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Hints of CP violation
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Phys.Rev.Lett. 112 (2014) 061802

M. Wascko, Neutrino 2018

Phys.Rev.Lett. 112 (2014) no.18, 181801

F&C 2? 'cqnlfiqeln‘cel i'ntlelrvlalls _ 1;2K.R.”’.‘ll'9.c |Pll'el'ir{lilnalr}f

3
<

T

30 — Normal

25 — Inverted

20

15

-2AIn(L)

ITT

|

Illlllllllllllllll

dcp (Radians)
IIIIIIIIIIIIIIII

IllIIIIl

lIIIIIIlIIlIII

[T T T T T rrT]

T2K-only

' TR B |

2K Run |-Yc Prelimmary
N~ Normal - 68CL
* Best fit —— Normal - 90CL
PDG 2016 ---- Inverted - 68CL
—— Inverted - 90CL

—— 90% CL

-2AInL

weee268% CL

TYTTIT

L L L L L L B B B | RAAL AL L

68% (dashed) and 90% (solid) CL Contours
T2K [NH] T2K [IH]
SK I-IV [NH] MINOS 3-flavor+atm [NH]

L [TH] (107 eV/c*)

2
1

LN LR AR RN RRRN LA LA RARNRRRN AL

, INH}/Am

<

2
3

ol by b b b by b b w1y I

03 035 04 045 05 055 06 065 07 o1 2 3 4
-2AInL

Am

—lllllllllllllllllllI|IIII|III

.. .’
Loy S iS v bv i b v by a by

20 25 30 35 40 45




S NP NTA  fo

ik

L.g,'x’..\“‘:' Y AT e
TR -\t D bt 7 2
O

t __.L_.g.‘», o $e, AR, ‘L_,g \,.. -__s,...‘.’;.i--. J.m

A,
e o “‘ »&Ml MJM w-"“ S

> " o
B p,& | NP p‘.n‘,y.“,.é.....».uu..._

>30 years program
LLRjoins

NE €
IN2P3 groups T2K starts Take data in ;HIDQ% ‘
join T2K data taking v-mode T2K phase-|l +
- | ND280 upgrade

2008 2008 2010 2012 2014 2016 2018 20202022 2024 2026

Hints of ve Observation of Precise B Hints Of_ CP violation
appearance Ve @ppearance measurement — sin(dce)=0
(61320@2.50) (01320@7.30) of 023, Am23; excluded at 95%

M. Wascko, Neutrino 2018

Phys.Rev.Lett. 112 (2014) 061802 || Phys.Rev.Lett. 112 (2014) no.18, 181801

Phys.Rev.Lett. 107 (2011) 041801

4
i
4 @

200 . 3f — T . ) 3
?I 20x10%' POT w/ eff. stat. improvements (no sys. errors) | i - POT by 2014, 90% C.L — Stat. only | * CP V|0|atlon at >30' ? — &
% e 20x10%' POT w/ eff. stat. improvements & 2016 sys. errors . " —— 7.8x10%' POT. 80% C.L - = Systematics - 9 E*
[7e) [ —— 7.8x10%' POT (no sys. errors) N 28} ’ ! ' - 1 5 ks
% 15.. ----- 7.8x10%' POT w/ 2016 sys. errors. J L ~—— 20x10*' POT w/improvement, 90% C.L R >50— W|th Hyper K '
o F Current 90% 1 s [ ] é
© B - < °
3 10F 30 Confidence Interval - s 26 - Mass orderlng?
S I : ; -
> N S S W . i ] s
o s 1 2 - sin2023 octant?
LIRS e . : ! - |
< o ” X - B . < e i3
1. a1 " 1 " " " " 1 " " " " 1 " " g -
9300 " 100 0 100 200 22=—"%a 05 0.6 And many v and v cross-
True §.,(°) sin?0,, section measurements




