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- 3-Flavor Mixing

= 3-flavor mixing describes (almost) all neutrino oscillation phenomena
(3 mixing angles, 2 independent mass splittings, 1 CPV phase)

v, 1 0 0 cc} 0 siné, L ( cos 6, sinb, 0)| v
v, || 0 cosé,; siné; 0 1 0 —siné, cosé, O][| v,
V. 0 -siné,, cosfy, )| | —sinf,e™ 0 cosé, 0 0 1)\ v,

Atmospheric & accelerator: Interference: Solar & reactor:

0, ~45 6 ,~9° and 5_ =77 6,,~ 34°

(Am_ )* ~2.4x10° eV? (Am_ )* ~8x10° eV?

Muon neutrino disappearance (v, — Vv, ) :
" . P/ Sensitive to:
P(v‘u - v.u) ~ 1 — (cos 613 sin Zﬁﬁ) sin“ (Ams3, E) —» 23, |Am2 | (~ IAm | )

Electron neutrino appearance (Vu — Ve): ((Amgy =m3 —m; )

P(vi—>ve) ~sin” O, sin” 26, sin (Am”L (1 2sin’ 913)] Leading term L.
1 Sensitive to:
2 —p
-sin26, sm2t923sm29,3cost9l3smé'sm (Am”L J A:ZILJ CP violating 913’ 6CP’ e23’ Am
[(P(ﬁu - v_e) 0 turns into - 6 and a to -a (“a” matter effect term)] Depends on sign of
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Solar+KamLAND > 6, ~ 34°
SK, MINOS, T2K, NOvA > g ~45
Daya Bay, Reno, Double Chooz —» 6, ~9°

(T2K: 6 ,# 0 — In Appearance Channel)

Normal Hierarchy Inverted Hierarchy

p o— RSN Am2, = (7.65 + £0.23) x 107° eV/?
E | — |
AMatm; sign of the mass difference, Am3, > 0.

| Vo —— : (2.40 £+ 0.12) x 10~3 eV?2
Aln501& v, E— v, —

v, EEE V. N V:
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B2RR What We Don't Know?

¢ Value CP-Violating Phase: §

« 6,. Maximal? Octant? (< or > 459)

¢ Sign of the mass difference: Am’ =m? -m’
¢ Normal Ordering (NO) > 0
¢ Inverted Ordering (I1I0) < 0

¢ Are there any more v's? (sterile)

¢ Are Neutrinos Dirac or Majorana?
¢ Absolute Mass Scale
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-The T2K Experiment
(Tokai to Kamloka)

Goals: ~ o
¢ Study v_andv_appearance (v“ — Vv - v ): Explore §_, and 6

13, 23

¢ Precision measurement of v, and Qu disappearance: Explore 6 and Am232
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CERN NAG61

Hadron prod.

Decay Near detectors
o volume
e_‘_-\__. _________________
30Gey LY SH
protons Target W N e -
& Horns M it —axi
J-PARC MR ' | | D '
_ 0 120m 280m 295ka

First Use of Off-axis v Beam:
¢ Intense & high-quality beam (Beam direction stability < 1mrad) =

e 2
sin“20,, = 1.0
sin’20,, = 0.1
Am},=24x10%eV?

Il

¢ ~1 mrad shift corresponds to ~2% energy shift at peak - o1f NLoe-0 ]
1 ]
¢ Low-energy narrow-band beam " E

¢ Can choose between v and v by changing current direction in

horns i worsr -
KT O0A25°

¢ Ey peak around oscillation maximum (~0.6 GeV) B o :

¢ Small high-energy tail - reduces feed-down background events o " :

¢ n,K production at target was measured using CERN NA61 exp. -«...,.L....Im||||]|||||||||||[|||||m
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- Beam Configurations

Flux (/fem*/50MeV/10%'p.o.t)

I“{eutrino Mode Flux at the far detector
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SK: Neutrino Mode, L
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Flux (/fem’/50MeV/10%'p.o.t)

Antineutrino Mode Flux at the far detector
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SK: Antineutrino Mode, ¥,

