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Flavour mixing T2K\
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Experimental strategies T2K\

023~46° (8%), octant ? 013~8.3° (5%), 6cp ? 012 ~33° (4%)
—10

Am?212 ~ 7.53x10° eV2 (2.4%)
|Am?2z5| ~ 2.45x10-3 eV2 (2%)
sign(Am?z3) unknown
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Experimental strategies T2k
023~46° (8%), octant ? 813~8.3° (5%), dcp ? 0:12~33° 4% Srgsled 2017

Am?212 ~ 7.53x10° eV2 (2.4%)
|Am?2z5| ~ 2.45x10-3 eV2 (2%)
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> B |Am§e| -—"""07,:.' """"""""""""""""
> % KamLAND

1st gen: Chooz: sin’20,,<0.2

2 08
2 o

short baseline long baseline

P, =1-sin® 20, sin’(ANT, ﬁ) —cos* @, sin” 26,, sin’ (AN, ﬁ) 0.6

2nd gen: Double Chooz y
RENO
Daya Bay

e e

:

) cos’ 6, sin® (AN, —)+sm20 sin®(ANT, E)

short baseline

long baseline
amy T

I:Illlllllllllllll

(am;
sin”(Am,, iF

02 | llllllll | llllllll | llllllll | L1111l

! 10 100 Baseline [km]

Anselmo Cervera Villanueva, IFIC-Valencia 3 International Symposium on Neutrino Frontiers’18



Experimental strategies T2
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® B13-Ocp Measurement at LBL experiments: ve /Ve appearance
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. sin22013 dependence of leading term
* 0,;, dependence of leading term: “octant” dependence (0,;=/>/<45°?)
* CP odd phase &: asymmetry of probabilities P(v,—v,) # P(v,—v,) if sin & # 0

* Matter effect through x: v,(¥,) enhanced in normal (inverted) hierarchy
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The T2K experiment T2\

e Frst off-axis neutrino oscillation experiment, started taking data
early 2010 and in 2011 published the first indication of electron
neutrino appearance (and non-zero 6+3) in @ muon neutrino
beam, which was later discovered (> 50) in 2013

Super-Kamiokande

Mt. lkeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam

295 km

e Since 2014 most data taken in anti-neutrino mode
e Next goals:

e Observe Ve appearance

® Search for strong indication of CP violation
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12K detectors
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Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m

295 km

1,700 m below sea level

Neutrino Beam

—mgmmmmmmmmm

Inner Detector (T

Outer Detector

E
- \ )
i - -
| v
i Photo multipliers
2 ‘
\ e — PR
‘ 1 o~ LIRS
o — _,'/ { R -~
v & ~~ 1,000m \

Detector hall Access tunnel

Downstream
ECAL

Anselmo Cervera Villanueva, IFIC-Valencia

International Symposium on Neutrino Frontiers’18



12K detectors T2K

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama
1,360 m
I 1,700 m below sea level

Neutrino Beam

295 km

e GEE T

s o -~ b
A Wa - A
: 2 5ca f > § Control room
A ~ g el B

——
\ r’_]. - -
Inner Detector 5 Q
2
ey Outer Detector ‘i
= h
; W,
Photo multipliers
V { 1,000m
Y e N\ ]
" s A \
39m Detector hall Access tunnel

Anselmo Cervera Villanueva, IFIC-Valencia 7 International Symposium on Neutrino Frontiers’18



12K detectors

T2K

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m

I 1,700 m below sea level

295 km

Neutrino Beam

e GEE T

Control room

e
Bl Inner Detector ( 4 h
H |
== Outer Detector V4
t‘r
L
8o,
Photo multipliers
1,000m
—
£ // \_
[ 3 ,/
- - i \
- —= =
n Detector hall Access tunnel

Downstream
ECAL

Solenoid Coil

Barrel ECAL

Anselmo Cervera Villanueva, IFIC-Valencia

International Symposium on Neutrino Frontiers’18



12K oscll

ation analyses  T2K\
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Data taking summary T2K\

e Continuous rise in power from ~225 kW (2014) to 500 kW (2018)