~ The T2K experiment

¢

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

, 9 Neutrinos detected at the Near Detectors (ND280) and at the
( 295 km from J-PARC :
“é @ Can runinvor v mode by changing horn polarity |
$ 9 Main physics goals: ‘ '
[ |
f; -’ |
! 4 Precise measurement of v, (vy) disappearance — 0623 and Am?2s3
.
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kt fldumal volume water N0280+INGRID
C__herenRov- detector =~ = 8
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: = (o
P(vu = ve) # P(vy = ve) appearance Probabllltles
* Sensitive to CP violation
* Sensitive to octant of sin?(023) g‘ N
_:' 3% : : : : ; ¢
7 * Sensitive to matter effects (hierarchy) — weak in T2K since L is (relatively) short %
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IN2P3 groups in T2K

T2K NA61 | Wagasci| T2K-IlI SK HK
LLR 4 0 3 4 4 5
LPNHE S 2 0 5 0 5

* Main responsibilities:

* Convener of T2K beam group

* NAG61/SHINE analysis coordinator

* Convener of T2K oscillation analysis

Permanent Phgsicists onlg

* 2 conveners of CC-0Or cross-section group

* Convener of INGRID and Wagasci electronics

* 7 PhD theses defended since 2009, 4 PhD theses on-going
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Near Detectors

INGRID: monitor neutrino beam
Prome and direction
Measure v cross~-sections
L LR contributed to mechanics and
MPPC testing

WAGASCI + BabyMIND
New|9 installed ND (Par’c of T2K since 2018)

Measure v ancl V cross-sections on water

| | R: contributed to mechanics and DAQ

o
PARIS

UAI| Magnet

Downstream
PODECal  Correl ECa ECal

. detectors installed in the UAI/
NOMAD magnet (0.2 )
Fundamental inPut to T2K oscillation analgsis
Tracker system composecl bg

2 Fine Grained Detectors = active target forv
interactions

5 e Projection Chambers to measure charge,

momentum and PID of |ePtons emitted in v
interactions
L PNHE contributed to magnet and TPC

electronics

1
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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 | o

calibration

* Very good PID capabilities to distinguish

between ve and v, thanks to shape of 41.4m
Cherenkov ring — <1% misidentification -
probability
target
forvand
£ p decay
2350 e-like <—+—> muon-like
5300
5

250

200

150

100

50

Partice ID parameter ] Z



NANTIIN

Ll i SSRGS g s i )A“,w AL DT LT R 5

- DA SR i o g A iz

S

LS Sl gl ol v aganliy

Data taking

Total Accumulated POT for Phyvsics.
v-Mode Accumulated POT for Physics
vVv-Mode Accumulated POT for PhySlCS
v-Mode Beam Power
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Beam Power (kW)

v-mode 1.51 x 1021 (47.83%)
v-mode 1.65 x 1021 (52.17%)
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* Collected >3.16x102" protons on . I - o i

target (~half v and half ) Event rats ”gmz“b& I .
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, Flux prediction:
4 Proton beam
measurement
v Hadron production (NA61
and others external data)

ND280 measurements:

vy and v, selections to
constrain flux and cross-
sections

Neutrino interactions:
Interaction models
External cross-section

data

Prediction at the Far Detector:
v Combine flux, cross section and ND280 |
to predict the expected events at SK

Extract oscillation parameters!

Super-Kamiokande measurements:

v Select CC v, and ve candidates after
the oscillations
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Flux uncertainties: NA61/SHINE

SK: Positive Focussing (v) Mode, v,

: e Multipurpose detector @ CERN —
|

precision hadron production
measurements for T2K (and FNAL)
neutrino fluxes predictions

* Took data for T2K in 2007, 2009,

| i 2010 with thin and replica target

Thin target data already used —
10% uncertainties on neutrino
fluxes

* Inclusion of 2010 data with replica
1 target will allow to reduce flux
| uncertainties to ~5% level

d*n/(dpdo) [(rad-GeV/c)) ]

AN AT
s

Fractional Error

4 6 8

10

60 < 0 <120 mrad

12 14
p [GeV/c]

K+

3 4

5 6

20 < 6 <40 mrad

7 8
p [GeV/c]

03

0.2

0.1

LPNHE

PARIS é. :

- © Mult. Error
Nucl. Error

Int. Length Error
Pion Rescatter Error
L Replica Tuning Error
- =---- Thin Tuning Error

I o
o — o N
O I ¢
TTTTTT T

0.05

d’n/(dpde) [(rad-GeV/c)) ]

