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The T2K eXPeriment Near detectors
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The T2K experiment — beam
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The T2K experiment — beam
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The T2K experlment — near detectors
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The T2K experiment — far detector

Super-Kamiokande

50 kilo-ton Water
Cherenkov detector

Outer detector to veto
cosmic background
Excellent e/u separation
Cannot separate v /v
Cannot detect particles
below Cherenkov threshold
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T2K Signal

c Votn-ly+p
c V,+p->1t+n

* Energy reconstruction

based on lepton
kinematics = select
CCQE-enriched samples

NC17° background




T2K analysis — overview

NAG6 | /SHINE hadron
production
measurements

Beam monitor &
INGRID data

Other cross-section
measurements
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Flux (/em?/50MeV/10%'p.o.t)

Flux prediction and uncertainties

simulation

* “Wrong-sign” component

= Significant v component in ¥V beam

= ~0.5% intrinsic v, (V,)

Neutrino Mode Flux at SK
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Flux (/em?*/50MeV/10'p.0.t)

= FLUKA/Geant3-based neutrino beam

Antineutrino Mode Flux at SK
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Fractional Error
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Flux prediction and uncertainties

= FLUKA/Geant3-based neutrino beam
simulation

* “Wrong-sign” component
= Significant v component in ¥V beam

= ~0.5% intrinsic v, (V,)

Neutrino Mode Flux at SK Antineutrino Mode Flux at SK
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Fractional Error
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Flux prediction and uncertainties

= FLUKA/Geant3-based neutrino beam
simulation

* “Wrong-sign” component
= Significant v component in ¥V beam

= ~0.5% intrinsic v, (V,)

Neutrino Mode Flux at SK Antineutrino Mode Flux at SK
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Cross-section modeling

N EUT event generator Y. Hayato. Acta Physica P. A neutrino interaction simulation
program library neutolonica B, 40(9):2477,Sep 2009.

* Global Relativistic Fermi Gas (RFG) + Random Phase
Approximation (RPA)

PHYSICAL REVIEW C 70,055503 (2004) Tuned tO
Multi-nucleon interactions __ MiniBooNE and
= ~|0% relative to CCQE MINERVA

Phys. Rev. C, 83:045501, Apr2011.

= 2p2h model by Nieves et al

Phys. Rev., D88(11):113007, 2013
Single resonant pion interactions

—

= Rein-Sehgal model with modified Delta form factor tuned to
bubble chamber data Phys. Rev., D77:053001, 2008

Final state interaction (FSI) and Secondary
interaction(SI)

* Pion cascade model tuned by external pion scattering
measurements

Extensive studies of analysis sensitivity to different
cross-section models
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Near detector fit

SK v,, v beam mode flux+

= Select CC vy, V, interactions with vertex in = A likelihood fit to all ND o1 R — "
either Fine-Grained Detectors (FGD) samples is performed;tuned 5 :
flux and cross-section :
= FGDI:CH target ux and cross-sectiol :
parameters are provided to g
. o, .
= Event samples provide information on flux and L
CrOSS'SeCtiOn ;f 2500 ;mme —4-Data ; 0.75—
g zooué FGD2 CCOPI 5:223::% é 062—
z v CcCResIn E
Run nurmbes - 10335 | SubRun numbes 4 | Evert nurmes © 44776 | Sgil 11501 | Tims : Thu2014.05/0505:14:12 JST | Par$$ian - 63 [Trigges: Besn Sgll L% 1500 -VCCCOh I ; =
0 Esziiﬁ; E PRELIMINARY 1 By
500 -Vmodes é
£ EE -
O Beam Sample w/o w/
N mode type ND280 ND280
z 1400 ; .demCQE ) .
Muon-like track = wEgen  FGD2 CCOPI v u-like 12.3% 5.1%
é %00 é v cC Coh In
" E W % e-like 12.0% 5.5%
00 F— [ modes
TE anti-v u-like 12.9% 5.2%
gnr L
guc T ] anti-v e-like 14.1% 6.3%
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Data sample

~

Stable running at 470kW achieved
during Run8

= Ongoing studies to further improve

beam power

J

" Results shown today are from T2K Run|- )

7 data analysis
= y-mode: 7.48%10%° POT
" v-mode: 7.47x10%° POT

PAN

-
Run8: 7.25x102%° POT in v-mode

kResults coming out soon!
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Total Accumulated POT for Physics

