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.~ The T2K experiment

. * High intensity ~600 MeV v, beam produced at J-PARC (Tokai, Japan)

. @ Neutrinos detected at the Near Detectors (INGRID+ND280) and at the

(* 295 km from J-PARC |

"i 9 Canruninvorvmode by changing horn polarity ; ‘
~ ® Main physics goals: ;
B |
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! 4 Precise measurement of v, (vy) disappearance — 0623 and Am?2s3
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_ kt fiducial volume water

Cherenkov detector S
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* P(vy = vy) = P(vy = vy)

* Test of CPT conservation

* Measure sin2(2023) — weak sensitivity to the octant

* Measure |Am223] = cannot distinguish NO and 10

% P(Vu T Ve) . P(;p _’;e)
* Sensitive to CP violation (dce)

* Sensitive to octant of sin2(023)

* Sensitive to matter effects (hierarchy) = weak in T2K since L is (relatively) short
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Sensitivity to oscillation parameters
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Near Detectors

UAI Magnet

Downstream
PoDECa  Darrel ECal ECal

INGRID: monitor v beam
Proﬁle and direction clurmg data takmg FGDs ;

A b Py P — 44‘5«’*““’*‘ e - -

Measure v and ¥ cross-sections
. detectors installed in
the UAI/NOMAD magnet (0.2 T)
Fundamental input to T2K OA

2 Fine Grained Detectors — active
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target for v interactions
3 Time Prcﬂed:ion Chambers to measure
charge, momentum and PID of Ieptons ;

; iiaiih : f‘
emitted in v interactions
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Super-Kamiokande

* 50 kton Water Cherenkov detector
* ~11000 PMTs for ID, ~2000 for OD

Upper dome of Super-K

1000 m underground at Kamioka mine
operated since 1996 LINAC for

calibration

>

* Very good PID capabilities to distinguish
between ve and v, thanks to shape of 41.4m

Cherenkov ring — <1% misidentification
probability

Pure water
target
for v and

'§ p decay
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23 Jan. 2010 — 31 May 2018 v-mode 1.51 x 1021 (47.83%)
POT total: 3.16 x 1021 v-mode 1.65 x 1021 (52.17%) :
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Collected 3.16x1021 protons on target (half v and half v) 140 e L | ; |
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Stability of the beam rate and direction over the whole
data taking period measured by INGRID

Oscillation Analysis results presented at Neutrino2018
with data up to Dec. 2017
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T2K oscullatlon analys|s ; lllll

Flux prediction: S B
Proton beam measurement Prediction at the Far Detector: &

: Combine flux, cross section
- Hadron production (NA61 ’ :
- and others external data) FEINDZSS (O PIEGIEt TIE
S expected events at SK

L‘.A. .;LMA... J‘JM&M—‘MM‘G"‘L é‘q.-b_&n

ND280 measurements:

vy and v, selections to Extract oscillation

constrain flux and cross- | parameters!
sections

Neutrino interactions: SK measurements:

Cross-section models Select CC Vi, Vi, Veie =
External data (Minerva, candidates after the oscillations

MiniBooNE, ...)




Flux uncertainties: NA61/SHINE

% "-* SK: Positive Focussing (v) Mode, v,

bt oo SRR S SRR

T ——— Mult. Eror !
03 B Nucl. Error N
- Int. Length Error 4
- ——— Pion Rescatter Error
i Replica Tuning Error 4
02 = =----- Thin Tuning Error =

ux error reduction
~25% to ~10%

Fractional Error

| - {* Multipurpose detector @ CERN —
| precision hadron production

| measurements for T2K (and FNAL)
neutrino fluxes predictions - =

s p [GeVic] p [GeV/c]

: R T()Ok data for T2K in 2007, 2009, 35:104 60 < 6 <120 mrad 16?10* 60 < 6 <120 mrad
2010 with thin and replica target K' K

0.2}

o
-
[¢)]