16x10° 60 < 6 <120 mrad

b 2 4 6 8 10 12 14

p [GeV/c]

14F .
12} K
10F

N O
TTTT

%12 3 4 5 6

d°n/(dpd0) [(rad-GeV/c))™|

7 8
p [GeV/c]

+ Data

— FLUKA 2011.2c.5

NuBeam G4.10.03

QGSP_BERT G4.10.03

S 3

s 30 P

S 250

8 20- N

= 155 ol

S 0

3 105— o

T 5

< % 10 15 20 25 30
p [GeV/c]

T . ——




> 4= D
:_E B v coor
= CJvecy
E Bl v CCRes 1
¥ -l.'(l Coh |
- D‘.‘lll
D'; NC nmx
{- o B v modes
| * Select 14 samples of v, and v, __ .

interactions on Carbon and g ———y———————]
Water with 0,1,>1 &t in the final O Recoastncted mucn momentum (MeVA)

| state

* Likelihood fit to constraint flux {7 ecion faemerers Fean
! and cross-section Ty T, B ——
i uncertainties for T2K L by L ++JF“++*+H++7L | +++ o
;_ Oscillation Analysis T '

| - Prior to ND280 constraint
) 02 07
] S O W W O O TR O | B _+_ i
) 6 25000<BOLSBAET28B00%L T8 After ND280 constraint
] ° > g8 a ) suxy ESZ I8 ESS .
* SELEE088EasSsCER220880E°¢ 08F
ST°5SESSTEETE 2958880852 -
{ 8E“ﬁ-‘:mw%mm 28‘1’20\\29@‘5
1527 %000 am 225 99 £ 9 | Ll Ll A
. §828§ § ©°0 9°5¢ 05 o' ; -
H o ) ~ 50 Sgga s 2 .
o 1O 1) & e Neutrino Energy (GeV)
¢
B W P— - ey — - —

16



A

i R i <

(cm? Nucleon™ GeV-)

do
op

d

{
ND280 cross-sections
14 papers published for ] e o 2 Snitatcbdthiaiin it

measurements of v and v cross- 8 e AT T Y 3 E
sections @ND280 = e
T R 1 - T ® 3
Example of CCOx analysis with %, o ";'_., . E Lo E
reconstructed protons in the final N A S N e R PR R

~ p, (GeV) p, (GeV)

state (LPNHE,LLR) s

Extract cross-section in 4- s P _ :
dimensional (P, 9,, Pp, Op) S RN =
2 5o 3

Look for single transverse variables  f; 2 oaf :
= :|.8 00,506 07 o8 05 1 A s

Sensitive to nuclear effects 00 -08 -06 -04 -02 00 02 04 06 (():,‘(t;s(“::),o 3 = . r : Y r . . ; ) pp(Ger
arXiv:1802.05078
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75 73.8 61.6 50.0 62.2
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243 268.5 268.2 268.5 268.9

v-mode p-like
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‘ 1Rplike  1Relike '
| v-mode e v-mode I i/émode . v-mbde (+1m)
SK detector 2.4 % 2.0% 2.8% 13.1%
SK FSI+SI+PN 2.2% 2.0% 3.0% 11.4% 2.3%
" ND280 flux & cross-section 2.9% 2.7% 3.0% 3.8% 2.9%
Binding energy
| a(ve) o(vy) <0.05% | <0.05% 2.6% 2.6% 1.5%
» 0.3% 0.3% 1.1% 1.0% 2.6%
| Total 4.9% 4.3% 8.8% 18.3% 7.0% :
| 3,0 Binding energy is treated as an effective parameter not fitted with |
= ND280 — will be reduced in next round of analysis
| ‘50 Contributions from flux and cross-section constrained by ND280
;0 SK detector and FSI+SI| uncertainties (not constrained by ND280)
| 0 Only use v, selection at ND280 — uncertainties due to possible velv, é -

o cross-section (theoretical uncertainties)
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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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| 0 T2K was originally approved to
- collect 7.8x1021 pot

+ Driven by sensitivity to 043
= ;0 Proposal for an extended run
* T2K-ll = 201021 pot

)
|
~ ® Upgrade the Main Ring power
' 3 supply to reach 1.3 MW

§ operations

“ A candidates: 460 * 20% (O and orclermg
| V_candidates: 130 + 3% (8. and orclermg)

e ‘J- Mk

;.0 >30 measurement of CP violation (if
; lucky...)