_H;z Note: More
“Wrong Sign”
v's in RHC
when com-
| pared to
El FHC
0
E, (GeV)

v —mode known as “forward horn current” (FHC) or “positive focusing” (PF)
v —mode known as “reverse horn current” (RHC) or “negative focusing” (NF)
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SK: Antineutrino Mode, ?“

SK: Neutrino Mode, v,

T T T T T T T T L] T T T T L] L] ¥ T T T
Hadrom Interactions === Malerial Modeling Hadrom Interactions —— Material Modeling

= ] = ]
=} = - )
;E = Proton Beam Prodile & Off-axs Angle Mumber of Protons A E 03 = Proton Beam Profile & Off-axis Angle B —
= L Horn Current & Ficld —— MAG1 2009 data g = k Horn Current & Field 7l
E E Horn & Targel Alignment = = = [NAG1 2007 data 1] g E Harn & Target Alignment —— 13av2 Error i
‘5 [ k. Am.Nom, - + [ ] &xE,, Arb. Norm. =
S 02 - 8 02 -
= i - -
| -
01 : =i

= - T o

()= 00
10 | 10 O
Ev {GEV}I 10 | 10

E, (GeV)

¢ Present flux uncertainties smaller than 8% (at peak)

¢ Main systematics due to the hadron interactions modeling —
¢ With NA61/SHINE measurements using T2K replica target — goal <5%
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At These Energies Neutrino
-I-ZR\ Cross-sections are Poorly Known

¢V oscillations:
— We are now in a period of precision neutrino oscillation measurements

P(v, > v) =sin®(26_)sin*((1.274m’ L)/E )

(v_appearance
example)

— Note oscillation probability depends on E
- However Experiments Calculate E__
- E__depends on Flux, o, detector response, interaction

multiplicities, target type, particle type produced and
final state interactions: E__not equal to E_

— Appearance Oscillation Measurements:
- Large O , and CP violation - systematics important

- Need to understand backgrounds to v_searches:

MINERvA Energy Range

¢ Need Precision understanding of Low energy (Few GeV) v, & ;u cross sections to
improve models.

— T2K has a rich program in non-oscillation physics ( v cross sections)
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Overview of T2K:
- Near Detectors(ND280)

On-Axis Detector
(INGRID) Monitor v:
¢ Beam direction
¢ Beam Intensity

T2K Near Detector pit
houses both the
off-axis (ND280) and
on-axis (INGRID)

detectors
Off-Axis Detector:

@ In SK Direction
@ Measure:
@ v flux
@ Cross-section measurements
using water targets to reduce
systematic errors on oscillation
parameters |

vy I Vi Vi

O

s O
>g<
Z

O
“N<

— Used for monitoring of beam, flux constraints and systematic error reduction
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BBl [he T2K Far Detector:
Super-Kamiokande
g

© 50 kiloton Water Cherenkov detector 1 km underground
¢ Performance well matched to sub-GeV neutrinos
¢ High v_signal efficiency plus high =’ rejection
¢ Fiducial cut (i.e. cut on vertex distance to wall)
optimized for each interaction type.
¢ Probability to misidentify muon as electron is small
¢ GPS time recorded in real-time for every spill
¢ Associate events with J-PARC (beam)

Signal (v;,)

Inner |
Detector | |
(ID)

ol Quter
' Detector

( Signal: Single-ring e-like Background 0 Y _ )
assumed to be CCQE intrinsic v_ V IT ==b Y overlapping
' ' e NC n® “:EI "I,r
‘lvu---- ‘».E.---p(’ o o VIT_-.,—-'- _
\_ P e P missed y

