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Neutrino oscillations

Flavour states Mass states

Ve V1
Vn 9
V+ V3
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Neutrino oscillations

Flavour states # Mass states

Ve 1 0 0 cos 5 0 sinfze cosflyy  sinfle () 1/
v, | = [0 cosflag  sinflyg 0 1 0 —sinfys  costlie 0 Vg
Vs 0 —sinflyy cosflay —sinfyaet® () cos 5 0 0 1 Vs
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Neutrino oscillations

Flavour states # Mass states

Ve 1 0 0 cos 014 0 sinfyqe ™ cosflis  sinfls 0 /]
Ve | =0 cosflas  sinflag 0 1 0 sinflis cosfs 0 Vo
Vo () sin fas  cos gy sin @yze ™™ 0 cos 013 0 () 1 Uq
v, disappearance v, appearance/disappearance v, disappearance
Accelerator, Accelerator, LBL reactor,
Atmospherics SBL reactor Solar
V; I
Anm,,
V, I
[Am
V, I
Normal Hierarchy
> > >
H B N
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Neutrino oscillations

Flavour states # Mass states

1d)

Ve 1 () () cos f4 () sinfyze” " cosflys  sinfs 0
ve | =0 cosflas  sinfls 0 1 0 sinftha cosths 0
L 0 sin oy cos fgq sin @yze ™™ 0 cos 013 0 () 1

v, disappearance v, appearance/disappearance

Accelerator,
Atmospherics

V; I |

Am,,

V. I
[Am3
vV, I

Normal Hierarchy

> = >
H E N

Accelerator,
SBL reactor

s T2K analyses:
s Vv, disappearance

2
P(v, — v,) ~ 1 — sin®(20a3) sin® (A”ZQEML)

s V, appearance
Py, = ve) & sin”(63) sin”(26s3) sin” (

atir

4 F

Am?2, L )

s Approximations good where L/E « (AmZO)-l-

s Terms depending on 0 appear at higher order in
appearance probability.

1/}
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State of play and motivation

8 Many oscillation parameters already measured!

0, ~ 34° Solar+KamLAND
0,5 ~ 45° Super-K, MINOS, T2K
0,3 ~ 9° Daya Bay, RENO, Double CHOOZ

(T2K in appearance channel)
Am2® ~ 7.65 x 10> eV? Solar+KamLAND

|IAm2,, | ~ 2.4x103eV2  MINOS, T2K

a Still unknown: — —
3 2
a8 Sign of Am?_,,, (mass hierarchy), two possibilities: v,
# Normal hierarchy (NH): m; > m;,m,
— Vv
8 Inverted hierarchy (IH): m; < m;,m, E— Vi — V3
a Octant of 0,5, i.e. 8,5 < 45°, 8,5 > 45°, maximal!? Normal Inverted

a CP violating phase 0.

a Non-zero CP violation in the lepton sector means leptogenesis is a potential source of
matter-antimatter asymmetry!

8 T2K still refining measurements of known parameters and also has enough sensitivity to give
hints on mass hierarchy and 6. Determination of octant depends on true 0,5.
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T2K Experiment

Super-Kamiokandes
(ICRR, Univ. Tokyo)s

s Long-baseline experiment in Japan.
s v, beam produced at J-PARC on East coast.
s Far detector is the Super-Kamiokande Water Cherenkov detector.
s Also a suite of near detectors.
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. - _ off-axis (2.5°)
Design principle  |------- >
on-axis (O°)—
off-axis (2.5° Far Detector
target/ ~ Decay volume  Myon Near (2.57) (SuperK]
etector uper
p Horn TT detector “
T g"":::: I\ Stttk
30 GeV f L TTEmTT - —_—
&R eV from DH-HIS(OO)
hrot | | I |
synchrotron) | T[ | | |
0m 118 m 280 m 295 km
73‘ 14 | - Oscilltior] Prob.@ |
u F on Am2=3x103eV2
1 ll-: |
0.8 — :
0.6 —
04 z_ DAB 2 degres
o2 Sha e
0 v e v b by Py v by v bww s b v v b v a yvay
D 1 2 K] 4 5 6 7 8 9 10
p. (GeV/c)
Off-Axis beam
# Novel feature - off-axis beam to reduce high-energy tail
# Narrow-band beam around oscillation maximum
8 Feed-down from mis-reconstructed DIS/resonance
events at SK into analysis region reduced.
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Super-K detector

