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T2K Overview
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What is T2K?

The T2K (Tokal to Kamioka) experiment is an accelerator-based,
multi-detector long baseline v oscillation experiment, which

utilises an intense v, / v, beam sharply peaked at 0.6 GeV at an
off-axis angle of 2.5°

Super-Kamiokande

(Kamioka)

Mt. Noguchi-Goro
2,924 m

Mt. IkenotYama

1,700 m below sea level

Neutrino Beam

295 km
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The T2K Collaboration

1 P ] 0 e TTNS

~500 members, 68 institutions, 12 countries
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T2K at NuFACT2019

Come and see our other talks:

* Details of the T2K oscillation analyses

 Christophe Bronner
« 11:30 — 12:00, Thurs. 29t Aug.
» Working group 1 (oscillations)

* ND280 upgrade

 John Nugent
« 16:00 — 16:22, Thurs. 29t Aug.
« Working group 1+2 (detector technology)

» Wagasci/BabyMind
 Kenji Yasutome
« 16:22 — 16:44, Thurs. 29t Aug.
« Working group 1+2 (detector technology)
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What Physics can T2K do?

« Constrain PMNS oscillation * 5 new T2K papers published since
parameters and the mass splittings by: st summer: |
: _ « CP violation search with 2.2 X
* Searching for v, /v, disappearance 102! POT (PRL) - arXiv:1807.07891
Sensitive to sin?6,3 and |Am3, | « New electron-multiplier-tube-based

beam monitor for muon monitoring
(PTEP) - arXiv:1805.07712

» Characterisation of nuclear effects in

- Searching for v, /v, appearance
Sensitive to sin? 26,5 and 6.p

* Constrain the mass ordering muon-neutrino scattering on
. hydrocarbon (PRD) -
* Measure cross-sections at the near arXiv:1802.05078
detectors « Search for light sterile neutrinos at
. . Super-K (PRD) - arXiv:1902.06529
» Exotics e.g. sterile v search, Lorentz . Search for neutral-current induced
violation single photon production at ND280

(J. Phys. G) - arXiv:1902.03848
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T2K Detalls
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Beam and Detector Overview

J-PARC | Super-K
30GeV decay volume Ut-aus i
proton beam
| s g : e TRy Tl e ST Sw—
target & 3horns M~~~ _ ¢ g DOff-axis angle 2.5 deg.
beam dump . i beam axis
muon monitor &8 == T Tmesaa,

| | On-axis ND (INGRID)

| | .
om 118m 2|80m 295km
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Beam Production

.30 GeV p beam hits graphlte target, decays predominantly into =%, K*
- 7%, K* decay into u* and v/v

* 3 magnetic horns focus ©*, K* to select the beam mode:
« Forward horn current (FHC) to select a v, beam
* Reverse horn current (RHC) to select a v, beam

 Undecayed ¥, K* stopped by the beam dump
 u¥ measured by the muon monitor to characterise the beam

« Hadron production models constrained by the NA61/SHINE experiment
— reduces flux uncertainties
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Near Detectors

Bebond ND280 - ;

4 %g‘i% ? B sin’20,,=1.0

EOn—axis:\lD (INGRID) 3 }::_ - Si1122913 —01 1

FP . - & Am}, =24x107eV? -

Multiple near detectors: f ]

I > ~

* INGRID (on-axis)  \erio s .
WAGASCI/

« ND280 (2.5° off-axis)

BabyMIND

1_— HHH OA 0.0° -
— - aasss OA 2.0° .
« WAGASCI/BabyMIND 2 e RW0AZS ]
. Beam — L i T .
(2.5° off-axis) centre & _os— [l _

. . wo E%E_’%.....
Off-axis angle results in flux peaked at the of e EV(:G v 2 .

minimum P(v, - v, ) survival probability

2019-08-26 NUFACT2019 — T2K Status & Results — Francis Bench 11



Flux at ND280

--------------
Off-axis ND

} %%;::‘"E“——_ bearjw axis

On axis ND (INGRID)

High purity, stable v/v beam operation at ~480 kW

Neutrino Mode Flux at ND280 Antineutrino Mode Flux at ND280
N T2K Preliminary I T2K Preliminary
a_ 1012k =
= =Vy -V, = -Vy -V,
> 1 — — > — —
S Ve Ve S ot Ve Ve
5 £
= C 10
E \ 5"