. v-Mode Beam Power
x 10%° . V-Mode Beam Power
= unl  Run2 Run3  Run4 Run5 Run6 Run7  RunB|
O 251
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3 L |
s 20F " .......
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O g_-,;lip < Lossnnnnn) Ly 1 . | | '. | | | | | PP Ly | | | FAYTTRTTOTT] FOTTTITY I | I _' 0
2010 2012 2012 2013 2014 2016 2016
Dec/31 Jan/01 Dec/31 Dec/31 Dec/31 Jan/Ol  Dec/31
Run period Dates v-mode POT (x10%) 7-mode POT (x10%)
Run 1 Jan. 2010 - Jun. 2010 0.323 -
Run 2 Nov. 2010 - Mar. 2011 1.108 -
Run 3 Mar. 2012 - Jun. 2012 1.579 -
Run 4 Oct. 2012 - May 2013 3.560 =
Run 5 May 2014 - Jun. 2014 0.242 0.506
Run 6 Nov. 2014 - Jun. 2015 0.190 3.505
Run 7 Feb, 2016 - May 2016 0.480 520
Run 8 Nov. 2016 - May 2017 7.252 =
Total Jan. 2010 - May 2017 14.734 531
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v-mode

v-mode

Far detector data samples
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exactly 1 Cherenkov ring

PID is p-like
P > 200 MeV

> 1 electron decay

PID is e-like
visible energy > 100 MeV
0 electron decay = 1 electron decay
reconstructed F, < 1.25 GeV

fitQun 7° rejection




Current Results — Joint Analysis 0,5 & Am5,

3.6
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frequentist analysis

-

consistent with maximal mixing

= T2K data favors maximal disappearance and are

= Consistent with results from other experiments
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Number of V, candidates

Current Results — Joint Analysis 0p
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= Data prefers largest CP = CP conservation disfavored at 90% C. L.
asymmetry §.p = —1/2, . .
normal hierarchy = Normal hierarchy:6.p = [—2.978, —0.467] at 90% C.L.
= Inverted hierarchy:5.p = [—1.466,—1.272] at 90% C.L.

\ J
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Recent developments

U — Reconstructed momentum bias = SK fiducial volume is expanded
T — S wof- = Use atmospheric neutrino data to
& = o 2 estimate detector systematics in
o N3 B different detector regions
’. SOOE_ ] ] ‘e .
L+ s, wall o current selection . = Optimize fiducial cut for each T2K
v;;ix - ' _ sample for sensitivity to oscillations
o with systematics in different detector
C ) %#“;oo' e regions taken into account
Towall [cm]
I o | “
03 03 . (cm) (cm)
- Accepted events g Rejected events

o8 025 B CCQE CCQE I-ring e-like FHC 170 80

o Gt CCQE I-ring pi-like FHC 250 50

N mNC CC17 I-ring e-like FHC 270 50

oaf of B Entering

0.05[- 0_055 CCQE I-ring e-like RHC |70 80

0556106150 200 250 300 350 400 450 500 0(E R R CCQE I-ring u-like RHC 250 50

Towall [cm]

Towall [cm]
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Recent developments

* New reconstruction algorithmis used at SK

= Enhanced e/u separation

= Optimized event selection for sensitivity to
oscillation parameters

= All systematics taken into account
= Maximize sensitivity to precision of sin®6,; for v,
samples

" Introduce p/m separation cut in v, sample for the first time

= Maximize sensitivity to reject §.p = 0 for v, samples

= Total effective statistical improvementis 33%

= ~|5% signal increase and ~50% NC background

reduction in vy

= ~23% statistical increase in v, sample

= ~33% signal increase and background reductionin v,
CCln* sample

Xi aoyue Li ‘\\\‘ Stony Brook University

FNAL, DPF2017
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Recent developments T2K sensitiviey

(w/ reactor constraint)

3><10'5f 2K Runl-7c preliminary 10
= . o | N I ]
Parameters Set A i 29 NH Asimov Sensitivity R T _— @ 2oF ]
7 T — : : 5 : : a =7 —NH90% === NH 68% * NH Best Fit {
Am%l 7.53 x 10— eV?2 . —— IH Asimov Sensitivity wr 5 ; =
2 -3 2 . : : : : §C ]
A_";32 2.509 x 107 eV < 28; —1H90%  =-1H68%  * IH BestFit
Sin 023 0.528 2.7 27k .
sin @12 (sin2612 ) | 0.304 (0.846) - :
sin? 0,3 (sin?26;53 ) | 0.0219 (0.0857) 2.6 - ]
dcp -1.601 2.5 ]
Earth matter density | 2.6 g/cm? i
Baseline length 295 km 24 I R NGEEs vtsisioks 157 S i
Mass hierarchy Normal 2.3 2 T e ks