# Located in Mozumi mine with 1km rock overburden
(2700 m.w.e.)

@ 22.5 kt fiducial mass water Cherenkov detector

# Inner detector ~ 11000 20-inch PMTs

a Outer veto ~ 1900 8-inch PMTs
8 Excellent y/e separation from ring shape/opening angle
a8 New for T2K:

a 100% livetime DAQ system

s Improved algorithm for NC-n° rejection

e-like H% p-like

-
=N
o

Y
=]
o

Number of events

—_
o
o

o]
o
TTT | 1T | T 1T | T 1T | T T T | TTT | TTT | TT

e S R R B S R MC, |.l‘||ke MC, e-like

Particle |ID parameter
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Near detectors

a " N D 280 o d eteCtO r UA1 Magnet Yoke SMRD

@ Same off-axis angle as Super-K => many shared
systematics cancel between near and far detectors

@ FGD - plastic scintillator neutrino targets, one fully
active and one with water layers

Downstream
ECA
a Gas TPCs for momentum measurement and PID -

8 Subdetector optimised for n® detection at upstream
end of detector

# Surrounded by ECAL and MRDs, with 0.2T magnet Barrel ECAL

Solenoid Coil

s “INGRID” detector
# On-axis beam monitor - measure flux and beam profile

s 13 modules in a “plus” configuration centred on beam
axis, with two diagonal modules

s Each module is a 1m3 iron-plastic scintillator sampling
calorimeter
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Delivered flux
Total Accumulated POT for Physics
v-Mode Beam Power

% 10" . V-Mode Beam Power
" > _ _ _ _ _ _ _ —
g e s hso 2
£ It
- 200 g
© o
+= | W
= 150 -
& <
< O
= 100 1
:
3 50
Q .
< “Tud . i.:é RIS R .
0 2010 2010 2011 2012 2012 2012 2013 2013 0
Jul/02 Dec/31 Jul/02 Jan/01 Jul/01 Dec/31 Jul/02 Dec/31
Time
s Flux from 6.6x102°% Protons on Target (POT) used in current analyses

(Runs 1-4).
s Total POT to date:
s 6.88x1020 POT for v beam.
s 0.51x1020° POT for v beam - first v beam taken this summer!
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1st event of v beam!

s 1 muon-like ring.

s 2 fuzzy rings with
invariant mass
132.6 MeV/c?.

s Looks like p+ro.

18/8/14 Martin Haigh, University of Warwick 12



Neutrino interactions at T2K

Charged-current (CC) events -
neutrino in, same-flavour
charged lepton out.

Charged-current quasi-elastic
(CCQE)

vith> 1l +p

Charged-current resonant pion ,,

'

Formaggio & Zeller, Rev. Mod. Phys. 84 (2012)

uf T2

12F

production

7 N\

vitp2> 1 +N* > +N+n

1l
d . _u :',/
(p N i A ¥ 1] Ia
: ¥ Z : -l < > [}

1F

08 |
Some deep inelastic scattering,

but not so important at T2K
energies

06|
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02|

v cross section/ E, (1 0¥ cm? / GeV)