& 1010 L &
AN s
10°2
- j""'-..l_ll:'—l_\ L 108
. b . E | =
0 2 4 6 8 10 0 2 4 6 8 10
E, (GeV) E, (GeV)
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Near Detectors - INGRID

P orso « Measures beam direction, profile and
'J@'E intensit
- ) y

<> * 16 scintillator modules sandwiched
with iron plates

=18l LT ARUEITI S S IS S 1* Proton module at the centre to
3 uam f T
<1 e o | | E . . .
si2f " : ' i constrain CCQE interaction model
% JEvent ‘-——H;orn250kA; ! E »
£ogrcventralé | porn205KA | | : == >
09E 1 1+ Horn-250kA— -t ro o ~ i
R S I P R P P R +INGRID
205 :_Horl.'!zontatll bea:m dlrec:tloin i TMUMON 1
- : L ey SO ] : -

o ettt ! . :
_0_5;_ :“" E h

1§ —t ‘ -t : : INéRID ' ~10m
jg 05 ;_Vertl:pal bqlfm dilrectlon iMUMON

L s et Tl D e
08f T e e ol T |

_qk 2010 2014 Now 201 o 201l 012 Wm0 02012y 2013 :Jun.zﬂhi ' - E X Il

2019-08-
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<& >
<« >
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Near Detectors — ND280

[ -~ Deam axis

UA1 Magnet Yoke

e Suite of detectors in a 0.2 T magnetic field:

- 2 fine-grained detectors (1 scintillator, 1
scintillator + water) provide interaction mass
and vertex reconstruction

* 3 time projection chambers measure particle
momentum and charge

« 19 detector

* Electromagnetic calorimeter measures energies
of photons escaping the inner detector and can
distinguish tracks from showers.

* Constrains unoscillated off-axis flux and the v
Interaction model

Tracker

Downstream
l ECAL

Barrel ECAL
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50 kt ultrapure water Cherenkov detector

* 11,000 PMTs in the inner detector for 40% photo-
coverage

« ~T km rock overburden for background reduction
* v, & v, interact with water to produce u~ & e~

« u~ & e~ produce Cherenkov light, which is
detected by the PMTs

» Measures the oscillated v spectra
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ez o @~ re-scatters, producing fuzzy rings

L

e 2.5d
L}

feam axisg
L}

| ]

= e

| ]
eg.:

- O
n
n

Super-K PID

Excellent u=, e~ separation

Select FHC & RHC v, v, CCQE-like

interactions and FHC v,, with 1 decay «l o-like u-like

Number of events
(=3
fa]

electron from a low-energy single
pion

Super-Kamiokande |

""""""""""""

Charge (pe)
. >26.7

® 0.7- 1.35g

u-like ring

1
500 1000

Times (ns)

!
1500 2000

® 0.7-1.3

Super-Kamiokande |

1 1
500 1000 1500 2000

Times (ns)

—&— Runl-9 Data

(14.94x10"" POT)

B Osc.v. CC
[ osev cC
— [ ]v./V.CC

[ Beam v /¥, CC

B ~c

MC w/ T2K+DB bestfit
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é

m

PID parameter
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Analysis Procedure
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Analysis Strategy

Simulation

Simulation + External v/e/h reaction data

4+ Beam monitors
+ Data on = and K yields S

Neutrino™ Ve
Cross-Section
Model |

Simulation 7
+ Calibration data g”

+ Test Beam data /!

Neutrino
Flux
Model

'
Sources of uncertainty correlated between
ND & FD, constrained by the ND.

Remaining uncertasinties are marginalised

"\Detector
‘Model

Neutrino ND fit

Oscillation
Model

(D Preicons ) | ND Data |

ND Constraint on
[. ............................. Fluxes and Cross-Sections

!

Oscillation Physics
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Flux Model and Constraints

Hadron interactions are the dominant uncertainty

Flux prediction:
1.  FLUKA simulation

Simulate p + C interactions in the target

2. JNUBEAM

Tracks particles exiting the target and

their decays into v
3. Hadron Production tunin

Interaction rates

—
®)
Neutrino Mode Flux at ND280 5 03
ER T2K Preliminary =
F10eL g
Nl v, -V 2
: v 5
2 -V, -V, S 02
g 1011 L‘L'
5 B
= 0.1

o

N

2019-08-26

Tune m production multip%icity and

Hadron yields and multiplicity constrained using
the NA61/SHINE experiment:

» Measurements using a 31 GeV /c p beam at CERN

« Covers nearly all of the T2K phase space

« Data from a thin (2 ¢m) thin target and a T2K

ND280: Neutrino Mode, v,
T T T T T l T

I ] ®xE,,Arb.Norm.

