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Search for Ge appearance at T2K

& latest oscillation results.
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Outline :
1. The T2K experiment
3. Results of the v_appearance search.

4. Latest constraints on atmospheric parameters &
CP violation.
5. Future improvements & TK Phase-II sensitivity




I-Overview of the T2K Experiment
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— Observation of v_appearance in a v beam and v disappearance & v equivalents




Summary of the oscillations at T2K
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Disappearance of v, / 5}1: Leading term ~ sin*20_)) ~ 1 —» High (maximal) v oY oscillation

Appearance of v_/ 56: Leading term ~ sin*260 ) ~ 0.085 — Small v oo, oscillation

+ CP-odd effect : if 6, =-7/2 — enhance v, o v_(suppress 5}1 — Ee) ~27% @T2K (sin*(28,,)=1)

+ Mass hierarchy effect : if NH — enhance VoY (suppress 5}1 - Ge) ~10% @T2K (sin*(20_,)=1




Muon neutrino beam production

« Observation of v_appearance in a v, beam and v, disappearance & v equivalents
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Beam direction

« T2K is an off-axis experiment : neutrino beam aimed at 2.5° from Super-K to
maximize the oscillation at 295 km — Tune energy spectrum (600 MeV)

e But:
* v beam does not have one flavour & energy.

* v beam intensity & shape are not perfectly known.
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 — Requires beam rate & shape measurements betore oscillation !



ND280 detectors constraints on flux

Off-axis near detector: ND280
Constraints on v spectrum

(CCOm, CC1lm, CCOthers)
e« Measure v beam contamination

Complementary near detectors

UA1 Magnet Yoke

e Measure cross sections

Example CCOT(‘ sample
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Flux & cross-section extrapolation at SK

: : SK: Positive Focussing Mode, v,
Flux simulation : g e
o ™ . ) ]
« Measurement on the proton beamline. (§ gl Hadron interactions o eena totelng 7
. = *~|  —— Proton Beam Profile & Off-axis Angle Proton Number i
 Hadron cross-sections measured by NA61. g L o Gurrent & Field — Total Error :
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 INGRID measurements (off-axis angle 8 o Hom & Target Algnment B
+ lntenSIty) e L |:|<:D><EV,Arb. Norm. r--]
. — ! —
But [...... S i
Flux of v # 0.1F L~ =
Cross-section model : i | I
» External experiment measurements. 0_1 =
10
Interacting v #
- SK v,, v beam mode
Apply ND280 Reconstruction & Compare o Fid I
with data % 13
e Measure VoV, spectra & cross-sections ;LE 125 S
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— Compare the number of reconstructed events between data and simulation
— Require the SK measurement & reconstruction efficiency



The Far Detector : Super-Kamiokande 8

* 50 kT water Cherenkov detector (Fiducial Volume = 22.5 kT)

 T2K event selection : [-2, 10] us around beam trigger.

* High y/e separation (ring sharpness): misidentification
probability of a signle electron is 0.7 % (0.8 % for 1)

Single ring p-like (SK-1Rp) Single ring e-like (SK-1Re)
~ CCQE (v) ~ CCQE (v)

a) vV CCQE

b) v CCQE
Interaction

Interaction

| + v-mode & v-mode treated as separated samples.

— 4 samples : v-mode & v-mode SK-1Ru & SK-1Re




II-Oscillation results from the T2K

experiment



Accumulated neutrino beam

v-Mode Beam Power

Total Accumulated POT for Physics
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27 May 2016 v-mode POT: 7.57x102° (50.14%)

POT total: 1.510x1021

 Beam power reached 425 kW.
* Accumulated ~same number of POT (protons-on-target) in v-mode & v-mode.
* Recently, almost taken only data in v-mode — today's results update mainly in v-mode.

v-mode POT: 7.53x1020 (49.86%)
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Selected events at Super-Kamiokande

* 4 samples : v-mode & v-mode SK-1Ru & SK-1Re Parameter Value
Si]fl2 912 0.304

« MC predictions shown here for Asimov with NH & § _=-7t/2 sin” 2613 0.085
or sin? A3 0.528

Am3, 7.53 x 107° eV?/ct
Am3, | +2.509 x 1073 eV?/c?

e Number of events : dcp —1.601
Normal hierarchy
Beam mode | Sample |[6cp = —7/2| dcp =0 | dcp = +7/2 | dcp = 7 | Observed —
neutrino e-like 28.7 243 19.6 24.1 32 e e
antineutrino | pu-like 64.2 64.1 64.2 64.4 66 observed than expected !
antineutrino | e-like 6.0 6.9 7.7 6.8 4 .
- —— — Even with NH & §_, =-71/2
Selected \)E Selected v
e
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The joint fit method & errors

e Oscillation & systematic parameters shared between the 4 SK samples
— Joint fit of the 4 samples — maximize sensitivity to the oscillation parameters !

