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Neutrino Mass Mixing 12K\ m‘UIIJCI_
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The

T2K experiment - T2K\ Iu?ﬂl'CI_

Super-Kamiokande!

Artur Sztuc

(ICRR, Univ. Tokjo)s

® Around 500 people from 68 institutions, 12 countries
® ~0.6 GeV narrow beam from J-PARC (v and 7 mode)
® Near detector; ND280, 280 m from beam target,

measures unoscillated spectrum

® Far detector; Super-Kamiokande, 295 km from the v

source, measures oscillated spectrum
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Long baseline oscillations (eT2k) T2\

*UCL

Number of events per bin

Ratio

disappearance Ve appearance
i i =B
| e LA 4

o +Tt —— = i tj

Location of the dip: |Am3,
(does not depend on the sign)
Depth of the dip: sin®(63)

Difficult to separate 63 > 45 and 03 < 45

3 5 7
Reconstructed Neutrino Energy (GeV)

Reconsticted Neutring Energy (GeVj

Magnltude of the peak;
sin ((923), sin (913), (5CP
Small dependence on the sign of Am2,

Channel for CP violation detection

First-order sensitivity: |Am2,|, sin 03, sin® 013
Second-order sensitivity: sign of Am3,, sin? 03 octant, dcp
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J-PARC Facility

® The Main Ring shared
between T2K and other
experiments

® Fast extraction from the

main ring with pulse every

25s FeeviRes ¢ -

® Plans to upgrade the power
supply allowing 1.3 s pulse

| 400MeVLINAC |

'S
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The T2K neutrino beam T2\ UCL
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The latest result includes
combined run 1-10 data

® v, 1.97 x 102t POT
® ,: 1.65 x 10t POT

(POT; Protons on target)

E, (GeV)
Off-axis beam angle tuned for Beam operating over 500k\W
maximal v,, disappearance for the first time
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T2K near detectors 12K\ ﬁUCL

ND280

e Off-axis, 280 m from beam target j_,‘_»///

Solenoid Coil

Downstream
ECAL

® Measures unoscillated v spectrum

® Neutrino cross-section measurements Barrel ECAL

INGRID
® On-axis, 280 m from beam target
~om  ® Measures beam direction and stability

® Also contributes to cross-sections

e Different flux spectrum
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Super-Kamiokande detector —_T2K\ m‘mlJCI_

1000 m overburden
50 kton of water, 22.5 kton fiducial
11,000 PMTs in Inner Detector

® 40% photo-coverage

2,000 PMTs in Outer Detector

® Cosmic veto/outgoing particles
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Analysis strategy T2R\ = UCL

Oscillation Parameters

e Constraining the T2K model with Super-K data to
extract oscillation parameters

® Super-K does not have enough statistics to constrain the
cross-section and flux systematics well
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Analysis strategy T2R\ = UCL

Oscillation Parameters
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Flux uncertainties T2R\ m‘MIJCI.

® The proton interactions on target simulated with FLUKA

e Simulation reweighted to NA61/SHINE data

e Update: thin graphite target replaced with T2K replica
18em. P - ...

man Tl (e [ al,

90cm

® Flux uncertainties reduced from ~ 8% to ~ 5%
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Cross-section model T2\ m‘MIJCI_

® Three dominant scattering modes at T2K: CCQE,
and DIS

® Moved from Relativistic Fermi Gas +RPA (2018) to a
tuned Benhar spectral function

® Removal energy treated as a shift in lepton momentum,
tuned to electron scattering data

e Correlated pion FSI uncertainties between ND and FD
detectors

® Improved DIS treatment
CCQE (CCom) RES (CCln) DIS (CCOther) _
v 1 Y 1 Y 1

w
. e

hadrons
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ND280 Data selection T2\ HIAmlIICI_

ND280 data constrains the neutrino flux and cross-section
systematics at Super-K

Data samples for two FGD
targets (CH and H,0);

® 3x2 samples for v beam mode
® 1, CCOrm (primary in the analysis)
® v, CClx (shown on right)
® CCOther

® 4x2 samples for 7 beam mode

® 7, CCl1Track
7, CCNTrack

L]
® v, CClTrack
® p,CCNTrack Two Fine Grid Detectors (FGD), event

display shows FGD1 producing ut and 7~

H,O samples constrain water interactions at
Super-K

Data are binned in outgoing ;+ momentum and angle
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ND280 data fit effect zR 2 JCL
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® The prediction agrees much better with the data after the
ND280 fit (p-value of 74%)

® This is true for all the data samples
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ND280 data fit effect zR 2 JCL