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

v-Mode Beam Power
V-Mode Beam Power

Accumulated POT

Run4 _Run5 Run6

400

900

300

=100

0! |-d==./. || L 1 1
2010 2011

Beam Power (kW)

Year

3.16x10%" POT TOTAL 1.51x10%!' POT v-mode (FHC)

1.65x10%! POT v-mode (RHC) - 1.12x10%" analysed

POT = Protons on Target
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ND280 data samples T2k

e 14 samples in total
e Distinguish between FGD1 and FGD2

Vu CCOTC&)

L
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Improvements in Interaction model T2\

— 60——————T———r1—r 5 -
Modifications of the main T2K S ' : |
neutrino generator (NEUT): % 10
© A T
: 20 ETE:TSQ(?MJB 0.8 -1
e A model for multi-nucleon S CCQE:RPA
scattering processes I s

(Valencia 2p-2h model) b 05 T 15 225

reconstructed enerqy [GeV]

e 14— ,
e CCQE model was improved g e _
by including the RPA correction £ " E
factor s b
- o -
e Pion production model was * ospgt  RPAcorrection factor (black)
tuned to data on hydrogen and o  Frrorrange (dashed) :
deuterium [ Error band for T2K parameters (gray)

Q’[GeV’]
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ND280 constraint T2K\

® Parametrise cross section & flux models
e Constrain by fitting ND280 data

e Result of data fit reduces flux & interaction model uncertainties at
SK

ND280 CC 01 sample Super-K neutrino-mode flux

<
3
e
o
o

m = = 1.3
> B0 —4— Data ] =
o B ] b
2000 — — -
S - vCC2p-2h 4 C
-’ _ . \yEoERERREREER e JRE L s GBS
Z - v CCRes 1 3 80 A O 1 0 0 SO0 O RO, ... AR 5 0 0 U 0 0
= 1500 — ] e Rl S e e S S
o m B vcccohin I 1B
m — . R e e e e ey
1000 - - v CC Other T =
L — 0.9 prsismiiiimimimiimimimmmmmmiminmm B T e e e
— - v NC modes -
500 B ¥ modes — 0.8
. .0 = 0.7
e 12 | — -
B~ 1.1 —o—e — —
— 1.0 A‘—Hﬁ_ ® ® 0.6 —
S 09 * _| -
S 08 = — -
Q ................................................. O 5 1 I l |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 ' 10" ] 10
Reconstructed muon momentum (MeV/c) Reconstructed neutrino energy (GeV)

RE‘NI‘WW%Q?WG@ Villanueva, IFIC-Valencia 13 International Symposium on Neutrino Frontiers’18



ND280 constraint T2K\

® Parametrise cross section & flux models
e Constrain by fitting ND280 data

e Result of data fit reduces flux & interaction model uncertainties at
SK

ND280 CC 01 sample Super-K neutrino-mode flux
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Super-Kamiokande

¢ \/ery well known performance

after more than 20 years

¢ 50 kton water Cherenkov
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Improvements in SK

e New reconstruction algorithm: fiTQun (uses a charge and time

likelihood) instead of previous algorithm APFit

15-20%

®* New data sample veCC1mt in addition to ve CCQE, add 10% stat

® Re-optimizing fiducial volume (FV) cut: expansion of the FV by

—} ~30% increase in effective statistics

| §

Wall Cut [cm]
8 8

g

Old cut

T/\Pﬁt Analysis Cut

3 O timal
E TOun 4 New cut

F Cut >

—_—

% 50 100 150 200 250 300 350

Towall Cut [cm]
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ve SK neutrino samples
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Oscillation analyses: rates .T2K\

® Compare observed rates at SK to predictions under oscillation
hypothesis, tuned with observed ND rates

PREDICTED

SK SAMPLE OBSERVED
ocp=—mt/2 6cp=0 OScp=t+m/2 Scp=n

FHC 1Ry

RHC 1Ru
FHC 1Re 0 decay-e

FHC 1Re 1 decay-e

RHC 1Re 0 decay-e

® SK event rates are in line with expectations based on oscillation model
e Of note: 15 events observed in CC1x ve sample, with prediction of 6.9 maximum

