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T2K Outline

1. T2K experiment overview.
2. Results from oscillation analyses.
3. Other results (selected).

4, Summary.
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.I—ZJK\ Neutrino oscillations

Flavor Mass
eigenstates  eigenstates
V| U V)
VM ~ 7 PMNS Vz Atmospheric|
-

- Oscillation probabilities P(v,~v,) depend on: * Open questions:

> Is 9., non-zero (CP violation in

» 3 mixing angles: 6, 0,5, 0,, .
neutrino sector) ?

> 1 complex CP phase: . . _ .

> Is 0,5 45" (maximal mixing)?
» 2 independent mass splittings: Am2,,, Amz,
> Normal: m;>m,>m, (N.H.) or

inverted: m,>m,>m; (I.H.) mass
hierarchy?

> Source-detector distance (L), neutrino energy

(E)
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.I—Z-/K\ T2K experlment overview I~
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11 countries, U o (O o] © Main goals:
Tl — :

59 institutions

> Measure 6,;and estimate
dcp through v, appearance
- P(v,?v)=f(0,3, d¢p,...)

~500 people

> Measure 0,; through v,

disappearance -
P(v,=»v,)=f(0,,...)

Long-baseline (295 km)

« Almost pure accelerator-
produced v, beam

< Neutrino production .
(}O
,"0
60
Q'b( Super-Kamiokande '
Mtél’\lgc;g4ur:h|—Goro Dake J-P .R 4
rDetecFor\
/ﬂ//’——sealev , = “\ (
= Neutrino Beam O
295km ]
Am: L, sin20,sin26 Am’ 5 Am’, L
P(v v )~sin°0,,sin°2 0., sin’ <y B 12 2 sin(—2)sin“ 20, sin” (——=2—)sind -, +...
( u e) 23 13 ( 4E ) 25111813 ( 4E ) 13 ( 4E ) CP
. . .2 127Am’ L
P(v,»v,)=1—4cos’0,;sin’0,,[ 1 —cos’0 ;sin”0,,]sin’( )

E
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.I—ZJK\ T2K setup & off-axis beam

Near detectors

J-PARC ND280

Off-axis

On

INGRID

- 2.5°
“aXjs @-"-)-_

Far detector

Super-Kamiokande

280m

o

Neutrino
production
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sin°20,,= 1.0
sin*20 , = 0.1
Am?, =2.4x 107 eV?
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T2/K

Primary

protons

Beaml ine
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~—— pions
~<— muons
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Primany beamiine™
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T2/K

UA1 Magnet Yoke +SMRD

POD Downstream
Ve l ECAL

M

Solenoid Coil

Barrel ECAL

~10m
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T2K near detectors M~

 ND280 off-axis near detector:

> Several sub-detectors in 0.2T magnetic field:

v Tracker (TPCs & FGDs), Pizero Detector (POD), Electromagnetic
Calorimeter (ECAL), Side Muon Range Detector (SMRD)

> Measure flux x cross section before the oscillation occurs
> Measure intrinsic v, contamination in the beam

> Neutrino cross section measurements

* INGRID on-axis near detector:

> 16 modules (iron/scintillator sandwich) + additional
scintillator-only module (proton module)

> Count neutrinos by reconstructing muons from v, interactions

> Monitor beam rate, direction and stability
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T2K T2K far detector

e, » Super-Kamiokande far detector:

of light that iz registered on the
ine ank. Characteristic ringhsz.IEms tell
05 interacted and in which direction

> Operating since 1996

> Well understood detector and
technology

12.3million gallon
tank of ultrapure
w

> 50 kt water Cherenkov detector

> 11 000 (inner detector) + 2000
(outer detector) photomultipliers

Mountaing filker out other sighals
thak mask newtring detection.

i L T
The light is
detected by
phote sensors
that line the

tank, and
translated into =
digital image.