0 Need to reduce systematics to ~4%
(<3% from ND280)

T2K phase |l

T2K-Il Protons-On-Target Request
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Integrated Delivered Protons [10°'POT]

IR Power Supply upgrade
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ND280 upgrade

[Integral _2.391e+04
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* Main limitation of ND280 : reduced

* An analysis dedicated to select tracks
with high polar angles allow to select
20% of the events in that region

| * We can do better with an upgrade!
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- CERN-SPSC-P357
214 authors

- -1 (SuperFGD) and 2 horizontal TPCs

* Proposal submitted to SPSC in 2017

* Test beam foreseen for Summer 2018
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Efficiency

' ND280 upgrade
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. * Replace upstream part of ND280 with an horizontal fully active target

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

Expected improvement

Parameters i
on uncertainties
SK flux ~ 20%
FSI ~ 45%
CCQE/2p2h ~ 25 — 40%
Other (Q*-dependent) ~ 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
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Super-FGD

| I R electronics clevelopecl for Calice

. DIFs  Chained Very Front-End boards

50 Mbls
50 Mbls

Scantillator cube
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1Gbis X n chains

50 Mbls

Uptox7

Machine 50 Mbis

clock
. 50 Mbls

UptosT 50 Mbls

W\ S fibers

* 2 ton target with 1x1x1 cm cubes read by 3 fibers
| * Total of 60-80k channels read with MPPC (80k if S-FGD will be split in 4 modules)

‘ * Proposal from LLR to read the MPPCs with SPIROC2 chips — Front End Boards close to the
. detector equipped with 4 chips

* DIF will read up to 32 Front End Boards

. * Signal from DIF is sent outside the magnet to a GDCC board — each GDCC can read 7 DIF —
+ 1 GDCC and 7 DIF enough to read 20k channels)

Proposal from LLR being discussed within the ND upgrade collaboration — total cost ~600 k€;‘
+ request for an electronic engineer
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Horizontal TPCs

B! Amplification gap: ~100pm 4 E

Dnft voluire

resistive foil: ~75um
Insulator: ~100um _%
lpads
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Flange
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Front-End Card Front-End Card Front-End Card Front-End Card
1 vos 1
Front-End Front-End
FPGA Mezzanne FPGA Mezzanine
Card Card
D f { ¥ Nibe
3

Module fraire

FPGA + Back-end Unit

=

S
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Optional PC for HTPC Control & DAQ
or dwrect Ethernet connection

Global Event Builder,
Run Control, Condition Database
Event Display, Mass Storage

MicrcMegas structure

Similar to existing TPCs but horizontal and with lighter field cage

¢

Equipped with resistive MicroMegas (8x2x2 modules)

* LPNHE will provide front end electronics boards to read AFTER chips (total of ~80
boards will be built) and cooling— the lab already provided necessary ITA

Total cost ~200 k€ (including cooling for electronics)

* A mechanical engineer to study detectors integration in the basket has also been
allocated to the project
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:QQOQQQD gr;;]g l;]qa[;]q;[?q D[?l;]g 36 864 detector pads
AsiC || asic ASICl |Asoc| ASIC } ASIC [ asic |Asnc| 812 ASICs (72 channels)
64 FECs (with 8 ASICs each)



Conclusions

T2K has been a very successful experiment

* Observation of electron neutrino appe'arance
* World best measurement of sin2023

* First hints of CP violation

T2K-Il will allow us to be one of the two leading LBL
experiments until ~2026

We propose an upgrade of the Near Detector in order
to reduce systematics and fully profit of the additional
statistics

Crucial know how (detectors, analyses, PhD theses)
for future LBL experiments — see Michel’s talk
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— sin’ 8,, = 0.50, 0.45, 0.55
— Am?, = 2.44x10° eV¥c*
Ami, =241x10" eVi/c*
dp=T
Bp = +1/2
Bep=0
Bp = -T2
i systerr
: Stat + systerr
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