® p-value for up/down fluctuation in 1 of 5 samples is: ~5% (1% with single sample).
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Ve Appearance

T2K\

T2K preliminary

e Compare consistency with PMNS Ve % -
appearance (B = 1) and no Ve appearance % 0
(8 = 0). For rate only: 2 -

> 10°E

e if 3 = 0 expect 6.5 events ;g :

e if B =1 expect 11.8 events = e

e p-value very similar for both = el

e Use rate+shape analyses: -
10—50 1 11
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e The data shapes look more consistent
with background spectra than ve signal

spectrum Shape of Ve signal

* No Strong statistical T O — e T2K prelim,inai
conclusion yet
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Atmospheric sector: BOo3, Am232(1) T2\

vulv, disappearance

Data fit with reactor constraint
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Scp VS. SiN“B13 T2K\

SENSITIVITY DATA FIT
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e sensitivity assumptions: :
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Scp 1D contour T2K\

e CP conserving values (6cp=0 & écp=m) outside of 20 region for
both hierarchies.

DATA FIT with reactor constraint

T2K Runl-9c¢ Preliminary
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3 20 =
£ r N .
3 . \ .
15 i N\
10F
: I I i} | | | I | | | | I | | | | I | | | | I :
0 -3 -1 0 1 2 3
Ocp
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12K phase i

T2K\

e Proposed to cover the gap between T2K/NOVA and the next
generation of experiments: HK/DUNE (from 2020 to 2026)

e Same far detector (SK) + beam upgrade: collect 20x10%! p.o.t.

e New improved near detector complex and reduced systematics

e Could achieve >30 sensitivity on CP violation

Assuming hierarchy known (??7?)
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Neutrino beam upgrades  .T2K\

e Main Ring power supply upgrade approved
oy MEXT

e allow faster beam rep rate (2.2—1.3 )

e Mitigate beam losses at higher power
running conditions

750 kW, with eventual upgrades to 1.3 MW

e Aim to complete work when MR-PS
upgrade is done — 2021

e TDR has been submitted to KEK-IPNS §
Director for review in June 2018 ‘
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Far detector upgrade T2\

e Additional SK data samples under study
® CC1mnx and NCmO, for v/v. modes

e SK-Gd project: add Gadolinium to SK water (0.01%)
® cnhance neutron detection capability

®* improves low energy antineutrino detection

AT~30us, Vertices within 50cm
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ND280 upgrade 2K

¢ Reduce systematics to ~4%

e Main improvements:

1° detector

e [ull polar angle acceptance

e High efficiency for short tracks

e TOF for particle direction

e Strong involvement from CERN
e Submitted proposal to CERN SPSC

e [DR expected by the end of 2018

e Aiming for installation in 2021
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ND280 upgrade T2K

¢ Reduce systematics to ~4%

TOF

High Angle TPC

e Main improvements:

e [Full polar angle acceptance |

High Angle TPC

e High efficiency for short tracks TOF

e TOF for particle direction

e Strong involvement from CERN
e Submitted proposal to CERN SPSC

e [DR expected by the end of 2018

e Aiming for installation in 2021
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ND280 upgrade T2K

¢ Reduce systematics to ~4%

TOF

High Angle TPC

OF

High Angle TPC

e High efficiency for short tracks TOF

e Main improvements:

e [ull polar angle acceptance

e TOF for particle direction

e Strong involvement from CERN £5¢
e Submitted proposal to CERN SPSC S ‘
e [DR expected by the end of 2018

e Aiming for installation in 2021

http://iopscience.iop.org/article/10.1088/1748-0221/13/02/P02006/pdf
Scintillator target (Super-FGD):

over 2 million cubes
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Outlook T2K\

e T2K, currently running at 485 KW power, has double statistics in
the last two years

e Updates to the T2K oscillation analysis:

® |[mprovements to neutrino interaction model (added nuclear effects)

e New reconstruction and event selection at Super-K: effective
improvement in statistics by ~30%

e Results:

e Continues iImprovements in atmospheric parameters

e CP conserving values excluded at 2oc for both hierarchies
e Proposal of T2K-II: to collect 20x102" POT in 2021-2026