Mt lkena Yama

> Good electron/muon separation

£x "‘fll.rijé'ifd'é'_'s'_upgr,- _

- -
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T2/K\

Accumulated # of Protons

T2K data

Total Accumulated POT for Physics
v-Mode Beam Power
V-Mode Beam Power

Runé

Run4
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Time

6.57 x 10%° POT (Run1 - 4)

used in the analyses presented here
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* Integrated for Physics so
far:

> 8.701 x 1022 POT

> Integrated v-Mode for
Physics so far:
v 6.893 x 1020POT

> Integrated anti-v-mode for
Physics so far:

v 1.808 x 1020 POT




T2)K ‘iﬁt‘

Long-baseline oscillation analyses
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:LZJK\ Oscillation analysis strategy

Near detector
systematic uncertainties

Neutrino flux

prediction

Neutrino cross section
models and uncertainties

Fit to near detector
data

Prediction for
'no-oscillation’ hypothesis

Fit to far detector
data using PMNS model

Y

Oscillation parameters

Far detector
systematic uncertainties
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.I—ZJk\ Near detector role

2 9000F T T T T T T T T T T T T T T
. eps . ) = 8000F- R
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. . 5000
with near detector constraints. s000f

3000F
2000F

___ 1000; I. - i
10 20 30 40 50

_-- R

dé T | T T T T | T T T T I T T T T I T T T T
= 6000
Neutrino cross sections z v, sample
due to the difference of £ 5000 w{ohNN[E)228800f;t'
target between near and E 1000 . wit it

far detector

3000
2000

Super-K detector 4.0 2.7 1000
50 100 150 200 =750 300

Expected number of 1R events
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T2k v_appearance measurement ‘iﬁ"
loggcszﬁrtoundcomonent Phys.Rev.Lett. 112 (2014) 061802
5t L A-

2 180
5 o Dua (1)8 e Maximum likelihood fit in (p,,0,) to
s R N obtain the oscillation parameters
Z ' : : :
04 o Result is consistent with the
: 02 independent analysis using
e T EEVIH ILDIUEVESS R .
O e iS00 reconstructed neutrino energy E,

8- et -« Best fit (N.H and 5.,=0):

C Background component- .9 +0.038

65— Fitégion<l250MeV_E sin” 2 613 —(0.140 0,032

/.30 significance for non-zero 0,,.

V. 8l el aves '4111“7"/:2
0O 500 1000 1500 >2000
Reconstructed neutrino energy (MeV)
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Discovery of v_ appearance!

Number of v, candidate events
AN
|
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T2k v disappearance

Phys.Rev.Lett. 112 (2014) 181801 R E
,\; 4 f_ 68% (dashed) and 90% (solid) CL Contours _f
R v g = T2K [MH] T2ZK [IH] e
* World leading measurement of ¢ [ = scvom MINOS 3-lavorsatm [NFH] 3
0,,! = 3
= 32 E
» First time the best constraint for £ s —ﬁ%
0,; comes from an accelerator — Z:if E G
measurement (not atmospheric) & Eo oo b
< 03 035 04 045 05 055 06 O.ﬁ;iingsg :ltJ 1 ;ﬂ; L4
 Fit using 3 flavor model of e — —
. . O 4 =
oscillations. ” | EEER
£ E VAV, CC E
* Best fit value (N.H.): S W| Ne E
2 +0.055 oF Lt E
— ok + ; n e e, PSR -
S].n 623_0.514 _0.056 EE].SE—_MCB fi ) l | |—§
« Maximal mixing is favored. ok T
©

3 4 5
Reconstructed v Energy (E}BV)
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T2/K

* Previously presented:
> v, appearance analysis

> v, disappearance analysis

 But oscillation probabilities depend on all
4 parameters:

> Joint analyses (simultaneous fit to v, and v,
spectra in far detector)