T T T T T T
Material Modeling

T T T
Hadron Interactions
Proton Beam Profile & Off-axis Angle Number of Protons

Horn Current & Field = 13av2 Error

=== 11bv3.2 Error

Horn & Target Alignment

1 10
E, (GeV)

NUFACT2019 — T2K Status & Results — Francis Bench

replica target

. [rad]

* Gives a significant flux uncertainty reduction

T2K Preliminary (2

n+ phase space

D 2009 Coverage

0.4§g

Arb. Units

o
(]

=10

P.. [GeV/c]
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Flux Model and Constraints

More info:

« NA61/SHINE facility at the CERN SPS: « Measurements of n* differential yields from

beams and detector system
(JINST) arXiv:1401.4699

the surface of the T2K replica target for
incoming 31 GeV/c protons with the

* Measurements of n*, K*, K¢, A and proton NAG61/SHINE spectrometer at the CERN SPS
production (n proton-carbon interactions (Eur. Phys. J. C) arXiv:1603.06774

at 31 GeV/c with the NA61/SHINE

spectrometer at the CERN SPS

(Eur. Phys. J. C) arXiv:1510.02703

—
@)
Neutrino Mode Flux at ND28&0 5 03 =
S n T2K Preliminary =
1012_ :
F -V, -V, = P
_! — s ]
Vi Ve S 02
[

Flux (/fem*/50MeV/10?'p.
]

ND280: Neutrino Mode, v,
T T T T T l T

Hilidron Inlteractlions — Matelrial MlodellmgI L T2K Prellmlnary X 102

— 2

Proton Beam Profile & Off-axis Angle Number of Protons — T[ + p h a S e S p a C e =

-

Horn Current & Field — 13av2 Error N oo g

1 0.4k [ ]2009 Coverage £

Horn & Target Alignment = = = 11bv3.2 Error I 20<
®xE,, Arb. Norm.

T2K Preliminary £
@'n
10

77
JJ_IJ

10_..1:111":—!—\.'_ '1(;—1
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Cross Section Model

T2K Preliminary
v, X-SeC

T2K flux
—— CC Total
—— CCQE
--- MEC
CC RES
CC Multi-pi
—— CCDIS

—_
T

e The dominant interaction is CCQE

6 /E, (10% cm? GeV')
=] =]
(o] [e2]
| |

* Model interactions using the NEUT
generator tuned to data from
MiniBooNE, MINERvVA and bubble

°
~
|

=}
o
|

chambers etc. < odif SESEC
3 Vv, X-sec
» Constrain cross-sections using the s i
near detector & propagate to the = e
far detector fit e — coos
See talk by Christophe 01 [
Bronner for details E
(11:30, Thurs) "RE
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ND280 Fit

* Fit to data binned in ©t momentum and
angle, with both C and O targets

* Post-fit is in much better agreement with

the

data

 Constrains event rates and greatly
reduces systematic parameter errors

2500

2000

1500

Events/(100 MeV/c)

1000

500

Data / Sim.

V-mode

V-mode

FGD1 CC O
Pre-fit

—4— Data
[ v CCQE
[ Jvcc2p2n

v cCRes In
Bl v cC Coh In

[ v cc other

- v NC modes

- Vv modes

2500

2000

1500

ND280 1000

Events/(100 MeV/c)

data fit

’?

FGD1 CC 07
Post-fit

—4— Data

[ v CCQE
[ Jvcc2p2n
v cCRes In
Bl v cC Coh In
[ v cc other
- v NC modes

- V modes

!

&

Data / Sim.
I

0 500

PRELIMINARY
e ——

2019-08-26

1000

1500 2000 2500 3000 3500 4000 4500 5000

Reconstructed muon momentum (MeV/c)

PRELIMINARY
NUFACT2019 — T2K Status & Results — Francis Bench

1500 2000 2500 3000

3500 4000 4500

5000

Reconstructed muon momentum (MeV/c)
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ND280 Fit

* Fit to data binned in ©t momentum and
angle, with both C and O targets

* Post-fit is in much better agreement with

the data o N SK FHC v, Flulx T2k preliminary
 Constrains event rates and greatly 12 3 | ' ' E
reduces systematic parameter errors £ E
09 ==
08 é— _;
07 B Prior to ND280 constraint 3
0s - —}—  After ND280 constraint 3
0.55""| L L N