2_||||i||||i||||i||||i||||i||||i||||i|||| Sin2673
'8.3 035 04 045 05 055 06 065 wu., )

= Run8 doubles v-mode statistics ) sin®0,, )
2016 analysis 2017 analysis

" Improvements in cross-section modeling

Old reconstruction New reconstruction

* Inclusion of RPA uncertainty
and Run|-7 statistics and Run|-8 statistics

= 2p2h normalization + shape uncertainties
= New tuning of the uncertainties on single resonant

ion production
P P * 2017 analysis uses new samples

Xiaoyue Li [\ Stony Brook University FNAL, DPF2017 19



Recent developments T2K sensitiviey

(w/ reactor constraint)

T2K Runl-7c¢ preliminary

I Set A S : : N, —— NH Asimov Sensitivit oo6 3 | \\ ZE -
Am%l 7.53 x 10— eV? © g - —— NH b0% .
Am§2 2 500 x 10—3 ev2 —— IH Asimov Sensitivity 2: U NH ks ]
sin? as 0.528 N T : § vufuen
sin @12 (sin2612 ) | 0.304 (0.846) N - P N
sin? 05 (sin® 263 ) 0.0219 (0.0857) - 7R T
dcp -1.601 = / \f * TH Best Fit ]
Earth matter density | 2.6 g/cm? - ( . ) .
Baseline length 295 km o 1 - ; .
Mass hierarchy Normal A A\ 5.\.4.‘.}. ..... , ..... /... S _ - - _ _3? I // o —X10_3

0.0160.018 0.02 0.0220.0240.0260.028 0.03 0.0320. 03;10 036 16 1820 22 oM 96 28 30 35 34 36

sin“0,, sin’0

13

= Run8 doubles v-mode statistics

2016 analysis 2017 analysis

" Improvements in cross-section modeling
Old reconstruction New reconstruction

* Inclusion of RPA uncertainty
and Run|-7 statistics and Run|-8 statistics

= 2p2h normalization + shape uncertainties
= New tuning of the uncertainties on single resonant

ion production
P P * 2017 analysis uses new samples

Xiaoyue Li [\ Stony Brook University FNAL, DPF2017 20



Summary and future prospect

So far T2K has analyzed data
= y-mode:7.48x10%2° POT
= v-mode:7.47x10%° POT

New results to be released soon

* y-mode:14.75%x10%0 POT

* New reconstruction algorithm and expanded fiducial volume

Short term target: 9xX102° POT in V-mode next year

Beam power improvements

= MR power supply upgrade etc. scheduled in 2019
= To 750kWV — repetition rate 2.48 sec > 1.3 sec

T2K phase Il
= 7.8x10%! POT - 20x10%! POT
* Near detector upgrade

= | .3MW beam

Xiaoyue Li ‘\\\‘ Stony Brook University

FNAL, DPF2017
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Oscillation probabilities

Xiaoyue Li

P(v, > v,) 1 — (cos*8,35in?26,3 + sin®260,3sin?0,3) - sin

2a

Am3 .

P(Vu—ve) = 46’13 SB o3 * sin’ Ayl 1+—— (1 2513)

, Am3, L

4E

Leading including matter

effect
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replace 8 by =5 and a by —a for P(V, — V)

Q\\ stony Brook University FNAL, DPF2017

25



Events/(100 MeV/c)
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Near Detector samples -- v-mode
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Near Detector samples -- v-mode
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N
o