Signal (v,) Background

2 EM Showers:
2 or 1 Fuzzy Ring

1 EM Shower:
1 Fuzzy Ring
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- Analyzed Data

otal Accumulated POT for Ph sws

EModc Accumulated P8T or h sics
V-Mode éccumulatcd POT for Physm.
x 107 s EMOERSm POver
o - T B "B B S B =  Analyzed data:
= 8 | = :
T E 5 — v-mode: 14.9 x10% POT( 50/50)
: PF | € - v-mode: 16.3 x10* POT
i HEE EN § - Total: 30.2 x10% POT
N N . , i! ; . B (POT - Protons on Target)
g . R == |
05010 T 5om1 a0 T a0ms T a01a 20 T aote 00 Ta0ls Total delivered POT to T2K : 31.6 x 102°)
Year
Efp—— e
12 1 ’ | ;
i I
804r i i+ Horn-250 “"""“T‘”""— """"" T 3
Required beam direction 7, Horizontal beam direction NG
stability achieved (< 1mrad) I R NS G
-0.5 E
= | "~ INGRID
i ~MUMON
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- Far Detector (SK): Event Timing

¢« T2K beam timing

- ¢ Time window of (—2ps, +10nus)

¢ Fully Contained (FC) definition
¢ No signal in Outer Detector (OD)

¢ Fiducial volume definition:

- Runi-8 (22.29-10%" POT)
- Rund (8.99-10% POT)

=
=
||||

Pud
=
IIII

Number ofevenls/25.nsec.

Ty ook
, ¥
O, -
4 80
bac, i
wall

. 3
g
S & 8

Sample Towall Cut Wall Cut
CCQE 1-Ring e-like FHC 170 cm 80 cm C
CCQE 1-Ring p-like FHC 250 cm 50 cm gmm ] 1000 2000 3000 4000 5000

AT, (nsec)
CCin1i-Ringe-lke FHC ~ 270em 50 cm

CCQE 1-Ring e-lke RHC ~ 170 cm 80 cm
CCQE 1-Ring p-like RHC 250 cm 50 cm
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Oscillation Parameter
Fitting Procedure

To extract v oscillation parameters we need to model:
~+ The neutrino flux
~+ Neutrino interactions: E __not equal to E_ Analysis strategy

~+ Understand the performance T T T — T T T

of the near and T | model
far detectors external data .
: i Neutrino flux

INGRID & Beam Fi™% model
monitor data = ND280 fit
) Cross-section
model

ND?280 data

External
cross-section data {{

- - - EEEEEEEEE= &
| Super-K detector | - Super-K data

| model Oscillation .

e fit

r--------------'

: ND280 data .
; reduce neutrino flux and :
1 Cross-section uncertainties!

-_eeeee e esessss= =l Oscillation

parameters
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Flux & v Background Constraints
using ND2380

¢ Select charged-current

- (CC) events in ND280 1 SKFHCwv, Aux oy . SKRHCWFWX  pngpnvany
@ Separate into 3 categories o b E
¢ Parameters from >
simultaneous fit of 3 samples s :
@ US e d for pre dl Ction Of 077 :m_f; Prior to ND280 constraint - | Prior to ND280 constraint
Super-K neutrino spectrum of T s Ay | irmesimex| |}
w/o oscillation T G i Gy ' Neutino Energy GeV)

ND280 constraints provides significant reduction of uncertainty at Super-K:
Increases the effectiveness of each proton on target

L _ Fina systematicspending T2K Run1-8 Preliminary R T T T2K Run1-8 Preliminary
=gk 1 e
N e like £ e like
2 p-like e-like p-like 2 uE K
(5 E _ 15} L
g SE v-mode v-mode v-mode 3 12F
A : ' Total Systematics 10F
i (without ND280) 3
: = Total systematics of
G (with ND280) A
1E .2 L = E
E 2
IS o <
0 0.2 0.4 0.6 0.8 1 1.2 .
Breco (GeV) Errors reduced from ~15% to ~5% using ND280 bele i TR s e
(Appearance) (Disappearance)
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2Rl Oscillation Results

Disappearance (anti-)neutrino results...
(Test for CPT Violation or a search for

non-standard v interactions)

5 5 5 , L Sensitive to:
P(vﬂ - vﬂ) ~ 1 — (cos“ 043 sin“ 20,3) sin“ (Ams3, E) 0, |Am?_ | (~JAm? |)

