ECAL

Upstream m® detector (POD)
Carbon and water targets
interleaved with brass and

lead UA1 magnet: 0.2T magnetic field
SMRD: aids 1n track reconstruction

21 February 2015 §) Sam Short



TZR\
Oscillation Analysis Strategy

FLlux prediction Neutrino 1nteract10ns

Near detector
constraints

Predlctlon at
far detector

Extract oscillation
parameters

21 February 2015 7 Sam Short




Current v, ND280
samples for
constraints

21 February 2015 8
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Selecting v, Interact ioHE'
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v. Samples for ConstraintéX

For the joint appearance and disappearance oscillation analysis
arxXiv:1502.01550v1 [hep-ex]

- (p,0)u distributions measured for
each sample

v, CCQE . | CCOn-like sample
' CCQE
RES

DIS

COH
nonv, CC

| Out of FV

2500

Events

2000

« Float cross—-section and flux
parameters to find best fit

1500

1000

- Reweight NEUT MC at far detector

500
to reflect results of near
detector measurements for each T B b o
Samp le Muon Momentum (GeV/c)
k2 S R I I R RN I RN RN R & L L B L I B B B I B
5 400F CCRes CCin-like sample - S 5000 . DIS s CCOther-like sample
> — ‘ - >
M 350F | = M I CCQE
- r 7 RES RES
2 o DIS 400 DIS
500 )= COH COH
250 nonv, CC nonv, CC
300 Out of FV
200

150 200

100 -+
100

50

0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
Muon Momentum (GeV/c) Muon Momentum (GeV/c)
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T2K\

Impact of vy Constraints

1.5 I I LI L L | T 1 1T 11

Uncertainty before ND v, constraint

[E—
~

Uncertainty after ND v, constraint

i

SK v, Flux Parameter Value

"‘IIIIIIIIIIIIIIIIIII

Flux parémete}sg

MARES .
« Much lower value after fit
- Highlights:

1.2
- power of near detector
1T RS KIS OOERLESS data
300000203020%0%0% SRR
O SRIRRIEIKS R EHXKRE S . :
R R IS importance of CCln-like
DERRRRRIRRIRRLLIRKRK K J RIS sample
HRLKIRKS SRR BAEG P
0.8 — | — l
10" 1 10 O N I I | ML | I I i
T E, = 1 6E Cross-section model parameters -
> r
. 5 . F
* Dip in flux parameters around| £ 14
1 GeV (peak of T2K beam flux)| § Eiat
. : =5 1.2F
- Region of 1nterest for £ L
oscillation analyses | § 1= 033‘333‘33’3*’:3:«"3,3,
* Incorrect prediction in this | § .k ST
region can bias estimates of | 2 "}
oscillation parameters (%Oﬁl
B | | |
MgE Ml/iES X?E XSE XgE XlCC I ch Irt xNC I°
(GeVic?)  (GeVic?)
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-T2k
Impact of vy Constraint

Effect of the near detector constraint on reconstructed
neutrino energy at the far detector:

g 10 : | | [ .| | I I L I [ | | | [ | | I L | : g 3 [, | I | | | ] | ] | | | | | | | | 1 | | I | | | ]
5 vy disappearance : 'S | Ve appearance =
— O o without ND280 — i without ND280 7
L u constraint ] L [ constraint N
S of k= Q.2.5F : 3
=: - g P
o /F = O [ e -
% F N % 2 L i
6F = o [ .
> F : > .
ﬁs 5 f_ _E qa 1.5 o
* gq- - += B i
=S S - ISEERTE ]
Q LF i - L I 7
o I 3§ E 3 | :
O - A Q L |
S 2F l E S of 1
- 1 E_ e . I _g a8 0.5 :_ _:
OE || E L 1 | I I | l L 11 | | I N | ] | -I [ I I i 0: L J'I | | | ] l | | | | | | | | | | | ‘ ] | | i

0 0.5 1 1.5 2 2.5 0 0.2 04 0.6 0.8 1 1.2
E ¢ (GeV) E.° (GeV)

arXiv:1502.01550v1 [hep-ex]
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Study of new v, and v,
ND280 samples for
constraints
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Selecting v, interact i 0HE'