® R&D for Upgrade of the Near Detector is ongoing

* Potential for >30 sensitivity on O¢p
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Beam production T2K\

J-PARC
30GeV
proton beam

Super-K

- e —i
target&3horns I B e .. )Off—axis angle 2.5 deg.
beamdump = = gy T eeo..__ beam axis

muon monitor
| [ On-axis ND (INGRID)
| .

o

| l
Om L18m 280m 295km

Protons hit the target: graphite rod (26 mm x 914 mm long, 1.8 g/cm?3)
p+Cont/-+X
Three horns (+/—250 kA): collect and focus positive/negative pions
Decay Volume (96 m long, He ~1 atm.): n* > p* + v;; i~ > B~ + v,
Beam Dump: stops all the hadrons and muons with p , < 5 GeV/c
Muon Monitors (ion. chambers and Si PIN diodes): measure the intensity
and profile of the muons (p , > 5 GeV/c) on the bunch-by-bunch basis

Off-axisND
decay volume
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Effect of different

T2K

QUICK SUMMARY

® sin2023, sin2201 3

* enhance/suppress both v,—v. and v,—7.

* CP violating parameter dcp up to +30% effect at T2K

* Jcp=0,m: no CP violation: vacuum oscillation probabilities equal

* dcp ~-T/2: enhance v,—v,, suppress v,—ve

o 5CP ~+T11/2: SUPPress vy—ve, enhance Vu—Ve

“normal” hierarchy (NH): .

* enhance v,—ve

( \|||:n,"

* suppresses v,—Ve o

—(11),) (m, )" e— —
(Am’)_
(m,) —_—

“inverted” hierarchy: (IH)

® SUPPress vy—ve

* enhance V,—Ve
|t
+10% effect at T2K L
J\HH_ (m, ) lm.)"| " e—
normal hierarchy inverted hierarchy
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T2K neutrino flux T2K\

e Neutrino flux calculations are based on
¢ |[nput from the proton beam monitors (beam profiles and current)
* FLUKA2011 simulation: hadron production in the graphite target
* this is tuned with NA61/SHINE thin (2 cm) target data

e GEANTS3: propagation through magnetic horns and decay into
neutrinos

1. Proton beam measurement

5. Beam direction

‘ 3. Horn and beam alignment
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v Fluxes & Uncertainties

T2

Neutrino Mode Flux at ND280
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Antineutrino Mode Flux at ND280
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Neutrino Mode Flux at SK
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e A priori prediction of flux at Super-K has ~10% uncertamtles from

0.1 105 GeV

¢ Tuned with data from CERN NA61/SHINE

e Near and Far flux shapes are not identical, but highly correlated
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Atmospheric sector:

>
O3, AM 30(1) -2

T2K Run 1 9c Prehmmary

251 LR A LA B [T T T

B . — Normal i

20— MC flt '-.I --Inverted _]
“with re ‘ctor constraint !

3 15 —
< B |
V10 —
5__20 ]

a5 N .

L T L. L |

| 1 | | | 111 |
%.3 035 04 0.45 0.5
sin (823)

0.55
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T2K Run 1-9¢ Preliminary
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Systematic errors at SK (%) 12K\

1-Ring p-like 1-Ring e-like
Error source V- V- V- V- v-mode | v-/v-
mode | mode mode | mode |CClrn* modes
SK Detector 1.861'L.51 3.03 [4.22 |[16.69 1.60
SK FSI + SI + PN 2.20 |1.98 3:0da<f 231 11.43 e 7
Flux+Cross sect. constrained | 3.22 |2.72 3.22 |(2.88 [4.05 2.50
0(ve)/o(ve) 0.00 |0.00 2.63 (146 |2.62 3.03
NCly 0.00 (0.00 168250 S 33 1.49
NC Other 025" 5-0#25 0.14 [0.33 (0.98 0.18
Total Systematic error 440 |[3.76 6.10 |[6.51 |20.94 4.77

FSI = Final State Interaction

SI = Secondary interactions

PN = Photo-nuclear interactions
NC = Neutral Current

Total error is in 4-7% range
(except for v-mode CC111 sample)
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Modelling v interactions T2K