Flux simulation ‘\

ND280 detector - Fit ND280 data
simulation

SK detector simulation

!

Fit SK data ‘

— Lei aegel’s talk on ND
constraints

|
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1
v
1
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1
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1
1

Oscillation parameters
— best fit & errors on

Cross-section models

— Steven Dolan’s talk on CCQE analysis with ND

) . © ,Am2 ,0 8
& Erez’s on recent result cross-section 23’ 32’ 713’
. Example : v-mode SK-lRe
* Near detector fit : fit for a number of neutrino events | Source af uncertainty ONsk/Nsk
SKDet+FSI+SI 3.95%
SKDet only 3.09%
. . FSI+SI only 2.46%
— Flux & cross-sections anti-correlated by measurement T S
2p-2h (corr) 2.97%
. . . 2p-2h bar (corr) 2.36%
— Provides constraint on flux x cross-section smaller than NC other (uncorr) 0.33%
. NC 1lgamma (uncorr) 2.95%
for independent sources XSec nue/numu (uncorr) 1.50%
XSec Tot (corr) 4.32%
XSec Tot 5.45%
— Prediction best fit are tuned in all 4 samples & error Flux+XSec (ND280 constrained) 322?
Flux+4XSec 4.63%
reduced from ~14 % to 6 %. Fluxt XSec+SKDet+ FSI+SI 6.19%
Flux+XSec+SKDet+FSI+SI (pre-fit) 13.7%




e Motivations: v — v

n

V_appearance search

. has never been observed !

« To test the Ge appearance only : P('\J11 — v_) unchanged.
P(v — v) [PMNS] - BxP(v —v)

=0 — No Ge appearance, =1 — Ge appearance predicted by PMNS

« Null hypothesis testing : no Ge appearance (3=0) + PMNS model testing (B=1).

* Prior used for the parameters :

Parameter Prior Variation range
sin” 019 fixed 0.304

sin? 2603 gaussian 0.085 + 0.005
sin? A3 uniform [0.3;0.7]
Am3, fixed | 7.53 x 1075 eV?/c?
Amm, uniform | [2;3] x 1073 eV?/c?

dop uniform [—7; +7]
Mass hierarchy | uniform 0.5 for NH and IH

e 2 analyses :

» Joint fit is used — Apply the T2K constraints from

the v |, v & v data samples on the v sample.

n n

* Correlations between the 4 samples are
maintained using a posterior predictive method.

Rate-only — Observable is the number of observed events.
Rate+shape — Observable is the fitted y? difference between =0 & =1 hypotheses.

Ay =x*(B=0)-x*(B=1)



V_appearance search

* Results are shown for =0 hypothesis in the toy generation)

Rate-only : Rate+shape :
Number of observed v_events @SK. A =x*(B=0) - x*(B=1)
=) AN 00 T T T T T T T T T T T e Asimov A y°=-2.51 o
So- T2K Preliminary PR 5 T2K Preliminary
30 %10“‘7 '
r |
20" e
1047 | z
- 105 ot
0| 10752 % -
10750 J L 1 L i \ L L L L L L il L i L L L L L 10_53 ; i | \ I I I | \ | I I | \ | | I | \ I |
2 4 6 8 10 12 14 16 18 20 -5 0 5 10 15
Number of observed v events Ayt = xz(ﬁzo).f(ﬁ:”
- b . obs 3 2
 p-value=N"*. > data for rate-only (Rate+shape : N** is replaced by Ax>?).
Total N°*_
* Results on the number of events : v v
Expected (Asimov NH & 6 =-71/2 28.7 6.0
Observed (Data) 32 4

- Again — Higher discrepancy between v & Ge events observed than expected!



Interpretation of the results

e Results summary :

P-value (B=0) | P-value (B=1)
Rate-only 041 0.21
Rate+shape 0.46 0.07

N°‘°S;e = 4 (N"?- =6.0)— lower rate —|Data set compatible with no ;P appearance.

e |Data are in mild tension with the PMNS model
— Due to Higher assymetry between v & v than expected w/ maximal CPV & NH

— Not only rate, but shape also increases the disagreement.

£ 180 = e i =
- v-mode, SK-1Re: 22 & | v-mode, SK-1Re:
160 — - 0.2 160 | [ 0.07
signal + background background
140 : o - 0.18 140—~ T 0.06
: T2K Preliminary | | . ] T2K Preliminary
120 : 120 . S : 0.05
: 0.14 C ’
1 .....
100} | ; 012 00 -
) e 80—
C - 0.03
60— 0.08 60— o
C : 0.06 C : 0.02
40— 40 -
- 0.04 - |
I e ol . 0.01
o é 0.02 R
0 0 0 L] 0
0 200 400 600 800 1000 1200 0 400 600 800 1000 1200 00

P, zlﬁ%(\)//c) P, zl?neV/c)
. 2 data point far from data peak — Not only the rate is low, but the shape of Ge events

looks like background !|— Rate+Shape : ~20 deviation from PMNS




v, & v disappearance

» Motivations :

« Test CPT conservation by comparing P(;}1 — 5}1) and P(\J11 >V ).