10! 1 10
Neutrino Energy (GeV)

I
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Effect of ND280 Fit on Super-K Predictions

T2K Run 1-9 Preliminary _ T2K Run 1-9 Preliminary _ T2K Run 1-9 Preliminary

g2 F £ F £ 14 .
S 18k , S I - = F -
2. 16 v, CCQE-like 2 Ve ;CQE 2,0 ve CClm-like
CRYs £ like g b
St =3 3
105_ 4F- 0.8?
g% 3; Oﬁ?
6;_ 25— 0.4:—
4= - C
% S B R Y S S E— 05
Ereco (GEV)
Total event rate errors
Pre_fit POSt'fit o 8= T2K Run 1-9 Preliminary - b T2K Run 1-9 Preliminary
Super-K SeIeCtlon Error (%) Error (%) E 7; 17” CCQE_like EJ- iz%: 173_ CCQE_like
v, CCQE-like 14.7 5.1 g 51
= |o2F
v, CCQE-like 16.9 8.8 1—
. 0.8
v, CClm-like 21.8 18.4 0.6
7, CCQE-like 12,5 45 : N .
v, CCQE-like 14.4 7.1 I S I B 00: 02 04 06 08 I 12
Ereco (GEV) Ereco (GeV)
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Data & Results
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Accumulated Beam Exposure

Total Accumulated POT for Physics
v-Mode Accumulated POQT for Physics
V-Mode Accumulated POT for Physics

* POT = Protons On x 10% . VMods Beam Power
Target, directly 2 E BN E B B R E e
correlates with the & £ 500 =
number of v g B e o ‘ﬁ 2
produced E 25; __________ B —_400 5
« Since NUFACT2018, < I5E e ’f . +200 0
analyses with 46% 10 H e !ﬁff !/_/ s =
increased RHC sE l'! * 8 — : - —100
exposure have been Oéﬁ_g,——/_/ aE N
completed 2010 | 2011 ' 2012 " 2013 T 2014 ' 2015 ' 2016 ' 2017 ' 2018
Year
23 Jan. 2010 - 31 May 2018 v-mode 1.51 x 10%! (47.83%)
POT total: 3.16 x 104 v-mode 1.65 x 102! (52.17%)
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« Data collected at 3.16 x 10?1 POT =

Points

* Prediction = Coloured hists. Generated
with:

Normal Ordering

Scp = —1.601

sin? 6;3 = 0.0212
sin® 6,3 = 0.528
sin® 6;, = 0.304
|AmZ,| = 2.509 x 1073eV2/c*

Am3, =753 x 107>

eV?/c*

Simultaneously fit to all 5 samples

T2K Runl 9 Prehmlnary

180
160
140
120
100
30
60
40
20

0 (degrees)

o

o

i« B

O

o Ve CCQE-
like

o

CDO

02 04

P
0.6
v Reconstructed Energy (GeV)

L
0.8 1 1.2

2019-08-26

S & o <o ©
~N oh oy O

S o © ©
—_— N W

Number of Events

Number of Events

Super-K Data

TZK Runl 9 Prehmlnary

T T T T T T T T T T T T - v A)V
30— v v -V,
C . [ ] NC
C - [ ]v/v, intrinsic
25 vﬂ CCQE | I ke [ v, intrinsic
- Bl v, intrinsic
20 =
15— -
10— =
50 =
O: P L ‘ - * 1 + ‘ L1 | + ‘ L |
0 0.5 1 1.5 2 2.5 3

0 (degrees)

v Reconstructed Energy (GeV)

T2K Runl-9 Preliminary

180 e g
c . o.25
160F" v, CCQE-like -
140 — 0.2
120 —
C o] ]
100/ o.1s
C o 7
805 ]
C J —0.1
605 ]
40t = 005
20— -
C ol e e e e e e T
% 02 04 06 08 1 12

v Reconstructed Energy (GeV)
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Number of Events