1!\1>< | T T T T T T T T T T T T T T T T
< oL N
. —— Normal hierarchy i
-  —— Inverted hierarchy 8
6_— -a- FC 68%, NH ]
. —=—FC 90%, NH i
- -=- FC 68%, IH .
- —=—FC90%, IH ]
4_
2_
&
I
01 05 0 0.5 1
PRELIMINARY Ocp/T
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Joint vM/ve analyses

1

5 3FT T T
o - §
2 —
1= -
oF -
- —— NH90% CL
-1 ——IH90% CL
C ---- NH Best fit
o ---- NH Best fit
- I Reactor 16 band
_3__I 1 1 | 11 1 | 11 1 | 11 1 1 | 1 1 j
0 005 01 015 02 025 03 035 04
)
PRELIMINARY sin‘(26,)

« Comparing T2K and reactor results — preference for §.,
around -nt/2!

* Qutside 68% C.L.:
> [-x,-2.92] U [-0.46, x] - N.H.
> [-m,n] - I.H.

* Outside 90% C.L:

> [0.06,2.95] - N.H.
> [-7,2.95] U [-0.71,x] - I.H.
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T2/K

Other analyses
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T2/K

hydrocarbon (CH).

Phys.Rev.Lett. 113 (2014) 24, 241803 § 185 ;
8 16F --- NEUT
- . T M —— GENIE
« Used ND280 tracker to select v, interactions on 3 nE
cé oF } —4— T2K data
R ==
» Most significant background comes from y — e+e- 2 { -3
conversions - constrained by the control sample X o4bg. t
- 1
» Bayesian unfolding used to produce differential 35 2 o
s 0 02 04 06 08 1 12 14

cross section in electron observables and in Q2

Off-axis cross sectlon results

1

" Full phase space
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T 2/K\ On-axis cross section results

Phys.Rev. D90 (2014) 5, 052010

* The on-axis detector (INGRID) is able to

-39
. . . . . soRl0 ———————————————
measure neutrino interactions on : g F ' ] | En
@ 455 » T2K off-axis (ND280) —|1800 &,
. - SciBooNE . q &
> Iron (96.23% of Fe in the standard module) & wof NOMAD g Lk
. & 35F —1400 ©
> Hydrocarbon (98.57% of CH in the proton §, b E .-
6 30E 1200
module) o sf oo §
. . = ) v
« Measured ratio of cross sections (Fe/CH) 20F il
0 155 - --- GENIE o0 =
10 - A 0L 000000 . : ]
= 131 I | 2000 e e ggﬁﬂﬁ'ﬁx“:fe??;e?“”“
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09fH: NEUT 1 = =820 {00
I ---- GENIE _:ﬁDD = © 250 . —:10005
T NEUT flux average o, , 20F —e— T2K on-axis data  —Jso0
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(1 B 4- loE T e NEUT flux average _1,,,
0.7 . [ SR RPN, E B S LT GENIE flux average
o 1 2 3 4 5 6 SE vy e i
F 7 [ T
E, (GeV) % 1 2 3 4 5 6
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:LZJE\ Summary gﬁa

* Presented results from world-leading accelerator long-baseline neutrino
experiment T2K:

> World best 6,, measurement.
> v, appearance discovery.
> Combining reactor experiments and T2K provides a first (weak) hint on d,:
» Preference for 8., values around -x/2.
« T2K is also producing a lot of very useful cross section results:

« v, CC-inclusive cross section on CH (presented here), CC-inclusive cross section on CH
and Fe and Fe/CH cross section ratio (presented here),

» CC-inclusive cross section on CH (Phys.Rev. D87 (2013) 9, 092003), NC-gamma cross
section on oxygen (Phys.Rev. D90 (2014) 7, 072012)

* More results are coming!

 Taking data with anti-neutrino mode. Will be able to present first anti-
neutrino oscillation results this spring/summer.