Before ND fit After ND fit
Flux and Xsec Prefit Correlation Matrix Flux and Xsec Postfit Correlation Matrix
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® By constraining the predicted number of events, the ND
fit introduces anti-correlations between cross-section and
flux systematics
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ND280 data fit effect zR 2 JCL

Super-K event rates systematic errors

v-beam 1-Ring-u
v-beam 1-Ring-e
v-beam 1-Ring-u
p-beam 1-Ring-e

® The effect of the ND fit on the SK samples is large

e Systematic errors on Super-K event rates reduced from ~ 13% to
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Super-K Data T2k Ilmll'CI_

FHC 1Ry RHC 1Ru
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® Two p-like ring samples at Super-K
® One in v-beam mode and one for 7-beam mode

e Systematic uncertainty shown in red

Artur Sztuc UCL Seminar, Jan 2021 18



Events in bin

Ratio to unosc.

Super-K Data T2\ ﬁUCL
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® Three e-like ring samples at Super-K

® One for each beam mode (v, ©7), and one targeting CCl7
events with Michel electron

e Systematic uncertainty shown in red

Artur Sztuc UCL Seminar, Jan 2021 19



Super-K Data

rzR *JCL

T2K Run1-10 Preliminary
T T

V—beam 1 Rlng— s T T -
5 2HC =
o e g o e, =
10( E S F 9 ]
% 150 B * bata N ﬁ 18:7 %0,,= 045, 050 055,060 E
- Best fit =l - |
}: 1200 1 g 161~ E
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¢ . W I o é 10; -@?)axa:ex% stat err.) B
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Reconstructed energy [GeV] §0 40 60 80 100 120
Neutrino mode e-like candidates
dcp = —7/2 Scp=0 dcp=7/2 dcp =7 | Data
FHC 1Rp 346.61 345.90 346.57 347.38 318
RHC 1Ru 135.80 135.45 135.81 136.19 137
FHC 1Re 96.55 81.59 66.89 81.85 94
RHC 1Re 16.56 18.81 20.75 18.49 16
FHC 1R v, CClzt 9.30 8.10 6.59 7.79 14
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1D ocp T2\ mUCL

o T T T T T T T T
< o5 .
[ —— Normal ordering ]

F Inverted orderin ]
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s ]
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6CP

® T2K rejects ~ 35% area of dcp values at 3o

e Preference for the CP-violating values of dcp

e CP-conserving values excluded at 90% CL, but not quite
at 2o
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Reactor results, 013 and dcp

% 3F L I B A e e o sy s
o C T2K Run 1-10 Preliminary
2 [ PDG 6, Congtraint
F —— T2K only 90%
e E— T2K only 68%
= 4 T2K only Best Fit
F —— T2K+Reactor 90%
e A T I T2K+Reactor 68%
- E 4 T2K+Reactor Best Fit
-3k ! Ll [P
10 40 50 60 70

e There are no tensions between Reactor-constrained fits
and T2K-data-only

® T2K-only results for sin®f;3 agree well with PDG 2019
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Disappearance results T2R\ mUCL

-3
‘1‘—2.7)51(\)”‘””...\....|..H|HHHHHH:
> . F 3
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Q E E
= 2.6 4
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Z = E
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g r + Bestfit e
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PPN AT AR N
2'8.3 035 04 045 05 0.55 06 065 07

202,
Sin“0,,
sin? fa3 < 0.5 sin®fay > 0.5 Line total
Normal ordering 0.19 0.65 0.83
Inverted ordering 0.03 0.14 0.17
Column total 0.21 0.79 1.00

e Normal ordering and higher octant of sin?#,3 preferred
e Sensitivity to the sin® 6,3 enhanced with the reactor

constraint on sin? ;3
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Future prospects

UCL Seminar, Jan 2021



NOVA-T2K joined fits zR 2 JCL

® Both experiments operate at different v energies and
oscillation baselines, with different systematic uncertainties

® Joint fit will help breaking degeneracies and maximising the
impact of data
_T2K Runl-10 Preliminary NOVA Preliminary
24 ‘ ! ! 60[-Nova Fo ' ! o e
[ 13.60x10% POT-equiv (v) §in'20,5-0.085
22 r 12.50x10%° POT (V)
20 . o ]
H
18

=0.45,050,0.55,0.60
249x107 eV?