<0, Maximal? Octant? (< or > 459)
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T2kl T2K: Disappearance |

v (Bu) CC event selection

(Disappearance).
¢ Fully contained fiducial
volume
¢ Single-ring p-like event
¢ pp> 200 MeV/c
¢ # of decay electron = 1

12K, Run1-9¢ Preliminary

. vy

) F
& 30 v,
= C . NG
= [ v¥, intrinsic
B 25F [ v, Inmtrinsic
L F Bl . intrinsic
2 C
E 20
5 -
= »

15

10

% GBS £ % ¢ ake . eE

v Reconstructed Energy (GeV)
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Reconstructed Energy

£ 300

o b Unoscillated Prediction

g - Oscillated with Reactor Constraint
- 250— Oscillated without Reactor Constraint
£ F —a—— Data

$§ P

2 20— T2K Run1-9 Preliminary
° E

= L

_8 150 —

N D

=] -

Z 100f—

243

V. Paolone, University of Pittsburgh

Number of Events

Hvent Selection

Number of events per bin

Reconstructed Energy

Unoscillated Prediction

Oscillated with Reactor Constraint
Oscillated without Reactor Constraint
— o — Data

T2K Run1-9 Preliminary

g g =

-
3

III|H\V‘|III|IIH‘HII'IIII‘IIII'

@
-

”
S

4 5
Reconstructed Neutrino gnergy (GeV

. T|2K ;[{pqll-Qereliminury

ViV, intrinsic
[ v, intrinsic
v, intrinsic

0.5 1

TS OSSR T o T e 0 Wt o] o S 2
1.5 2 2.5 3
v Reconstructed Energy (GeV)
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107 T2K Run 1-9 Preliminary

%—\‘ 2.8 1__—! L I L rv 17T T T 77 | LI | T T -I- -I- |_NTOII-n;ai .| 6‘8&!“ I—:'-

' N * Best f —— Normal - 90CL
5 a0 estiit ... Inverted - 68CL -

?’u . - — Inverted - 90CL .

“g ) 5:— 2 — Reactor constraints on @13
S ; used

g0 31 - Consistent with maximal

P = =) 3 3 —_— o

o 24F = mixing (©_,=45°)

£ [ 1 - In addition no difference

ot B —
g 23F m observed between v and v
{]2.27_...|....|....|....|....1....|..4.|...__L

03 035 04 045 05 055 06 065 0.7
=
sin“(8,5)
‘ Normal Hierarchy Inverted Hierarchy
For V's: sin?(623) 0.53219:0%9 0.53219-522
|Am2,| x 103V 2.45210-070 2.43210-569
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ekl Oscillation Results

Appearance (anti-)neutrino results...

v

P(vu — V&) = sin’ 6,,sin” 20, sin [A;’;:;z I

- (1-2sin? «913)}
l Sensitive to:

2 0,5 ,0 ,Am
—sin26),,sin26,,sin26,, cosf), sindsin {AmgzLJ AszLJ 13 Ocp V23

S 4E,
[(P(13Ll - Ee) 0 turns into - 6 and a to -a (“a” matter effect term)]

We measure “P” - Degeneracies...
¢« CP-Violating Phase: 6
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-TZK: Appearance Event Selection

D (Be)event selection (Appearance):
¢ Fully contained fiducial volume

¢ Single-ring e-like event

¢ E_>100MeV, E <1250 MeV

Number of Events

¢ # of decay electron = 0

¢ n° rejection cut

, FHC

1-ring CCQE e-like

12K Runl-Y¢ Preliminary

E N PR B PR i VWV,
14 == —_ Ve
N Il NG
5 —_75 Events [ v.lv. intrinsic
[ v, intrinsic
0 E B v, intrinsic
l s

[ RS- N
| LR R |
—
At
A
porc - S

RN R TR SN A
0.6 0.8 1

==
=
[2=]
=
=
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v Reconstructed Energy (GeV)

1

elelel N 75 ayvents

15 events

-r CClrT-e-like 15 events

RHC

1-ring CCrn"-e-like 1-ring CCQE e-like

T2K Runl-9¢ Preliminary
T 3 Lot ol 2 v,

1% B N v~ £ T
@ 315 Events v, intrinsic | =
= F 3 v, intrinsic 5]
; 2:‘:_ v, intrinsic i E
TR 3
E 1 E
= 2 4z
Z F
1.5 =
1= -
0.5 .t:ll::| —
G:' PR I SR | o SRR B N N NN N N .
0 0.2 0.4 0.6 0.8 1 1.