0.1
0.053
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Thin target data already used —
10% uncertainties on neutrino T T R A R R T S S
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fluxes — 4010”20 <8<40mrad

p + Data

30
= ——— FLUKA 2011.2c.5
E o
E -
152 - NuBeam G4.10.03
10 3 ...0

QGSP_BERT G4.10.03

d°n/(dpd0) [(rad-GeV/c))™|
d’n/(dpd9) [(rad-GeV/c))™|
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Inclusion of 2010 data with replica
target will allow to reduce flux
uncertainties to ~5% level

d’n/(dpd®) [(rad-GeV/c))™
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6/Z[b/GeV] po b

Cross-section uncertainties

At T2K energies the dominant contributions to Cross-
section are quasi-elastic

g Vg ARy AT A T Vg

Other contributions with pions in the final state also
important

T e AR Wy sy TN

Need to take into account nuclear effects (2p=2h, FSI, ....)

T

e

We developed a new parametrization of the cross-section

> Dias the energy reconstruction 5 1'4_ L
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After ﬁt

IDD!DDI*

= * Select 14 samples of v, I S o -
. and v, interactions on |
Carbon and Water with Flux uncertainties Cross-section

| 0,1,>1 nin the final state @ = _uncertainties
|+ Likelihood fit to i +++ s el E .
constraint flux and cross- = rcevmsn ++ L

1 section uncertainties for .. e
. T2K Oscillation Analysis " i mesion

10



v, candidates
v, candidates ¢
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Unoscillated Prediction

Oscillated with Reactor Constraint

gscmnod without Reactor Constraint
ata

T2K Run 1-9c¢ Preliminary

Reconstructed Neutrino Energy (GeV)

Number of events per bin

Ratio

Super-

u~m<e v-mode

L4

Unoscillated Prediction

Oscillated with Reactor Constraint

gscilhtod without Reactor Constraint
ata

T2K Run 1-9c¢ Preliminary

4 S /
Reconstructed Neulring é’rw(u (GeV)

MC expected Number of events

Ocp=-11/2
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6.9

6.0

4.9

5.8

2 (50% more data inv mode)

To be uPclated with full run9 stat
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Number of Events

Number of Events

Number of Events
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| Systematics

SK detector
SK FSI+SI+PN

ND280 flux & cross-section

Binding energy
<0.05% | <0.05% 2.6% 1.5% 2.6%
0.3% 0.3% 1.1% 2.6% 1.0%

4.9% 4.3% 8.8% 7.0% 18.3%

1@ Binding energy is treated as an effective parameter not fitted with
| ND280 — will be reduced in next round of analysis

Contributions from flux and cross-section constrained by ND280 |
SK detector and FSI+S| uncertainties (not constrained by ND280) f

Only use v, selection at ND280 — uncertainties due to possible velv, ¢
cross-section (theoretical uncertainties)

| "
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Oscillation results

x107

32

— Icecube — Minos+ — NOvA — SK — T2K

| (NH) [eV?c4]

32
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* World best measurement
of sin?(023)— compatible
with maximal mixing

e 2.434 + 0.064

2AIn(L)

25 L T Al LI B B | L

10

22AIn(L)

T2K Run 1-9¢ Preliminary
L I 1T T1T7 l L l T T, L

TRWTETIN - T o P gt Y g

- with re

IIIIIIIIIIIII

actor constraint

— Normal
---Inverted

Illlllllllllllllllll—

||||||||||||||||||N——-_L J/Illlllll

T T e S T T et A Py Ty sy - T N ™ W ARy AT T Yy
1 ] y e : . A VP ey -
: A S e Tk v 338503

25

10

0.45

05 055 06 065 07

sin*(6,,)

T2K Run 1-9¢ P

P T e

L I L I L I

— Normal
---Inverted

UL

reliminary
'] I T T T

IIIIIIIIIIIIIII'IIII_




T Runl-9¢ ina -

T2K Run 1-9¢ Prelimine

Normal - 68CL
¥ Best fit —— Normal - 90CL
1 PDG 2016 Inverted - 68CL

—— Inverted - 90CL
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---- Normal - 68CL