21 February 2015 Sam Short



vy Samples for Const raints

P = 20415 Monte Carlo studies to select vy charged
Q L . . . —_—
S 3500F "N CC-inclusive in vy bifg'r‘l e current interactions in v, beam
s F B (broken down by true interaction type)
8 30005— _E
3 25001 oo2n ~ 2500e] = —— ——jes 20365
é 2000E- EIEOSSH 2 [ Du CC-1track in v, beam “1 ors
- O 3000 [Integral 2.055¢+04
™ 1500 v S : :
: o S 2500
1000~ ther ok
C no truth 3 :
500 PRELIMINARY -2 2000
e o e oo . = - ,
() EE et EEmo e NG M 1500 ‘g
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 -
glOb 1 (MeV/C) 1000;_ no truth
o [Eaies 6050 500 PRELIMINARY
2 F|Vu CC-Ntracks in Uy beamf ' o= NN | :
g 0F—= — L 1 05500 1000 1500 2000 2500 3000 3500 4000 4500 5000
= S oo (MeV/c)
S 250 i al
: C DIS : :
2 200F =1 5 5
()] - ; : u u : u
E r v Sample (Efficiency (%)  Purity (%)
= - © - -
m 150 o:::FV : :
1005 LB — CC inclusive: 66 82
e PRELIMINARY 1 coriooieeeommommmsmmmmomom oo oo
50

(MeV/c)
glo al
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Selecting vy Component 1n vy B%%r%\
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T2

vy Component 1n v, Beam

R . . e Monte Carlo studies to select vy
@ — — . . . —_—
2 8005 vy CC-1nclusive 1n v, bleam s charged current interactions in v,
I— Tntegral ].333e+ \
s 7005 B CC-On (broken down by particle topology
S 600F- CC-Nox leaving the nucleus)
5 5003— BKG . _ ies 7080
2 o  [|] vu CC-1track 1in vy beam pp 15
= External > B 5 1097
Lﬁ 400 % - [Integral 6989
300 No truth = COF | CC-0n
: PRELIMINARY - S r
200 ] = 400 CC-Nmt
P - BKG
2 r
100 jé; 300 | External
% 500 1000 1500 2000 2500 3000”5500 4000 4500 5000 - 2005 No truth
Py MEV/C) : PRELTMINARY -
] [oies 6774 100 -
S CC-Ntracks 1in vy beam| [ -
C 250 2;55” 633 % 500 1000 1500 2000 2500 3000 3500 2000 4500 5000
- o (MeV/c)
8 C CC-N=n globl
: 200__ : L u : L
7 r BKG Sample :Efficiency (%) :Purity (%)
. % 150—_ 1]ixternez
B o trut . .
8a - i i : :
(ooF- PRELIMINARY L€ inclusive ... 22 T 80
- . CC 1track 46 f 51
50 - CC Ntracks | 40 66

0 500 1000 1500 2000 2500 3000 5500 4000 4500 5000
(MeV/c)
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ND280 o Measurements
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vy 0 on Carbon

o+ CC-1nclusive 1002 CCQE
o~ - - - - R —— ——r —— — —— ! — T T T L || T T T L || T T T T T |1—
: 33 Physl Rev! b 87, 693603 (2613) Poe ‘S 5[ [—— ND280 statrsyst e ]
© - ——&-—— SciBooNE data based on NEUT f o L LT NEUT MC £
S 3r BNL 7 B 5 N ]
g . \I;:UT e Ection Sor SciBoniE 1T S < B MiniBoone W i
o~ - eeeeeeees NEUT prediction for SciBooNE - ~ — o] ’ ]
.-— PP .—-: > A~ — B NOMAD ( d > >./ /, —
525 - NEUT prediction for T2K d2.5 () (1) B NEUT (binned) \n>—-.——< )—:—\I> i
o : GENIE prediction for 2K . - g B B i
21 ' 2 L 1.5~ ~
- | - ) 1 E - a0 N
1.5 | H1.5= o T |‘TI“"‘T"- g -
: . (],- : : —5 1: —4 [ PH* 1h+:+;+_._+_.:
1 YL T2K (o), 4 = L F ]
- —e— data . 05 - 7
i . ;‘}—' NEUT prediction ] T 2 —
0.5 GENIE prediction 0.5 B , arXiv:1411.6264 [hep-ex]-
: '_,{?_‘ vuﬂux : B /,ll 1 Lol 1 1 Lo | | | |||||r
O_I_Ai’ 11 l 11 1 1 l 11 1 1 l 11 1 1 l £_0_40_1 l A_A_A_A l L1 1 1 r 1 10 102
0 05 1 1.5 2 25 3 3. E, [GeV]
E, (GeV) Y ‘
Total flux averaged cross—-section: Flux-integrated CCQE cross section:
(o) = 6.91 + 0.13(stat) * 0.84(syst) x <0o> = (0.83 * 0.12) x 10738 cm?
10-3° cm?/nucleon