oE

Also get neutral-current (NC)
versions of these interactions




ND280 analysis

. Vu CC Selection: '§ :I TTT T TTT TTTT TTTT TTTT TTTT T
= C
s Vertex in FGD1 g 3000F
G4 C
8 highest-momentum negative track in TPC2 is ; 2500 F
muon-like = -
S 2000
d - CC—OT[ No truth
s Identify pions in events: 1500 =
a 1/ from right-charged track in TPC 1ooof _f
s 1 from Michel electron in FGD1 sook E
a 1 from electron-compatible track in TPC2 .
1500 2000 2500 3000 3500 4000 4500 5000
. . . . MeV/c
s Split events according to pion content and fit p“( )
distributions with flux and x-sec systematics floating
.§ 5(][:’1IIIIIIIIIIIIIIIIIIIIIII|I_¢_Data '§ :IIIIIIIIIIIIIIIIIIIIIIII|I+Data
= C cC-On £ 2501~ CC-0n
5 CC-tr S - CC-1n
S 400 CC-Other O - CC-other CC-Other
_02 CC-1rt BKG _02 200 BKG
E External E External
= 300 =
Z, No truth z 150 No truth
200 - 100 =
100 — 50 -
__ - Ted
L, . A
% 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
P, (MeVlc) P, (MeV/c)
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ND280 flux and cross-section constraints

Parameter Prior to ND280 After ND280
Constraint Constraint

s ND280 data are fitted to flux and cross- A IED R
section parameters based on external M, (GeV) 141£022  0.965+0.068
constraints and nominal beam MC. CCQE Norm. E <1.5 GeV 1.00 £ 0.11 0.966 + 0.076

CCQE Norm. 1.5<E <3.5 GeV 1.00 £ 0.30 0.93+0.10
+ Significant reduction in Super-K T N
. . . E <2. A5 0. 2o * 0.
systematics, particularly x-sec. Trom. £S89 e
CC1m Norm. E >2.5 GeV 1.00 £ 0.40 1.12 £ 0.17
NC1m° Norm. 0.96 £ 0.33 1.14 £ 0.25
SK v, Flux SK v, Flux
E 1.5E — T T E 1.5E — T — T ]
E 1.4 - Prior to ND280 Constraint - E 1.4 - Prior to ND280 Constraint -
E 13f | = S 13f | <
= - After ND280 Constraint . E - After ND280 Constraint .
Z 121 = z 1.2F =
E C =, C
2 11 g2 1.1
3 3
1 1
0.9 0.9
0.8 | | 0.8
I L I I 1 L I I I L 1 | | 1 1 1 1 | 1 | | 1 1 1 1 |
1 10 1 10
E, (GeV) E, (GeV)
18/8/14 Martin Haigh, University of Warwick 15



ND280 constraints on SK event rates

Big improvement in event rate
predictions from ND280 fit!

v, Prediction |Error from
(Events) Constrained
Parameters
No ND280 o
Constraint 22.6 26.5 /0
ND280 Constraint 20 4 3 00/0

, : — 10
$ i Before | Aftelr 3 1
b ! Before ND280 Constraint
© |- ND280 e © 8
AL, Constraint Constraint e
T 2 T |
5 5
O [ V O [
> > A
5 5 f
=~ S H 0
C e i % = % @ Oh.l.,l.l.,l.“ll,_,l.,l.|.1,,
0 0.5 1 0 0.5 1 15 2 2.5 3
Reconstructed v Energy (GeV) Reconstructed v Energy (GeV)
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Super-K v, selection

Cuts used for T2K analysis:

a

s Fully contained fiducial volume (FCFV) event

s Single ring e-like event

s Visible energy > 100 MeV

a No Michel electrons

s O<E ¢ < 1250 MeV

s 10 likelihood cut

: <— —— RUNI-4 data i <— —— RUNI1-4 data
(6.570x10™'POT) —— RUNI-4 data (6.570x10™'POT)
200 - I Osc. v, CC 30 B (6.570x10™°POT) 20 I Osc. v, CC
i) ] V|.l+_v].| cC b i B Osc. v, CC b 1 VH"'_V“ cC
L v v, CC g Cv, v, CccC g v 47, CC
g [ -NC‘2 ﬂ>) i :lvc"-vccc ﬂ>) -NC‘z
(3] (MC w/ sin“20,,=0.1) (b} T [ NC (b} (MC w/ sin"26,,=0.1)
= B 200 (MC W sin20,,-0.1) b2
2 3 3
5 : £ 1
= = =
Z Z Z
0 — e —— 1 | |
1000 2000 3000
Number of rings PID parameter Visible energy (MeV)
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v, appearance results (ehys rev. Lett