Stay tuned!
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T2/K

Thank you for your attention!
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Backup slides
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Neutrino oscillations

P(v»vy)=8,,—4D R(UU, U, Uy )sin’ @,

l<]
+22, I(UGU, U, Uy))sin’ @,
i<j
L L{km]
®, =Am, ——=127-Am;[eV
A Y ile ]EV[GeV]
a2 a2 Am L
P(VM—M/e):sm 0,,sin"20,, sin”( 1F )-
sin 20 ,,sin 20 N ., Amiy L.
_ 2511211613 2 sin ( 451)31n22613sm2( 42 )sin 8, +...

2(1.27Am2L)

P(v,»v,)~1—4co0s’0,,sin’0,,[ 1—cos’0,,sin’0,,]sin Z
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Off-axis beam

£, (GeV)
[ o)
|

Relative Neutrino Flux

E, (GeV)

=— 6=0.03

E, =12 GeV

Kirk T. McDonald An Off-Axis Neutrino Beam, 2001.
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Super-Kamiokande event selection

 Fully-contained, 1 ring events in the fiducial volume:

> Mu-like selection (120 numu candidates in SK, 446+-22.5 expected):

v Pmu > 200 MeV
v Less than 2 Michel electrons
v Mu-like PID
> E-like selection (28 nue candidates in SK, 4.92+-0.55 expected):
v Pe > 100 MeV
v No Michel electrons
v Pi0 rejection cut
v Erec < 1250 MeV
« E-like PID

La Thuile, 02.03.2015 T.Wachala, Recent results from T2K 24



CCQE neutrino interactions in T2K

'!,l_l
186 A — “\/“
- - - . o CCFRR [15] .
= r - " 0 BNL 7—feet [18] [
o 100 - = NG o ANL 12-feet [17] — | N
a2 B [] . 2 O ANL 12-feet [18 ] -
T s T T e W
. 075 — i 1
T oB0 | . — h P
a = i
=) = Total CC  _
B oss | . 3 AR oy Charged current
L=l B ] ] N o o .
é% T sum 1 quasi-elastic scattering
g wl® el ]
0001 16° 10! 16® (CCQE)
E,, {GeV}
Neutrino energy reconstruction:
M
2 n
o m,E —m [2 v, X 6
v
* m,—FE +p,cos0, 0
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Inverted hierarchy results

* Nu_e appearance:
sin’20,,=0.170 "y o

 Nu_mu disappearance:

+0.055
-0.055

sin”0,,=0.511
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T2/K

Short-baseline oscillations ‘iﬁ"

* Look for nue disappearance (oscillations into sterile neutrino
in 3+1 model):

Am’ L
. 2 .« 2
P(v,»v,)=1-sin"20_sin"(1.27 —=—)
4—\1025 A L -4?
[} O =
« Short baseline (280 m) U [ 95%cCL — |
« Selected nue interactions in < 10 —= -
ND280 tracker % F
e Assumed no numu < L
disappearance at short : &
. L C::D
baseline 107 = = — Gallium allowed E T2K excluded _5
c v,.-C excluded
_ — Reactors allowed Sun v excluded
102 S E— —

107 107 1
sin” 20,
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T2/ Future sensitivity
(sind_ =0 hypothesis

i

-.“}:'l""l""lII I L L T_"I""I""I""I""I""I""I"_
o £ With Sys. Errs. E : T2ZK —
- — sin8,,=0.40 ] gL NOVA —
B -~ sin6,;=0.45 E : T2K+NOVA —
E — - sin’e,,=0.50 : 5|
T'E - sinfy,_=0.55 E :
g ——— sin?,,=0.60 E :
) - 1 N~ 4
5 3 > 0
<1 ] <] o f
4 = e :
E
2 = f
= . 10
1F——= ; :
D:. i, . W . .D'.l....l....l... ] ¥ 1
150 100 50 0 50 100 150 -150 100 50 0 50 100 150
True 8.5 (%) True dp(°)
(d) 50% -, 50% P-mode,
with the 2012 systematic errors. (b) 1:1 T2K, 1:1 NOwA v:r, NH
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