* Best fit —— Normal - 90CL

S  #2PDG 2016 ---- Inverted - 68CL
—— Inverted - 90CL

d¢p (Radians)
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Antineutrino mode 1Re candidates

Comparison with NOvA

T2K Runl-9c¢ Preliminary
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- .. - © 251-9.48x10% POT (v) 29, 200825
16— B e ] 8 [ 6.9%10° POT (v) 1
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14— l . ] _8 20 .
- SR i 5 I p——— uo l
12— - - * . ,8 i | sinf0,,=0.59
- —— sin” 8, = 0.50, 0.45, 0.55 0 o _ € 15l LO | B
— —— Amj, = 2.44x10° eVe? O - o L sin2823=0.46 ) i
0. Ami; = 241x10” eVc* e ] [ H 3§ T |
B S gu:=nnp v 7 "g [ Am2,=-2.55x107%V2 "\ 1
, = +10/2 —a
8 o su=0 ~ S 10 SNET S
[ o 5= ] L4 Am3,=+2.50x10"eV? )
6_— syst err ] .g i 1
[ e a = 510 8gp=0 * dgp= a2 NOVA [48] .
4 I_l 1 l 1 1 11 l 1 | I — l ) I — 1 l 1 | I — l ) I — 1 l 1 | I — l | I l_l _D 6C':)=IJ1: . 6CT= 3Jt/2 l J l -
30 40 50 60 . 70 80 90. ]()O 201 11 1301 11 1401 11 1501 11 1'601 11 1701 11 180
Neutrino mode 1Re candidates Total events - neutrino mode
'5
'1} * NOvA is the other LBL experiment currently running
' * Plan to have combined T2K/NOvA Oscillation Analysis in 2022
| * Currently we both prefer normal ordering
4 : 28 .
4 * Preference for maximal CP violation in T2K not confirmed by NOvA
% * More statistics is needed!
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The future

Long Baseline Experiments are leading
techniques to measure several oscillation
parameters (dcp, 023, mass ordering)

Next generation of LBL (DUNE, Hyper-K)
will not come online before 2026

T2K and NOvA will be the leading
experiments for the next 8-10 years

Let’s get the best from them!
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T2K phase |l

T2K-Il Protons-On-Target Request

|
a
[43]

% T2Kwas originally approved to £ of

collect 7.8x1021 pot M ‘

i
o

Integrated Delivered Protons [10°'POT)
[10°'POT]

* Driven by sensitivity to 613

11 Il
[\*]
[43]

8 NN
U

n
o

@ Proposal for an extended run
| * T2K-ll = 20x102! pot

D

}
| P Upgrade the Main Ring power
| supply toreach 1.3 MW

Delivered Protons / Period e .- ut).

| operations @ e
] ; _g% i 20x10?" POT, current syst.
| V460 events + 20% (Bcpand ordermg) : 20x1G?' POT. improved syst. | [
4 v_: 130 events * 3% (d-p and orclering) £ |
';.»0 >30 measurement of CP violation
; (if Ocp close to -11/2)
; ‘ e D Ny '.
- ® Needtoreduce systematicsto~4% [/ wal
 (<3% from ND280) oK 90% e o

e

18 allowed region
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* Precise measurement of

* Excellent performances so
far but optimized to detect
forward going tracks

Current ND280 detector

NIM A 659 (2011) 106-135

* Most of European groups

in T2K were involved in
ND280

* Magnetized detector with
tracker system

particle charge, momenta
and PID

* vufrom vu

* ve from vu
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ND280 upgrade

_ 180 — ]
- ] ~ N 2.5
3 . 160 — —
D . | _
= 140— = )
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.- 100:_ R
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E_ _E —1
60— —
40; _f —0.5
20 =
0 200 400 600 800 1000 1200 1400 e L e el e e e e
P, [MeV/c] % 200 400 600 800 1000 1200 p1‘(1I9/I%V) —0
* Main limitation of ND280 : reduced
angular acceptance — only forward 9 T
going muons are selected with high S 0.8 *:VLAL
T8 Q08
efficiency T .
0.6
3 ; ; HAFWD
An analysis dedicated to select tracks 04
with high polar angles allow to select :
20% of the events in that region
* We can do better with an upgrade! 010806 04-02 0 02 04 06 08 1
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214 authors