. 112, 061802 (2014))

T ; ————————
10 B T ] E Normal hierarchy 7
- —4— T2K data i - Aml = 7.6x107eV? -
= - Best fit spectrum . w2 - Ami: 24x10%V? ]
é’ 8 N 7777, Background component | - sin’ 8, =031 .
2 [ NH (IH considered)] 5 of 0, =03 N
‘\; 6 _ o - -
E B i B — Best fit ]
> [ i b 68% CL N
5 4 ! . - B 90% CL .
_q.g : [ L ] : : :
— ) (3N ) — - I B—
22: J_-rrr gl ] n T L B I B
0 . DY . -1_1'?—'—-——-_._‘ - Inverted hierarchy 7
- - Amd = 7.6x107%eV? 4
0 500 1000 w2 Aml, = 2.4x107%eV? 7]
- sin? 8,=0.3l .
o - sin®@,, =0.5 :
w OF B
a 28 eventS Observed -’ll'ﬂ:— T2K Run 1_,_2_,_3_,_4_:
- : 20 .
s Background for 8,5 = 0 of (4.92+0.55) - I E S
events e WA N T
0 0.1 02 03 04 0.5 0.
s 0,3 = 0 excluded at 7.30! .
13 sin*20
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vV, disappea rance results (Phys. Rev. Lett. 112, 181801 (2014))
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s 3-flavour fit using 8,5 from reactor - ME Bl

measurements

Ratio of osc. to unosc. events
et
wh

a World-leading measurement of
atmospheric mixing angle 8,5!
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a Still no hint of 8,5 octant

-2AInL.

0? . ~..

»
[

68% (dashed) and 90% (solid) CL Contours
sin2(8,5) [NH] 0.514+0.055
Am2;, (x10-3 eV2) [NH] 2.51+0.10
sin2(8,5) [IH] 0.511+0.055

Am2,; (x10-3eV2) [IH] 2.48+0.10
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Joint oscillation fit

s Simultaneous likelihood fit to both v, and v, spectra.

# Also include reactor constraint as in PDG13 - 6,5 from these measurements smaller than for
T2K.

s Combined results show weak preference for NH, d~-0.5n.
a Obviously not significant, but gives an intriguing hint that nature may have given us a “lucky” o.

o 7
= C
< B — Normal Hierarchy
5 Inverted Hierarchy
-~ —— FC90% ax; (NH)
5[ FC 90 % Ay (IH)
C 0 % excluded (NH)
4 £ [ 90 % excluded (IH)
5[0

1 05 0
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Future sensitivity

8 Assume case that is weakly preferred by existing data (sin?20,5; = 0.1 from reactors, NH,
0=-0.5mn). Obviously this case is also lucky since CP violation is large.

# Plots shown are for 7.8x1021 POT T2K running, and anticipated final reactor constraint.
a8 Sensitivity maximised for 50% v, 50% v running.

100% v running 50% v, 50% v running
DT I NN I— & asp 0 et
& 5 3 & 5 :
o 100E N‘H - o 100E NH E
50F H = 50 [H -
T2K only of . T of :
100 : - -100F =
-150F A = -150f | E
0008 0.5 0 02 025
sin22913 sinZZZ(-)13
@&1502"" ¥ E o isor o | =
oS 100} NH - w& wob.  Solid — stat. only NH
_ 50¢ -~ H - sop Dotted - stat.+syst. [, -
With reactor of E o
constraint 50} E ol
100} - -100f =
'150; ! | | l_f -150§ —
0 005 05 0z 025 0 To0s 05 02 02