—
o

Parameter Value

o Cross section Prefit ND280 postfit
Near Detector fit
MZE (GeV/c?) 1.20 1.12 + 0.03
pr 2C (MeV/c) 217.0 243.9 + 16.6
2p2h 2C 100.0 154.5 + 22.7
- Prefit Ey, 2C (MeV) 25.0 & 9.00| 16.5 &+ 7.53
A , pr 1°0 (MeV/c) 225.0 234.2 4+ 23.7
B8 Postfit T T I I R R 2p2h 160 100.0 | 154.6 + 34.3
oF _: Eb, %0 (MeV) 27.0 + 9.00| 23.8 + 7.61
- ] c3 1.01 + 0.12| 0.80 + 0.06
- % = MRS (GeV/c?) 0.95 & 0.15| 0.84 £ 0.04
E oms . I background 1.30 £ 0.20| 1.36 + 0.17
s x ~ CC other shape 0.00 4 0.40| -0.02 £ 0.21
- ' E CC coherent 1.00 + 0.30| 0.86 + 0.23
- _ NC coherent 1.00 £ 0.30] 0.93 + 0.30
B 2p2h v 1.00 0.58 4+ 0.18
- NC other 1.00 4 0.30 |Not constrained
:— NC 1-v 1.00 £+ 1.00 |Not constrained
- Col oL L b Ve /vy Tatio 1.00 4+ 0.02 | Not constrained
-1 4 O O © O O O 9 @ @ S W S ° S T w W o G w u Ve /D, ratio 1.00 £ 0.02 |Not constrained
< L O m L O m O £ k£ W < O I © [ O FT g < O T . .
= ® 4y w e ugow Lt & % ) 5' § @ gl o4 E: v, ! FSI elastic low-E 1.00 =+ 0.41 |Not constrained
s ° & § Z o % % Z 0P USJ, 9 FSI elastic high-E 1.00 + 0.34 |Not constrained
§ % 22" 2 & FSI pion production 1.00 4 0.50 | Not constrained
° 2 FSI pion absorption 1.00 + 0.41 | Not constrained
FSI charge exchange low-E [1.00 £ 0.57|Not constrained
FSI charge exchange high-E |1.00 4 0.28 | Not constrained
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Near Detector fit

ND280 v, v beam mode ND280 v,,, v beam mode
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Near Detector fit

SK v,, v beam mode
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Effect of systematics uncertainties

Events per bin
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Events per bin

i < 15
10— —Nominal error 5 14F — Nominal error
C ERElS — = To error
8: I: 1o error ‘% 12? L‘—-—\_,_
B S LIEF i S
Al 09 :‘_—:'::,;
L 0.8
. 07F
C 0.6F
% [ E T R T Y I 0% "0z 04 06 B
E .co (GeV) E cco (GeV)
numu nue numubar nuebar Nue CClpi+
Source of uncertainty §Nsx/Nsx  ONsk/Nsk SNsk/Nsx ONsk/Nsk O0Nsx/Nsk
Asimov A Asimov A Asimov A Asimov A Asimov A
SKDet+FSI4-SI 4.13% 3.47% 3.91% 3.47% 14.10%
FSI+SI 1.47% 2.50% 2.05% 2.50% 10.39%
SKDet 3.89% 2.45% 3.34% 2.45% 9.22%
Flux 3.54% 3.66% 3.79% 3.66% 3.58%
MEC (corr) 3.52% 3.90% 2.96% 3.90% 0.43%
MECbar (corr) 0.21% 0.05% 1.82% 0.05% 0.01%
NC lgamma (uncorr) 0.00% 1.46% 0.00% 1.46% 0.44%
XSec nue/numu 0.01% 2.63% 0.00% 2.63% 2.43%
XSec Tot 4.07% 5.14% 4.16% 5.14% 4.80%
Flux+XSec 2.90% 4.12% 3.39% 4.12% 5.03%
Flux+XSec (Pre ND280) 10.90% 11.47% 11.84% 11.47% 16.26%
Oscillations 0.02% 0.49% 0.03% 0.49% 0.42%
All 5.08% 5.53% 5.19% 5.53% 14.84%
All (Pre ND280) 12.25% 12.06% 12.88% 12.06% 21.84%

FNAL, DPF2017
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Current Results — Joint Analysis 6,5

Fixed Mass Hierarchy T2K Runl-7 Preliminary — _ Fixed Mass Hierarchy T2K Runl-7 Preliminary
»;g\ 3 _I__ T T T N l.w T T T T T T T ] T T T I T I__ 2 3 J__ | \/ | | | __
S r ---- Normal - 68CL S -- Normal - 68CL ]
c * Best fit —— Normal - 90CL - © - —— Normal - 90CL -
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© _ © B 7
1 — ] 1 —_ __
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- i sin26,; = 0.085 + 0.005 [ .
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= T2K-only measurement consistent with reactor results

= Favors “small” sin®#, ; and large CPV
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