2
v Reconstructed Energy (GeV)
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Oscillation probabilities
as a function of parameters

¢ 6, —v_and v_appearance probabilities are T N L e i L
affected in the same way g T _ i
¢ O, = -T2 — maximize v_appearance, minimize S i .. B
— = - _
V. (~30%) - :
g 12¢ E
- o = - —sin’ 6,,= 0.50, 045, 0.5 i
¢ 0 _=T/2 > maximize v_appearance, minimize o - — Amj, 244107 Ve . s
-~ CP e '8 10— . Am?, = 2.41x107 eV/c? !
: ~20° L G By — T J
' (30 2 fon, :
| S 8- o SCP—O ¢
o — . Sr"P =-m/2 ol
u Normal hierarchy — same as d_,=-11/2 but =5 el N
q) — —
smaller effect in T2K (~10%) g - -
E _I 1 | L1 1 | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 I 11 1 I_
< 50 40 50 60 70 80 90 100

u Inverted hierarchy — same as &_,=11/2 but

Neutrino mode electron candidates
smaller effect in T2K (~10%) ;

(Note plot shown for v POT=1.12x 10*' — 36 =9 events)
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- Expected # of events(vu,Vu,ve,Ve):

v mode p-like 272.4  272.0 272.4 272.8 5.1%

v mode e-like 8.8%

v mode e-like + 11* 18.4%

"¢ Preference for 6 p="1/2 —» maximize v_appearance probability, minimize Ee appearance

¢ Larger effect in e-like+11 (2.5% probability of observing 15 events when 6.9 are

expected)
¢ Forv_appearance background level is ~6.3 events — No strong statistical conclusion

0 In v- mode deficit of p-like events — compatible with our systematic uncertainties model
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T2K\ Joint Fits (vuﬁu,veﬁe): 5., VSO

8p (Radians)

T2K-Only

12K Run 1-9 Preliminary
-+« Normal - 68CL —]

* Best fit — Normal - 90CL
PDG 2018 ---- Inverted - 68CL ]
—— Inverted - 90CL —]

%107

T l"T‘.‘w-.I gt Lo il viaala Ll
25 30 35 40 45 50
sinz(BH)

T2K Result with Reactor Constraint

d.p (Radians)

¢ T2K results consistent with reactor results

¢ Data prefer maximal CPV: b _, =-n/2

: |T?"K Rup 1-9 lPl‘q]inllinlar\{

3]__ I ---- Normal - 68('[[ __‘
C * Bestfit  —— Normal - 90CL 7
- PDG 2018 ---- Inverted - 68CL
2 —— Inverted - 90CL ]
E with reactors -
0fF —
-1 =
-2 =
-3 ! | j—
15 20 23 30 35

¢ With reactor constraints: stronger preference for values of 6 _, ~ -11/2

x10™

¢ Even though statistics are small Qe results reinforce maximal CPV observed for

v, data

NTIHEP: May 14, 2019
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@K Joint Fits (v v v_v): §  Measurement [}

T2K Run 1-9 Preliminary
N B L L A

3SE o =

30; — Normal —f

- — Inverted |

y o E

Best fit values: I . ;
5, = -1.885 NO (-1.382 for 10) " PR o ;
tof- =

O_XL _..,.// i ! o L =

-3 ) -1 0 | 2 3

6CP

* NO: [-2.460, -1.187]
e 10 :[-1.930, -0.907]

¢ 20 interval calculated with Feldman&Cousins method

¢ CP conserving values (0, £1m1) outside of 20 region for both mass orderings

NTIHEP: May 14, 2019 V. Paolone, University of Pittsburgh
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« JPARC expected to deliver higher power beam in the future
o T2K-II (run extension) &
« Upgrade plans (2021):