.2
sin26,, sin’20,,
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ve CC-inclusive cross-section

on Carbon

(arXiv:1407.7389)
8 Select v, events in the ND280 FGD1:
~ O ErTTT L I TR B PR B O R B ERLELE i [FLER KL R AL (LB A R Y L O~
. . . . 2 100 -
# Negative electron-like track in TPC2, vertex in > f ~4—Duta .
FGD1 é’, 80 777 v. CC mteractions —
. i . . ) g0k ¥ background =
a Events with positive track are subject to invariant R - 11 background ]
72 £ — —
mass cut .E 4O: E= Other background ]
. . 20F -
a \Veto activity upstream in the detector S “F » ]
% 05 1 15 2 25 3 35 4 45 5
. . . . R structed p (GeV/
s First differential v, cross-section measurement at these econstructed 2, (GeVic)
energIeS| 8,)00-_'"1'"l"'l"'l"'l"'l"'l"'l"'l'
. ‘& ©F —+ Data
s Good agreement with generators and Gargamelle. & 1s0f. 7 v. CC interactions
a Differential cross-section plots available in the paper. t X v background
100~ u background
— [T T T[T T T T [TTTT[TTTT lllr[ll|1||r1|,|r1|,|'||||r1|||_1_10 —_ S0:_%()thel'baCkgTOU-ﬁld
8 _.r Full phase-space - - PF
D 50— . ) _ c N
o - e ' _ Q. PPN IR SPEPET BPEPEE BT S U -
S ds 3 01~08 06 04 02 0 02 04
;:E 40:— 7 i g Reconstructed cos(6,)
G : /,, T ] ?‘) s
r-":\ | — —6 2 a T T T T T T T T T E
= 30— LS . . = = 100 —4— Data E
% B ey . T2K v, flux . e > : 777) v CC mteractions 3
X B LA - . 2 v ZA =
5 i B 0 I\?EUT pl‘Edlf:tlf)Il 4 ”E @) 80| v background .
20— Ry ' GENIE prediction . o = 60E -]
@) B e | ~ S 1 background =
o B , _ - -e -. NEUT average e S -]
= on ..’#i__.. o GENIE average 1, = ?3’ : E= Other background .
L/ #— Gargamelle data 4 ~ g = SN A - ks
: f_.”'/ + T2K data ] g :..E: 0 ___Z;(";;Z/_/’,;el;vlllllln.a:u.. = iaak 4 o ]
-(I 11 I 11 1 1 I L1 11 I Ll 11 I L1 11 il L 11 I | . I Ll L 1 | Ll 1 1 ‘ L1l I_ : J 0 .1 0.2 0.3 0.4 0.5 0.6 07 0'8 0V9 1
00 1 2 3 4 5 6 7 8 9 10 = Reconstructed Q‘ (GeV?/c2)
E, (GeV)
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v, CC-inclusive cross-section on Carbon

(PRD 87, 092003 (2013))

x10? %1072
§ 15+ 0.00 < cos 8, <0.84 —=— Dala 4 § 15+ 0.84 < cos 8, <0.90 —=— Dala 4
- § __ Systematic Error - § JR— __ Systematic Error
g § | | Statistical Error g § || Statistical Error
g ) —— NEUT ] g . ) —— NEUT i
(T N T b GENIE (o A e L b GENIE
e 2
NE ] 218 ]
o[ g o[
o o
00 500 1000 1-5 00 2000 00 500 1000 1500 2000
P, (MeV/c) P, (MeV/c)
x1 0_42 x1 0742
_— —_—
2 r 2 r
= 15+ 0.90<cosf, <094 —= Daa 4 % 15F 0.94 <cos8, <1.00 —= Data 4
. § __ Systematic Error b= __ Systematic Error
E g || Statistical Error E g || Statistical Error
= — NEUT ] < — NEUT .
=]
g ot 000 [res . GENIE (N A A i S R GENIE
S— s
2 2
b| & ol &
o1 2 - Q
| ] <2 ]
o= o
00 560 1000 1500 2000 CE) 500 1000 1500 2000
P, (MeV/c) P, (MeV/c)

# Muon-like events in ND280 selected.
s Unfold reconstructed p, - sinf, distributions to get estimate of true kinematic distributions.
a Get double-differential and total cross-sections integrated over beam flux.
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NCQE cross-section from de-excitation ys

(arXiv:1403.3140)

# First measurement of NCQE neutrino interaction cross-
section on Oxygen, using Super-K.

a Cuts:

# In beam timing window, no high-energy preceding
event

a 4 MeV < E < 30 MeV, observed light has large
Cherenkov angle (exclude low-energy muons)

a Other standard cuts for removing non-beam
background.