Number of Events

T2K Runl 9 Prehmmary

24 __\ T T T ‘ T T T T ‘ T T T T ‘ T - V ‘)V
22:— (NRY v —V,
C . [ NC
20 vV CCQE - I | ke [ v¢/V, intrinsic
C H— [ v, intrinsic
18 B v, intrinsic
16= =
4= =
125 =
10= 3
8= 3
6 3
4= =
2= -
0: L ‘ Il Il 1 Il ‘ Il 1 Il Il ‘ Il 1 1 Il ‘ 1 1 1 |
0 0.5 1 1.5 2 2.5 3
v Reconstructed Energy (GeV)
180 T2K Runl 9 Prehmlnary
o ] T
b o1
8): 1607 Ve CClT[‘ =
S o ]
T 140 like —I0.08
@ :— Oo (o] —:
120 C (+] _
100F 1 0.06
80 -
C 1 —0.04
60 - ]
40 =
B 1 —0.02
20~ =
C ol b b e e by 1
0O 0.2 0.4 0.6 0.8 1 1.2 0
v Reconstructed Energy (GeV)
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Super-K Data

Selection Observed
v, CCQE-like 272.4 272.0 21724 272.8 243
v, CCQE-like 744 62.2 50.6 62.7 75
v, CClm-like 7.0 6.1 4.9 5.8 15
v, CCQE-like 139.5 139.2 139.5 139.9 140

ve CCQE-like 17.1 19.6 21.7 19.3 15
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dcp (Radians)

O.p (Radians)

2D 8.p

B T2K Run 1- 9Pre]|mmarv

3 ! - Normal - 68CL.
C * Best fit —Normal 90CL
C PDG 2018 ---- Inverted - 68CL
2 — Inverted - 90CL ]
E Data ]
. (T2K + reactor 643) -
-1 :
2 e
-3, %107
5.,
3t NormalﬁSCL"—'
* Dest fit —Normal 90CL A
PDG 2018 ---- Inverted - 68CL ]
2 —— Inverted - 90CL —]
1 Data
(T2K-only)

|IIIIIIJII‘IILIIIIIIJII

—x107°

2019-08-26

1 |45\ |50|

Vs. sin? 04

T2K Run 1 -9 Prehmmarv

31__ I l I\/I o Normal 68CL .
r * Best fit ~—— Normal - 90CL
- PDG 2018 ---- Inverted - 68CL ]
2 — Inverted - 90CL
2 b Sensitivity E
g .
5 f (T2K + reactor 6,3) 1
S o 13/ A
21 - ]
e - —
5 - -
o TIE E
-2F =
_3;_ 1 1 “""u ] 1 | | 1 1 1 | ] 1 1 I | —

15 20 25 30 35

sinz(GB)

1x107

« Reactor constraint on sin? 26,5 gives a much
iImproved constraint on 6.p

« T2K-only data is compatible with the reactor

Sinz 2013 data

« T2K data still gives a stronger constraint than
predicted (upwards fluctuation in v, CC1m-like
sample but only RHC beam running since last

summer)
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* 6qp best-fit values (radians)
* For NO: —1.885

 For|O: —1.382 35
* 20 ranges 30~ — Normal
« For NO: [—2.966, —0.628] ,f  Inverted
« For 10: [~1.799,—0.979] 5 Fl
. . . = 20
* CP conservation (sind.p = 0) Is < 155
excluded at 20 for both mass "N
orderings! 101
« More data and/or a reduction of SIS
systematic errors is needed to exclude e R

CP conservation at 30

1D 8.p

T2K Run 1-9 Preliminary
T T I T T T T T T T T T T T T

20 CL

Data
(T2K + reactor 643)
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2D Am? vs. sin? 0,5

T2K Run 1-9 Preliminary

T2K Run 1-9 Preliminary

x107 x107
Qz.s%—-m.m- T T eseL ~ T T Normal J68CL 1
e 2.6f— — 9 2.62— —
g 25F = & 2 5E =
R z L :
S 24 - S 24 -
i s Data E (:Z—; aF Sensitivity E
£ [ (T2K + reactor 6,3 ] £ [ (T2K + reactor 8;3) .
22 b b e b b b b oo b b b b b b
03 035 04 045 05 055 06 065 0.7 03 035 04 045 05 055 06 065 0.7
sin2(923) sin2(923)
* sin” 6,3 best-fit values « Am? best-fit values (1073eV#/c*) * Data and sensitivity are
 For NO: 0.532  For NO: 2.452 compatible
* For10: 0.532 * For 10: 2.432 * Best-fit lies in the
upper-octant, but is
* 1o ranges * 1o ranges also compatible with
* For NO: [0.495,0.562] * For NO: [2.382,2.523] maximal mixing
* For10:[0.497,0.561] * ForlO:[2.361,2.501]
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Mass Ordering

95.45% Credible Interval

. 90% Credible Interval

. 68% Credible Interval

T2K Run 1-9d preliminary

Q 5000
— -
g -
= 4000 —
2 -
= N
= 3000
= -
o N
S 2000
Q. N
L |
O |
e 1000
Q N
~—

3 -
- -800

3

1 1 | 1 1 1 1 1 1 | 1 I |
-0.002 -0.001 0 0.001 0.002 0.003

A m3, (eV?)