« Assuming PMNS model (CPT conservation), tighten constraint on 923 & Am?, .

 Results :

Events/100MeV

Ratio

90
80
70
60
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40
30
20

v-mode, SK-1Ru :

T T I T T T | T T T T | T T T .[ | .W T T T | '
T2K Runl-7c preliminary | |— Unoscillated

Prediction

A s st i

—— Data

] 2 3 4 5 6 7
Reconstructed Energy [GeV

— oo

Events/100MeV

Ratio

_ Unoscillated
Prediction

— Best-Fit

;T

45 6 7

Reconstructed Energy [MeV

v-mode events: 135.8 exp. / 135 obs / v-mode events: 64.2 exp. / 66 obs.

| v, disappearance clearly observed in rate & shape @ 600 MeV. |

— O



v & v disappearance

n u
Constraints on the 6 & Am2 parameters:
x107° x10°
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- Reminder : For NH & 6, =-7/2:27.0v_& 6.0 Ge expected.

—32v &4 5‘3 observed — T2K's observed difference between the observed events is larger
than PMNS predictions for 6 ,=-7/2 !

e Results : T2K-only T2K+reactor
sin%(20. ) ~ 0.085+0.005

= 3E RO = e = N T T
8 - T2K Runl-7¢ prelimin N 5 - \—/ . ]
9 - B ay = - T2K Runl-7¢ preliminary ~ _
s 2 o= s 2 =
«= [ Q1 - 68.27%CL 3 = F 68.27%CL 7
© = — 90%CL = © 1= L i
- *  Best-fit 3 N 90%CL ]
- PDG 2015 d B * Best-fit N
O o O =
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0 0.02 0.04 0.06 0.08 0.1 0015 0.02 0.025 003 0.035

. 2 -2
sin 61 sin 613

3
| T2K results are consistent with the reactor results. |

 Maximal CPV favoured (5 _,=-7/2) — The Ge data confirms the tendency seen in v_



Full joint-fit : constraints on o_,

- Marginalize over sin*(20 ,) assuming the reactor constraints.

* Results Asimov § p =-7t/2 (simulation) Measurement (data)
ﬁ 8?"""'"""""T'ZKPfe'li'niihéfy’g g14;""'“'"""""TZKPrehmma}'r
7 —Normal Hierarchy T il — T2K Runl-7c preliminary ’ -
& ; — Inverted Hierarchy é 10 :_ — Normal Hierarchy ' _:
sf E - ---Inverted Hierarchy .
45 20 . E - —-2nL; (90% CL) _
£ 9omCL / / \ : il oD £
2 - - 5

2 3
dp (radians) dp (radians)

(=] —
./

m—
()
n
=
—_

| CP conservation excluded > 90 % CL.

8 »90 % CL: [-3.13,-0.39] (NH) and [-2.09, -0.74] (IH)

. SCP =0 excluded > 20.



III-Improvements & prospects

* Continue to take data, with higher beam intensity
— @500 kW this year —» 750 kW in 2018 —» > 1 MW in 2021 ?

* Flux, ND280 and SK analyses improvement — reduce systematics by 2/3 — reach 4 %.
* Include multi ring e-like at SK (+35 % statistics) & increase Fiducial Volume (+10~15%).

 Future : proposal for T2K-phase II experiment — #POT from 7.8 (T2K) to 20.0x10*" POT

«
n

2 1" E IF )
21400 1 9 1 9 e T2K aim to reach the number of approved
o B —40 4 = ]
gt 1 o 0% POT (7.8x10*) in 2021 — starts T2K-II
1200 e B o = :
§ T © ¢ - %  phasein 2021 — 2026.
o} 1 O o5 'S
?.:]1000_— MR Power Supply upgrade _:30 OE.’ ] S_’
= [ i 1 o i . .
. . © —20t e 13 times more statistics than
5
800 H® ¢ 1 %
B / 3 -+ o« now (summer 2016)!
o q/ __20 0O —15 ©
600[— H » 4 9
L 1 @ - )
- —115 § 1 2
400 / i g —10 &
B = o * Rely on an beam performance upgrade :
2001~ FH: — see Nakadaira-san's talk
| M TN b 1 j

o
o

| |
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 0
Now JFY



I1I-T2K-1I sensitivity

* Goal : First experiment to exclude CP conservation > 30 !

T2K Preliminary

T2K Preliminary
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Protons-on-Target (x10?")

this generation of experiments !