# Beam data ideal for this measurement since beam window
cut limits effect of natural radioactivity.

"ﬁ I\II|IIIIII\\|IIIIII LI
5
k3
g
Z
Grey entries 7
fail timing cut —[— 7,/
AT, (us)

E F | T T T T T T T | T T T T ‘ T T T T | T T T L
= 121 —
G>.) i —+— RUNI1-3 data i
v | ] NCQE i
= 10 NC non-QE 7
8 | cc i
"g 8- ] Beam-unrelated ]
Z T ]
ol ]
4 i ]
AL |
2 %«% g
05 0
Reconstructed energy (MeV)
Q 4 T T ‘ T T T T ‘ T ‘ T
g e Ankowski NCQE cross section i
® r — Flux-averaged Ankowski NCQE cross section -
o 3'_—-— T2K data B
— b T2K v flux B
b L J
2_ —
1_ —
07 _1"" P I I R T ' R - 1 |
0 0.5 1 1.5 2
Neutrino Energy (GeV)
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Summary and outlook

s T2K has now collected over 7x102° POT of data.
s Antineutrino running demonstrated during recent run period.

s T2K is continuing to produce exciting results:
s 7.30 exclusion of 8,5 = 0 in v, appearance channel.
s World’s most precise measurement of 6,5.
a Neutrino cross-section measurements being made in O(1GeV) range.

s  Will continue to combine T2K data with constraints from NOVA and
reactors to improve constraints on MH and CP violation.

s Only at 8% of design luminosity, and antineutrino running is just starting.
a Lots more data and exciting results still to come!
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Backup
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v, CC-inclusive differential cross-sections

: [T T [T T[T T[T |11 T 1T LI I L I L I B E 35_—' ! ] ! ' ! L LI | L T T T I:
S 25 Full phase-space— < - Full phase-space m
> : : o __ _—
S F --- NEUT ; 2 30 --= NEUT :
E ¥F E S E — GENIE E
s —— GENIE . : UF -
2 - . = 5 - — T2K data ]
2 15k —+ T2K data 1 T 20F 3 % -
s N —a— = - _ -
= . il = 15k I, f =
o 10 ___{___ T 5 T =
s F T s ] 5 1 prmafanan E
= - i ' N ) - -
b 0-| Ll I i I i I i I i | i | i I i I i I i I i | i |- E 0- L | 1 I - ! | L L - I 4 - ! | L L ]
© 0 0204 06 08 1 12 14 16 18 2 22 > £ 0 0.2 0.4 0.6 g 1 =
P, (GeVie) O (GeV-/e?)
— =— I T T T T T T T T I T T T T | T T T T | T T T e — [rTTT I LU |' TrTT I TTrTrT I TTTTTTTTITI T T T LTI TR TITTI T TTIL] ;—:
£ 140 Full phase-space] g sob- Full phase-space - 10 =
o u - D B . - -
2 120 --- NEUT = 2 C e =
£ T . = b r \ A
£ 100E- —— GENIE - = 4°: ] S
L ] : _ : o C . — rs
z . —4 T2K data 13 2 C - ] 6 =
= 80F = s 30 / ]
= ] . = - )% T2K v, flux . a
= 60 [ = L S| e NEUT prediction | o
% - i 3 5 201~ ; ,f:i ——— GENIE prediction | 4 _3
S 40 = O - I -—#-- NEUT average ] %
= - =T - 5° o ———— 1 —=«— GENIE average 1> o
©  20F ot ' — = #— Gargamelle data . ~
R - . . c —4— TXKdata 1 &
0 _ 1 1 L 1 1 1 | 1 | 1 I _1 1 1 1 1 1 1 1 1 l 1 1 1 1 N 0 L L1l I Lill ] 1111 I L1 1l I 1111 l L1l I 11 1) 1 Ll 1 I LA L1 1 111l :
< 05 0.6 0.7 08 09 1 b 1 2 3 4 5. 6 7 %% =
cos(6,) E, (GeV)
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