Substantial preference for NO, with a Bayes factor of 8.0
(from Bayesian MCMC analysis, equal prior probability
for NO and 10)

2019-08-26
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vV, Appearance

» Modify the oscillation probability:
* P(v, = V) = B X Poyns (v = )
* Test two independent null hypotheses:

* PMNS v, appearance (f =1)
* No v, appearance (f = 0)

0.16_IIIIIIII|I|II

i |—PB=0

 Using both rate and shape information:
 Disfavour no v, appearance at 2.40
« Compatible with PMNS v, appearance (1.00)

<

-

N
I

Fraction of pseudo-experiments
-
-
=

 No significant evidence of v, appearance yet

—-10 O 10 20 30 40
A = x3(B=0) - *(B=1)
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24
22
20
18
16
14
12

v, CCQE-like candidates

10

Bi-event Plot

T2K Run 1-9 preliminary

IIIIIIII|IIIIIIII|I

— sin® 0, = 0.50, 0.45, 0.55
— Am2, =2.45x10" eV?/c*
---- Am2, = -2.43x107 eV/c?

6CP =-T1/2

O

|

O 0,=0
®

¢ Data (stat. errors only)
|

e Ellipses show number of v, /v,
mode CCQE-like events as a
function of é.p

« Different ellipses for different
MO and sin? 8,5 values

» Shows T2K’s preference for
maximal CP violation, normal
mass ordering and the upper-
octant in a single plot!

30 40 50 60 70

— Ll

80 9 100 110

v, CCQE-like candidates

2019-08-26
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The Future of T2K
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T2K-Il Proposal & Beam Upgrade

« Current exposure: 3.16 x 1021 POT

 T2K target: 7.8 x 10%1 POT

 Approved extension (T2K-11): 20 x 104 POT
* Allows 30 sensitivity to exclude sin(6-p) = 0
 See arXiv:1908.05141 for details

Beam upgrade expected complete by 2022

Current operation stable at 450 — 500 kW
Upgrade to 750 kW — 1.3 MW

» Mostly from the increase rep rate from 2.48sto 1.16 s <

 Also more protons in each pulse

2019-08-26

Increase magnetic horn power from 250 to 350 kA
* ~10% more flux at Super-K
¢ ~5—10% reduction in wrong-sign background

L I L] T L) L] I T Ll L] L] I T L T T

S 15[ .

o - — w/ eff. stat. improvements (no sys. errors)

O -
1'8 - = w/ eff. stat. & sys. improvements il
7 10 - == w/ eff. stat. improvements & 2016 sys. errors ~
© s |
= N N L L
O - 99%CL o A et e 2T
é - = -~

5 ] =
)
—p—
o = 0k L T e mmmmmce—ao-T
> i
O . 1 1 L L l 'l I I L ]
0 3} 10 15 20
21
Protons-on-Target (x10')
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ND280 Upgrade

« Upgrade ND280 during the beam
upgrade

» T2K-II goal: reduce detector systematics
to ~4% V beam

* Replace much of the 7° detector with a » s
scintillator detector & 2 high-angle TPC
and 6 TOF counters

* Gives 4w acceptance (same as Super-K)
e Increases target mass from 2.2 ton to

S Hig hAn IeTPCs

o coumer /

4.2 ton
See talk b
* Approved as a project of the CERN Joﬁﬁ I\a;ugei’]t
Neutrino Platform (NPQO7) for details
- See arXiv:1901.03750, CERN-SPSC-2018- (16:00, Thurs)

001 & SPSC-P-357
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WAGASCI/Baby MIND

« WAGASC]

« = WAter Grid And SClntillator
Measure the v differential cross-section on carbon and water
Aims to reduce T2K systematic uncertainties
Located both at on-axis and off-axis locations WAGASCI
15t physics run recently completed

- BabyMIND

« = Magnetised Iron Neutrino Detector
» Spectrometer & charge ID for WAGASCI
 Currently being upgraded

See talk by Kenji
Yasutome for details
(16:22, Thurs.)