Antineutrino mode e-like candidates
S
=

Total events - antineutrino beam

16— ~246x107 eV? ~.
14 . \
.
o 30+ Lo _ B
12 . L ~
[ 68% syst err. at best-fit o
10 v Best-fit I NH
—6— Data (689% stat err)) 20| b

[©86p=0 ® 8cp=n/2
P R B - 1 [0 8= @ Bpm 312
£l | L | Il Il
40 60 80 100 120 20 40 60 80 100 120

Neutrino mode e-like candidates Total events - neutrino beam

ST T [TIT[TI T [ ITT[TTT[TTT[ITT[T

o
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T2K-

Artur Sztuc

SuperK joined fits

Also operate at very
different energies and
“baselines”

Py, = ve) 0.9

Cosine Zenith Angle,

o2

T

1 10 10t
Neutrino Energy [GeV]

T2K Runl-10 Preliminary
T T

Atmospheric samples will 5 ¢ : .
L. 5 E

help constraining the Z o E
Super-K detector 2 E
o 18— -

uncertainties and contribute ?2_ b E
to dcp and the mass g e E
. 2 12 3
ordering £ oo e E
86 m ) m 00 o

Neutrino mode e-like candidates
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Beam upgrade

® |ncrease from 515kW in
2020, through 800kW in
2023 to over IMW by 2027

® The main ring power supply
upgrade completed

® Reduce the beam cycle from
2.48s to 1.3s (down to
1.165)

rzR *JCL

Extraction

Injectian

‘—’(

Energy

time

>

185 (=1.165)
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Near detector upgrade 12K\ m‘UIIJCI_

® To be upgraded by ~ 2022 after a decade of operation

® New TPC with a higher angular coverage and better point
resolution

® 3D SuperFGD made of 2M cubes

® Better hadron detection and more similar phase-space
coverage to SuperK
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Anti-electron
nuetrino

\:roton L \

" Gadolinium
‘Pb@itron Gamma rays

Originally detectable signal New signal

e 2018-2019 refurbishment to
allow Gd doping

® Low-energy e detection via
neutron capture

R
Y S
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Conclusions T2K\ MUCL

CP-violating values of dcp preferred, with 35% of the
CP-conserving values rejected at 3¢ level

Data prefers Normal Hierarchy (~83%)
Preference for the upper octant of sin? 63 (~79%)

Many future upgrades planned:
® Beam to each 1 MW by 2027
ND upgrades
Joint fits with Super-Kamiokande and NOvA
Super-Kamiokande with Gadollinium
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BACKUPS
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Beam flux 12K\ ﬁUCL

Neutrino Mode Flux at ND280 Antineutrino Mode Flux at ND280
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Neutrino interactions T2\ m‘UIIJCI_

Charged Current Quasi

Elastic (CCQE) Charged Current Resonant Charged Current Deep
Pion (CCRES) Inelastic Scattering (CCDIS)
v I
w
v v

hadrons

e CCQE dominant interaction mode for T2K

T2K flux
— CC Total

® |nteractions with nucleon inside a nucleus

>

L e

—— CCRES
CC Multi-pi
—ccois

o/E, (10° cm? GeV™)
8

® Nuclear model dependent
® Nuclear effects can bias interaction mode and 04
energy reconstruction

0.2]
® |Interaction and Nuclear models tunedto ¢/ / .. L —
o S TS I R S
external data E,/GeV
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Super-K Data

v-beam 1-Ring-e

rzR *JCL

v-beam 1-Ring-e + 7T

T2K Runl-9c Prelimin:

=]
2

p-beam 1-Ring-e

T2K Runl-9c Prelimin:

Number of Events
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Super-K Event display T2K\ mAml.'CI.

e-like event i-like event
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Bi-probability plots: intro 12K\ Iu?’Il'CI_

~
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Bi-probability plots zR 2 JCL
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® Free [ fit probes non-PMNS space
e 3 =1 fit probes PMNS-only space

e Data consistent with the PMNS model
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- A
0S¢ parameters: 2R :JCL

T2K Run 1-9d Preliminary

0.0022 00035 0.0028 SLS708 0 15708

sin’ 8, Am?, S
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" A
IM.05¢ paramsters: R 2UJCL

T2K Run 1-9d Preliminary

post. proba.

sin’ B,

A rn%:

sin® 0, sin® 0, Am?, S
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With /without 613 reactor
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® Normal Hierarchy only

® Reactor constraint in a
form of a prior

® Reactor 63 taken from
2018 PDG
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T2K Run 1-9d Preliminary
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rrrrrr WORC 68%
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Data vs “Asimov” sensitivity T2K\ m‘UIIJCI_
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New vs old results
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e Normal Hierarchy only
e With reactor 6;3

® The reactor ;3 updated
in new fit

Scp
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Posterior probability

New vs old results

— Run 1-9c
— Run 1-9d
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e Normal Hierarchy only
® Without reactor 6;3
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