ND280 upgrade

CERN-SPSC-P357

>~
Q
o=
8
Q
Top Tof =

Most of T2K JENNIFER

o
o

0.8
0.7
0.6
0.5
04
03
0.2

—m=—— ND280 current

groups involved in ND upgracle

* Replace upstream part of ND280 with an horizontal fully active target
(SuperFGD) and 2 horizontal TPCs

— — e Upgrade TPC only %
E ——e—— Upgrade SuperFGD+TPC ° s
e e e s e e e o2
= 2 E
= - E
5 : :
— ° =
= ° ]
e n"EEEm, =
a" —;
||||||||||||||||||| 3
’ —O 5 O 0 5 1
cos(6,,)
;_

* This will allow to select p and e at any angle with respect to the beam

* Proposal submitted to CERN SPSC in 2017
* Test beam in Summer 2018 @ CERN, writing TDR now

Proposal

Prototypes, TDR Construction Construction Installation

2l
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Upgrade performances

Reduction of
FParameters

uncertainties ]:)3

Neutrino fluxes 209%

G e/ zpzm 25— 40%

S g

o, (Q2 clepenclent) 25 %

* For same POT — Reduce
uncertainties on inputs to
oscillation analysis by ~30%

* Low momentum threshold and full
angular coverage — much better
sample to study nuclear effects

1.05:—'
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1.08

.02
1.01F
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0.96F
0.95
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Super-FGD

* 2 ton target with 1x1x1 cm cubes read by 3 fibers
' * Total of 60k channels read with MPPC
* Full active plastic scintillator target
| * 3D view and reconstruction
* 4n acceptance
* Low momentum threshold to reconstruct charged particles
* Potential to reconstruct neutrons through ToF

T S e T e T T I T, W A= ¥ e Y - . —— - —— e T T TR T P —

25

Scinlillator cube

Wi S fibers
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Super-FGD test beam @ CERN

* Oct. 2017: 5x5x5 cm3 prototype

* Summer 2018: 24x8x48 cm3
prototype in B-field

* Test the electronic response,

tracking capability, pixel
granularities

Z(cm) .

o Entries 108

45 r r
Meanx 11.71
Meany 23.19

Stopping
proton

0 2 4 6 8 10 12 14

16 18 20 22 24

25

arXiv:1808.08829

#pont 124 mm

#ch7, #ch10

* 'iL

F ~8E-Llp e./ cube

"er LA o

Entries
Constant
Mean
Sigma

10661
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Horizontal TPCs

mcsh

.

51 Amplification gap: ~100um
Drift volume

| Insulator: ~100um

o5 a0

i

Fla nge

N e TN

l\/\icroMegas

* Design based on existing TPCs

2 volumes per TPC, 8 MicroMEGAS per volume

Single box field cage in order to reduce dead materials

* Use resistive MicroMEGAS — developed for ILC TPC prototypes

* Charged spread on the pads — no sparks

* Better spatial resolution

E

4
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HA-TPC test beams @ CERN

* Use HARP field cage X
with one resistive MM

K f ‘9
& 4 3 B . -
-LM“" Ll li Al el i 4271

* Test beam with different
particles (e, \, , p) and
different momenta

* Data analysis on-going
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Truncated mean energy deposit
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Conclusions

* T2K has been a very successful experiment
* Discovery of electron neutrino appearance
* World best measurement of sin2023
* First hints of CP violation
* T2K-Il will be one of the two leading LBL experiments until ~2026

* European groups heavily involved in the Upgrade of the Near
Detector in order to reduce systematics and fully profit of the
additional statistics

* Test beams done in 2018

* TDR being written — submit to J-PARC-PAC by the end of the
year

* Installation at J-PARC in 2021, start data taking 2022
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