BabyMIND
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Super-K Gadolinium Upgrade

* Repairs to the tank completed v o
: e
« 157G d will be added to water ,po/+'
e s
« 157Gd has a very large n capture &37
CrOSS‘SeCUOn: . Currently /@ \ N
* 0.01% concentration 2019/2020 detectable signal ;T o gleeicvgc?:s;:iiganlgl

— gives 50% n capture rate

0.1% concentration later
— gives 90% n capture rate

Enhanced low-energy v,
detection using delayed

Vertices within 50cm

Number of events @ 3.9 X 102! POT

\_Ie/ Ve Separathn in T2K Osc parameters: sin?28,,=0.1,
8cp=-90° , Am?,, = 0.0024eV?, sin28,,=0.5, NH

Signal v, Signal v,

coincidence of 8 MeV y s BG V,, V., v, and V, : ¥, enhanced sample 1:' BG sample
Improved v, /v, separation : :

Possible supernova relic v )

detection

°§rectGe\1]z]

0.8 1 2
Erec[GeV]

oﬁreche\ﬁ

2019-08-26 NUFACT2019 — T2K Status & Results — Francis Bench 39



Summary

* 46% increase in RHC exposure compared to summer 2018

* 20 exclusion of CP conservation using data collected up to
summer 2018

* sin“ 6,5 consistent with maximal mixing, best fit lies in the upper
octant

* Substantial preference for normal mass ordering

* Preparations for T2K-II:

« Beam upgrade
« ND280 upgrade
» Super-k Gd

* Next run of T2K data to be collected Oct. 2019 - Feb. 2020
« T2K-1l has potential for 3o exclusion of CP conservation
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Backup
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Near Detectors — ND280 Tracking and PID

i D onaino * Fine-grained detectors (FGDs):
proton beam 0 - — . . .
“@-E“" @ * Main interaction mass
bmd%pmﬂo%gs% fff'_af'ff”ifj;_;ii « FGD1 - Polystyrene (C) scintillator
| | Sorasinunanp ; » FGD2 - 6 layers of water sandwiched with scintillator.
= Measures the v cross-section on water

Time projection chambers (TPCs):

« Gas mixture (mostly Ar) drift volume

» Measure particle momentum and charge using the

0.2 T magnetic field

Electromagnetic calorimeters (ECals):
A * Plastic scintillator and lead layers

(n ECAL . . .
el cscping the inner detector, 0 0 partiles

0 detector:

* Layers of scintillator, brass and water

PID uses the amount of ionisation, the

momentum and the energy from the ECal. Very
good u/e separation

UA1 Magnet Yoke

Barrel ECAL
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ND280 Selections

FHC selections. To constrain Super-K flux

and interaction parameters,
| data are fit at ND280
v, CC Om

TPC  FGD  TPC  FGD| TPC * FHC SeleCtlonS
B ., CCon

RHC selections:

/ + \ T L
w§ CC 17-[ ¢ Vu CC 1 TPC  FGD  TPC TPC  |[FGD ~ TPC  [FGD ~~IPC

/\ + v, CC Other

~ TT+
TPC FGD TPC FGD TPC\
data

* RHC selections: .
| ) * v, CC 1-track (right sign) : 1t |
va/in:(: 7. " 3 ° 17“ CC N_track (rlght Sign) TPC  [FGD TP FGD  TPC TPC  FGD.  TPC  FGD| TPC
» v, CC 1-track ("wrong”sign) e Selections use both FGDs:
* v, CC N-track ("wrong”sign) CH and CH + H,O0




Systematic Error Sources at Super-K

1-Ring u 1-Ring ¢
Error source FHC | RHC || FHC | RHC | FHC 1 d.e. | FHC/RHC
SK Detector 2.40 | 2.01 2.83 | 3.80 | 13.15 1.47
SK FSI+SI+PN 2.21 | 1.98 3.00 | 2.31 | 11.43 1.57
Flux + Xsec constrained || 3.27 | 2.94 3.24 | 3.10 | 4.09 2.67
Ey 2.38 | 1.72 7.13 | 3.66 | 2.95 3.62
o(ve)/o(Ve) 0.00 | 0.00 2.63 | 1.46 | 2.61 3.03
NCl1y 0.00 | 0.00 1.09 | 2.60 | 0.33 1.50
NC Other 0.25 | 0.25 0.15 | 0.33 | 0.99 0.18
Osc 0.03 | 0.03 2.69 | 249 | 2.63 0.77
All Systematics 5.12 | 4.45 8.81 | 7.13 | 18.38 5.96
All with osc 5.12 | 4.45 9.19 | 7.57 | 18.51 6.03
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Super-K Data and v, CClm-like p-value