Conclusions

T2K accumulated a total of 1.51x10%* POT (v:v= 1:1) ~ 19 % of T2K total stat.

— T2K will continue to accumulate lots of data with an higher accumulation rate.
(J-PARC beam operated @425 kW — 500 kW expected this autumn)

v, appearance search :

— Data set is compatible with no T>e appearance — Only 4 events in the 5e (v-mode SK-

1Re) sample.
— Higher assymetry between v & v than expected + shape effect — the v_ appearance

results deviate from ~20 with respect to the PMNS model.

5}1 disappearance observed & compatible with v, disappearance

— No CPT violation observed

T2K full data set favours maximal mixing for 0 0y

Joint fit constraints on 6 " & SCP :

— Agree with reactor's results. _
— Prefer large CP violation (6 ,=-7/2) — Driven by the large assymetry between v & v .

CP parity is excluded with more than 90 %CL — Please, stay tuned.
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Selection at Super-Kamiokande
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v & v disappearance

Constraints on the 6 & Am2 parameters:
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Oftf-axis technique

« T2K is an off-axis experiment : neutrino beam aimed at 2.5° from Super-K.

U 7N Oscillation Prab. -
@ L=295km
Am?=25x 107
3.0% 103[e V2]

« Why ? maximize oscillation at 295 km =
— Tune energy spectrum (600 MeV) & 0o

 Higher statistics of oscillated neutrinos

* Reduce contamination from
non-oscillated high-energy neutrinos

« Reduce v, contamination

* But: ks T E—
* vbeam does not have one flavour & energy. % F 3 —, 28K ~
E ;___I_ - — v, at SK ?
. . “‘E 10°, "‘-l.‘{:.-__l__ — V. at SK E
 vbeam intensity & shape are not perfectly s F B — E
known. s E"""  — -
= 10 hn-q—'-"""‘-—-._——'====. =
E F — —
SRS T —— =
e, | | ||§

0

—
)
(E
g
A
-3
=l
=
o

 — Requires beam rate & shape measurements before oscillation ! E, (GeV)



The ND280 detector

Flux Model b " Cross-Section / R
R —— Interaction Models
- Tuned with external measurements - NEUT interaction generator
(NAG61) - Tuned with external measurements

7

N

s

ND280 Measurements

- Observes the neutrino events x . .
prior to oscillation Oscillation Fit

- Reduces flux and cross-section
uncertainties

Oscillation Parameters (043,96

(SK Detector Efficiency R

- Calculated by the simulation

h - Uncertainties evaluated using

cp’

atmospheric neutrino and m°

control samples

\_ J

Am3,, 6;3)



Remaining issues in neutrino oscillations

Mass hierarchies :

v _/ Gu disappearance @ T2K (~ «Atmospheric»)

2
° ° ° vé’ A
1. Is vV, = V_mixing maximal ? (@23=45°) - :
H
(if not, what is the @ _ octant ?) Normal [== V- Inverted
| L] ——"1—)3
solar~7x105¢V?2 pr?
2 5 . 3 atmospheric et A 3
2. Am?  sign unknown : mass hierarchy proble i o
. mos €ric
« Solar : known (large matter effects in the Sun) o103y
solar~7x107%eV? N
== I | ——"13'_
« Atmospheric : Not known I,_,
0
— E 1 [ ]
vV /v appearance @ T2K 5 F .
e € “© 05 —
Is CP violated in the leptonic sector ? (5CIO #0) g NP
= 68% CL ]
 T2K observed v_appearance 830 { e 90% CL E
i PDG2012 16 range -
-1 -
— . . - EEEEEEES Rk e G SR SO TE S e
 T2K (v ) and reactor (v ) results in tension =
“S 0.5 —
— Large CP violation ? L
ok _
« To provide first answers : T2K currently runs in v-mode -o-5f A<D

1st results on Gp disappearance @ T2K (2.3x10* POT) R T e T
51n‘29




Appearance Formula

PR N e e

’ 2 = : . p,
~|-8613812813823(C12623 COS 0 — 812813823) CcOSs Agg sin Agl Sin Agl

g » ' ¥ "
—8¢72€12C23812813823 sin 0 sin Ags sin A3q sin Asq
13¢12€232512213223 3

7 S (O 2 2 2 2 ¢ o RN 1
+4575¢13(c12C23 + $12853813 — 2€12€23512823513 cosd) sin” Aay

alL
2 .9 .9 2 -
—8613812323E(1 — 2573) cos A3zg sin Az
a
3 2 .5 R
+8¢73873823 ——5 (1 — 2s73) sin” Az
31

Leading order :
L=295 km * Sensitive thetal3 & theta23

Higher orders :

* Dependence on solar parameters also

$iN226,5=0.1 » Sensitivity to CP violation & matter effects

D
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