- 2.30 data/MC discrepancy
*x? test: p-value of 17%
- agreement between data and o model
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T2K\
Future ND280 v, o Measurements

(a selection)

FGD1 (carbon)

v CC-inclusive TPC (argon)
v CC-0m

SMRD
UA1 Magnet Yoke

v CC-1m*
v CC-inclusive

FGD2 (water)

Downstream v CC-inclusive
ECAL

v CC-1mt
v CC-inclusive

Solenoid Coil

POD (water)
NC-elastic
NC-1m®
vV CC-1inclusive

Barrel ECAL

ECAL (Pb)
v CC-inclusive

21 February 2015 20 Sam Short



T2K\
Summary

- An exciting time for the T2K experiment

-+ Using many different samples (v, and V)
to reduce the flux and cross-section
uncertainties for the T2K oscillation
analyses

(for specifics stick around for Kikawa-
san’s talk up next)

- Many different cross—section

measurements to be published 1in the
near future
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Thanks for Llistening
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Supp lementary Slides

21 February 2015 23 Sam

Short



T2K\
Non-Zero 913

T2K 2011
Prlor to 2011 limit set by CHOOZ: =3 3
sin’26:; < 0.17 S )
e 2
- Two ways of measuring ©is: Ay Sl
2R\~ P(v,—v, )=sin’20,,sin’0,sin*| —3LL| § | |
- u e E. A %7
v 4k IR
DOUI;;SE-« — Reconstructed v energy (MeV)
— — ) ) Am;
(@ RENQ P(V,—V,) =l-sin"20,sm L
\4E Daya Bay 2012
« June 2011: T2K announce an 1indication 3 —
of non-zero 65 feod S—
(6 events, 2.50) o
« In 2012: 3 of —
. . S 12F Best Fit
Daya Bay and RENO confirm with over 50 g,}m,.“v&%”ww_
h

10
Prompt Energy (MeV)
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Things We’'d Like To Know..

(a non—-exhaustive 1list!)

{Pa rameters governing neutrino

oscillations?
012~34°, 623~45°, 613~9°,
Am?12~7.6x10-5 eV?, |Am?3|~2.4x10-3 eV?

X cP-violating parameter 6?

- Neutrino mass hierarchy:
- normal or 1nverted?

K Sterile neutrinos?

21 February 2015 25

Normal ™ Y;

tanZ0

~2x10 V2

.
(P
atmosphenic
S
T ]
—

. solar=7x 10" %eV?
m -1 h o
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T2K\

Toe:2Kanie COLLlaboration

~500 members, 59 institutes, 11 countries

Canada
TRIUMF

U.
UBC
U.
U.
U.
U.

Alberta

Regina
Toronto
Victoria

Winnipeg

York U.

France
CEA Saclay
IPN Lyon

LLR E. Poly.

LPNHE Paris

Germany

Aachen U.

Italy

INFN U.
INFN U.
INFN U.
INFN U.

21 February 2015

Bari
Napoli
Padova
Roma

Japan

ICRR Kamioka
ICRR RCCN
Kavali IPMU
KEK

Kobe U.
Kyoto U.

Miyagi U. Edu.

Osaka City U.
Okayama U.
Tokyo Met. U.
U. Tokyo

Poland
IFJ Pan Cracow
NCBJ Warsaw

U. Silesia Katowice

U. Warsaw
Warsaw U. T.
Wroklaw U.

Russia
INR

Spain

IFAE Barcelona
IFIC Valencia

26

Switzerland
ETH Zurich
B BeRn

U. Geneva

United Kingdom
Imperial
Lancaster U.
Oxford U.

QMUL
STFC/Daresbury
STFC/RAL

U. Liverpool
U. Sheffield

U. Warwick

USA

Boston U.
Colorado S. U.
Duke U.
Louisiana S. U.
Stony Brook U.
UL En
Colorado
. Pittsburg
SgR0Chester

Irvine

(= (e (— (=

. Washington

Sam Short



_ T2\
T2K Beamline

Main Ring Synchrotron:
30 GeV protons every
2—-3 seconds

Rapid Cycling Synchrotron:

Accelerate H+ ions to 3 GeV

LINAC:
Accelerate

H- ions to 4
energy of

400 MeV

sin*20,,=1.0 ]
Am?, =2.4x107eV? ]

s OA 0.0°

- %4 OA 2.0°
5T ATMm SN 0A25°
s D) - O N " < | |
1) -{; ' B Rl T LT ep——— - o “ i £

pT R | - j"-j""yz_-s"-?gw-- ---------- > Super-K g _ 0.5 i -
arget & horns S - . - de5 ™ S, ¥ L B

l Decay tunnel ,\ o) ND280 g |

! > T \ : 1 f‘-'—‘\". N s |
0 m m 118 . 280 m Ol=axis i

beam dump . Thonitor INGRID" g i

O n- a Xl S 00 "‘* i
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10m

21 February 2015

On—-Ax1s Near
Detector

INGRID

Interactive Neutrino GRID:

280m from target on beam axis

16 iron/scintillator module

1 scintillator tracking module

Monitors beam centre, profile and
neutrino flux

T2K\

§ e —4— Hom 250kA data
822 ’: ' . , +— Hom 205kA data
s 2E =
3 s o Otabilit x‘of v interaction rate normalized by # of of protons (INGRID) =
s .*'J\*.. ‘sMM et S R e N NN Nttt \;1]
S 1.6 : -
= 14 i; P —
1.2 — , —
&E- 0.8 E : : : * Horizontal direction =
g- 0.6 — ' > Verucal direction =
S 04— - ' =
3 02 =5--+-Stability of v beam direction (INGRID) : | =
g D o S S g S S . g = T —e— & e 8
0.2 = —— =< : —=
S o4E - 1 ' =
06 =" T2KRunl ! T2K Run2 , T2K Run3 T2K Rund —
0.8 ,: Jan.2010-Jun 2010 Nov.2010-Mar. 2011 ' Mar.2012-Jun 2012 Oct.2012-May. 2013 =
! Day
28 Sam Short



T2K\
Far Detector: Super-K

- 50kton water Cherenkov detector
(22.5 kton fiducial volume)

« Inner detector: ~11,000 201inch PMTs

« Quter detector: ~2,000 8inch PMTs

2 AN MARE RAAERARE MRS RALE RALERARE RARS

240 elike €——> p-like E

o 1

Jraof i : 42m
E . . <

2100*— [ »

o 8 & 8 8
A MR

=
o.TTT TrIrT T T

5 A N
8 6 4 2 0 2 4 6 8 10
Particle |D parameter
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Oscillation Analysis?®®
Strategy

Neutrino interactions:
- Interaction models
- External cross-section data

Flux prediction:
- Beam monitors
- Hadron production data

(NA61 & other external data)

Near detector constraints
- vy selection to constrain
flux and cross—-sections
- measure ve beam component

v

Prediction at Super-K:
Combine flux, o and ND280 to

predict the expected events
at SK

Extract oscillation parameters
21 February 2015 Sam Short




TZIE\
Ve Near Detector Constraints

 Measure 1ntrinsic Ve
component of the beam

o[ CCQE-like sampleliiv.CCQE -
3 v. CCnonQE <
- Important background o yikg DR {5
to ve appearance X 1bkg (uFGDFY) |8
§ w u background pr
= if —| Other background a
- Expect: 1.2% %“’+f -
contamination of ve £ - : uE
from MC L + ------ =t E
( ) 0:‘ o ., ++’ﬁ@@¢&m
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
e Measure: Momentum (MeV/c)
Nve(data) / Nve(MC)
1.01 = 0.10
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Impact of v, Const rain€s

v, disappearance

Parameter Prior to ND280 After ND280
Constraint Constraint

M % (GeV) 1.21 +0.45 1.240 + 0.072

MARES (GeV) 141 £0.22 0.965 + 0.068

CCQE Norm. E <1.5 GeV 1.00 £ 0.11 0.966 + 0.076

CCQE Norm. 1.5<E <3.5 GeV 1.00 £ 0.30 0.93+0.10

CCQE Norm. E >3.5 GeV 1.00 £ 0.30 0.85+ 0.1

CC1m Norm. E <2.5 GeV 1.15+£0.32 1.26 £ 0.16

CC11m Norm. E >2.5 GeV 1.00 £ 0.40 112+ 0.17

NC11° Norm. 0.96 + 0.33 1.14 +£0.25 Ve appearance

Constraint Constraint

M AQE (GeV) 1.21 £ 0.45 1.240 £ 0.072
MARES (GeV) 141 £ 0.22 0.965 + 0.068
CCQE Norm.* 1.00 £ 0.11 0.966 £ 0.076
CC11 Norm.** 1.15 £ 0.32 1.26 £ 0.16
NC11° Norm. 0.96 + 0.33 1.14 £ 0.25

21 February 2015 *ForE <1.5GeV  *For E <2.5 GeV Sam Short



. . T2K\
Antineutrino Event

@ ND2860

Interaction 1in FGD2 producing a +ve muon

RGDZ —TRC3- [ECAL

21 February 2015 33 Sam Short



DDDDDDDDDD

)

cm?