Super-K

Selection

Observed

v, CCQE-
v, CCQE-
v, CClm-

ike

ike
ike

7, CCQE-like
7, CCQE-like

2019-08-26

2724 272.0 2724 272.8
7144 62.2 50.6 62.7
/.0 6.1 4.9 5.8
139.5 139.2 139.5 139.9
17.1 19.6 21.7 19.3

Upwards fluctuation in the v, CC1rn-like sample. The
p-value for observing this fluctuation in any of the 5
samples is 5 — 13% depending on the true values of
the oscillation parameters and the method used

NUFACT2019 — T2K Status & Results — Francis Bench

243
75
15

140
15

See talk by
Christophe
Bronner for p-
value details
(11:30, Thurs.)
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Oscillation Analysis

* Results presented here: Oscillation Prior Probability
. Constrain & Parameter Distribution
. C 'b'I'CP 2 with | ) Gaus. 0.0830 + 0.0031
ompatibl |ty.o SIn® 613 Wit Driven by v, /v, sin? 203 (2018 PDG from reactor
reactor experiments appearance experiments)
* Precision measurements of sin? 6,5 } 290 Gaus. 0.846 + 0.021
2 2 12 2018 PDG
and |Am3,|(NO) / |ami5|(10) Driven by v,./7, ( ! )
* U, appearance i aus.
e 4PP . disappearance Am2, (7.53 + 0.18) x 1075 eV2/c*
« Mass ordering preference (2018 PDG)
» Simultaneous fit to all 5 Super-K event sin® 63
2
samples Iizgzllg\f:)) / rtoagioe
13

 Constrained by the ND fit and priors «
« Marginalise out nuisance parameters

dcp

 Produce confidence regions on oscillation
parameters of interest
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Oscillation Analysis

» 3 different T2K fitter groups perform
complementary analyses:

 Frequentist log-likelihood ratio fit
« EJ°¢, 0, for e-like event samples .
« E}°¢ for u-like event samples Mainly showing
» Propagate separate ND280 fit to Super-K J these results today
 Frequentist log-likelihood ratio fit
* p., 0, for e-like event samples
« ET°¢ for u-like event samples
* Propagate separate ND280 fit to Super-K
« Bayesian Markov Chain MC (MCMC)
« EJ®C, 6, for e-like event samples

« EJC for u-like event samples
 Simultaneous MCMC fit to ND280 & Super-K

* Excellent agreement in the results from all 3
groups

-’
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Posterior probability density

0.9

S¢cp Prior

FIat prlor I 6CP

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

2019-08-26

=
|:| 95 45% Credlble Interval -
I 90% Credible Interval
B 68% Credible Interval

T2K Run 1-9d preliminary

-1 0 1 2
Ocp (rad.)

Posterior probability density

FIat prlor |n s1n(6cp)

|:| 95 45% Cred1ble Interval
I 90% Credible Interval
B 68% Credible Interval

T2K Run 1-9d preliminary]

|||||

02 0.4 06 08

sin(Sp)

IIIII Il
-1 -0.8 -0.6 04 -02 O

[—y

Conclusions unchanged: still
exclude sin(é6.p) = 0 at the 20 CL
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Extremity of the T2K Data

24:I ' L L L L e
22F 1 68.27% of toys M =
 T2K data falls within the 20 20E- 95.45% of toys MC E
_ ' 18- — Data —
range of pseudo-experiments s " Median toy E
» Stronger than expected = E
. . . . — 12 —
constraint is compatible with 3 b E
being a statistical fluctuation 8E- 3
6 |
‘ S

2
0 -3 -2 -1 0 1 2 3

6CP
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Interpretation of Bayes Factor

Bayes factor is a ratio of marginal
likelihoods for two models, X and
Y, given the data, D:

. L(D | X)
L(D |Y)
_ Strength of evidence for model X
<1 <0 Data prefers model Y
1-316 0-05 Poor preference for model X
316 —10 05-1 Substantial preference for model X
10-100 1-2 Strong preference for model X

> 100 > 2 Decisive preference for model X
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