(NEUT v5.3.3)

% 12F o -- Ccldlli-like —.CC ;es;nalntll—'(l:é: inclusive —
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g 10 /’L -
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Sk fee e :
. QE 2 S 4F E
¢ CCQE: Llewellyn Smith, Ms~ =1.0 GeV/c S ‘ :
e - ("f.‘v” -
: RES 2 | 21 e —
e CC resonant z: Rein-Sehgal, My,  =1.2GeV/c B | N S ]
2 B L D ry— -
> O e I 1 -T faadds JLILIY
® 2p2h: Nieves model 10°! 1 10
. _ E, (GeV)
® Nuclear model: Smith-Moniz RFG .
> F T
e Bulk effects (RPA) effects included S 4 7, O Coag e T & resonant T ZE helusive
_ _ g 3 55_ CC coherent
® Coherent pion: Rein-Sehgal 9 '35
Q —
. . - -
¢ DI|S with Bodek-Yang corrections £ 55
. . L . . & F
* Neutrino and antineutrino interactions simulated ..°> 2f
_ o 15F
e v, and v, simulated C; E
* Only differ at low energy 5 03F |
> OF
10" 1 10
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Modelling v interactions

T2

(NEUT v5.3.3)

/

- - CCQE-like — CC resonant — CC inclusive =]

v g 12 V :
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ND280 data for OA
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Flux uncertainties 12K\

¢ Fux prediction uncertainty is
8-12%

e Uncertainties on hadronic
interaction modelling are

largest
e NA61/SHINE data taken with SK: Neutrino Mode, v,
replica T2K target |S belng L% 03— Hadron Interactions — Material Modeling
. +J[ ——— Proton Beam Profile & Off-axis Angle Number of Protons .
Incorporated fOr fUture g — Horn Current & Field i — 13av2 Error
analyses -> reduce flux R o
. — L -
uncertainty _ 7
0 P————1
0 == = = =
10" 1 10

E, (GeV)
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Anti-neutrino interactions .T2K\

Charged-current (CC) inclusive v,/v, cross sections
C. Patrignani et al. (PDG), Chin. Phys. C, 40, 100001 (2016) and 2017 update:

MINERVA, PRD 95, 072009 (2017) ¢ CCFR (1997 Seligman Thesis)
¢y T2K, PRD 93, 072002 (2016) 0 CDHS, ZP C35, 443 (1987)
; 1.6 g PRD 90, 052010 (2014)  ® GGM-SPS, PL 1048, 235 (1981)
Q & T2K (CH) PRD 90, 052010 (2014) : ﬁ{‘é";’l‘;ss'p”g;g (‘3:7:2)7 -
(O} 14 ’z ;fKo:f; Pig;gg‘)iz‘mf&’;’” v IHEP-JINR, ZP C70, 39 (1996)
- 9 - @ MINOS, PRD 81, 072002 (2010)
'é % ANL, PAD 19, 2521 (1979) & NuTeV, PRD 74, 012008 (2006)
38 2 1.2 0 C2, 187 (1979) X  SciBooNE, PRD 83, 012005 (2011)
10 cm /GEV o A BNL, PAD 25, 617 (1982) % SKAT, PL 81B, 255 (1979)
©
P e ey = © 1
o
F -
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~ 0.8 [ N
ur ped ST e Mt
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- o v N
- ; K
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Fitted flux parameters T2\

e [tted

® POS

/Pre-fit =1

flux parameters are near their nominal values

e Most of the fitted flux parameters are within 1o prior uncertainty

Super-K neutrino-mode flux
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Fitted interaction model param T2\

The cross-section parameters include normalizations and Fermi
momenta for C and O, parameters of nuclear effects (2p-2h, RPA), etc.

Cross Section Parameters
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Fitted interaction model param T2\

The cross-section parameters include normalizations and Fermi
momenta for C and O, parameters of nuclear effects (2p-2h, RPA), etc.
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The fit enhanced some of cross-section parameters
(related to 2p-2h and RPA)
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SK data for OA
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SK e-like events T2
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SK e-like events T2
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Super-FGD T2
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