nucleon MeV/c

« Select muon-
like events o
in ND280 N

|

dp dcos

- Use Bayesian

unfolding -
method >
EF

- Fit (pre)u j

for events o

2
dp dcosb

21 February 2015

x104]10.00 < cosBy < 0.384

15l —e— Data

[ ' Systematic Error
| Statistical Error

— NEUT

% 500 1000 1500 2000
P, (MeV/c)

x10%10.90 < cosO, < 0.94

15F —=— Data
[ | Systematic Error

L e Statistical Error
10l —— NEUT
[ ! 1 e e T GENIE

T

.... }..1
5t
+
" - ——
(‘b 500 1000 1500 2000

P, (MeV/c)

34

T2K\

CC—1nclusive o on C

Phys. Rev. D 87, 092003 (2013)

)

cm?

nucleon MeV/c

|

dp dcosO

)

cm?

nucleon MeV/c

|

dp dcosb

x102 |0.84 < cosO, < 0.90 |
15: —a— Data i
| Systematic Error
Statistical Error
10+ " - NEUT i
------ GENIE
S5t i
...... + S e
% 500 1000 1500 2000
P, (MeV/c)
x10* 10.94 < cos6, < 1.00 [
15¢ —e— Data i
[ Systematic Error
Statistical Error
10k — NEUT i
E I ..... GENIE
g i
$
% 500 1000 1500 2000
P, (MeV/c)
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TZ/E\
Ve CC—1nclusive o on C

Total flux averaged cross—section:
(o)p = 1.11 + 0.09(stat) + 0.18(syst) x 1038 cm?/nucleon

/a _uuﬁTrullﬁTrl—lﬁTrlll1TrlI|rlll—lillP\lllllllllyllﬁTfl|ll?_ﬁlo /\.
- u dSC-Space - -

8 5o PSR S
f\l\ 40 8 ’ ’ n :

=N N . o —6

t"")o 3 0 __ ) , /s i - E
™. I % T2K v, flux - -
R - — L . ~
| 2 NEUT prediction a4 NE

© 20 P ‘ ,’/,,..;""' . GENIE prediction - k3
8 - | /' - -e -. NEUT average ~ o
o iyt - = = - = -« —a— (GENIE average _ ) —

- 10—, X
i #— QGargamelle data - N’

B —4— T2K data . 5

B | =
0 RN AREEE TR AN AT R NEEEE AR e NN EE N L& .

0 | 2 3 4 5 6 7 8 9 1 >

E, (GeV)
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TZ/E\
Ve CC—1nclusive o on C

Total flux averaged cross—section:
(o)p = 1.11 + 0.09(stat) + 0.18(syst) x 1038 cm?/nucleon

/a _uuﬁTrullﬁTrl—lﬁTrlll1TrlI|rlll—lillP\lllllllllyllﬁTfl|ll?_ﬁlo /\.
- u dSC-Space - -

8 5o PSR S
f\l\ 40 8 ’ ’ n :

=N N . o —6

t"")o 3 0 __ ) , /s i - E
™. I % T2K v, flux - -
R - — L . ~
| 2 NEUT prediction a4 NE

© 20 P ‘ ,’/,,..;""' . GENIE prediction - k3
8 - | /' - -e -. NEUT average ~ o
o iyt - = = - = -« —a— (GENIE average _ ) —

- 10—, X
i #— QGargamelle data - N’

B —4— T2K data . 5

B | =
0 RN AREEE TR AN AT R NEEEE AR e NN EE N L& .

0 | 2 3 4 5 6 7 8 9 1 >

E, (GeV)
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T2K\
INGRID o0 on C & Fe

ote, = (1.444 £ 0.002(stat.) T 155 (syst.))

x 10~ **c¢m? /nucleon,

oSe = (1.379 £ 0.009(stat.)T3-178(syst.))

x1038cm? /nucleon, and

Fe

7CC — 1.047 £ 0.007(stat.) % 0.035(syst.),

gco

? ]3'_ L e e e LA B S e e e e e :Eh%:){_\
8 | -+ MINERvA 1800 ,-?
INGRID standard module -» Fe 2%t Jo03
g 1 ]:_ —51400§
58 | dencnacnhorancantansanchacy 1200 0
o 1000 E
- INGRID proton module - CH % e
© o} —e— T2K on-axis data —800 5
09 e NEUT ] =
g " RET ok sverage Jun
. [ UX average s
Measure cross—-section on 08 St average
different targets I R S S S
E, (GeV)
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