5 45 35
£:1400 a

* Near detector\ : S
1200 a
=
3 2.5
P 1000 MR Power Supply upgrade
=

800

600

400

Integrated Delivered Protons [10?'POT]
Delivered Protons / Period [102'POT]

Illllillillllll[l\Illll‘\
|IIII|II\IIII\IlIIII‘IIIIiIIIIlIIIIl

: Scintillator detector
I
|

! Fcountnr:

e Far detector (add Gd to SK) e w5 N
« Enhance neutron detection capability —

« Improved low energy v detection > Nﬂ
“ - ~ 8 MeV
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2Rl Summary and Outlook

¢ T2K has accumulated a total of 3.16x10%! POT (~50/50 v and v modes) (~40%
of T2K's approved POT - Full amount expected by 2020-21)
¢ Joint analysis across all modes of oscillation v e/vue disappearance, appearance

¢ Constraints from near detector (ND280) measurements incorporated
¢ These data show a preference for maximal 6, , mixing, 6 _, ~-n/2 and NO
¢ Manifested by “maximal” 1)11/1)u disappearance, “large” v_appearance,
“small” v_appearance

¢ Stable beam power @485 kW achieved this year
¢ Approved upgrades for >750 kW operation
¢ A proposed extension of T2K(T2K II). In 2016 Stage I approval:
¢ Accelerator and beam line upgrades to improve beam power to 1.3 MW
¢ Allowing 20x10%' POT to be accumulated by ~2026
¢ Primary goals are >30 sensitivity to CPV and < 2° resolution on 0,

¢ Healthy competition and complementarity between T2K and NOvVA
¢ Joint analysis plans in the works

— Stay Tuned: More oscillation results to come...
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Motivation

The Sakharov Conditions

Antimatter — Matter if: Discovery of CP Violati

(1) Baryon number violation Critical
(baryon #a Y etrY) * Current evidence of CP
(2) Matter-antimatter asymmetry violation confined to
(CP Violation) the quark sector.

(3) Departure from thermal equilibrium
(preferential reaction direction)

* Kaons and B-Mesons!? D :)
L

* Need additional CP

A D. Sakharov violation sector to Antimatter
[Sakharov, JETP Lett 5, 24 (1967)] 1975 Niobel Peace Winiiet account for observed
3 matter-antimatter
Particle Physics m Astrophysics & Cosmology ASYMMENrY? 15 ovomran s mssesen .19

2] & Bbashian etal,, Belle Colabomiion, Prys. Rec

Left 25, 2309 (2001)
13] W Bermeruther and 0. Machtmann, I Py €11,
235{1981)

C.W. Chiang Beauty in Physics Ve
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.I.ZIR\ Far Detector: Particle ID

MS Small: EM Shower: 2 EM Showers:
Sharp Ring Fuzzy Ring > 1 Fuzzy Ring
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SK: Neutrino Mode, Vy
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¢ Combined flux and cross section systematic uncertainties produce ~15%
systematic errors in T2K's oscillation analyses.
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B2kl Future Prospects: T2K II

J-PARC Intensity Upgrade Plan:

— 45 — 35 —
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¢ Presently T2K approved for 7.8x10%' POT
¢ Projected to reach around 2020
¢ 1% stage of J-PARC main ring power supply upgrade approved
¢ Major step in achieving > 1 MW beam power (currently 420 kW)
¢ T2K-II extends T2K accumulated POT to 20x10*' POT
¢ With further accelerator and beam-line upgrades expect 1.3 MW
¢ Goal could be reached in 2026
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- T2K II Sensitivity

arXiv:1607.08004
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12Kl T2K and NOvA Comparisons

« Both T2K and NOvVA are studying the same physics
« However they are using different detection technologies
« This is a good thing

» As mentioned both measure P(v, —>v ) and P(VM ->v ) but...

 In the PMNS framework these are functions of several
parameters
* i.e. Baseline for NOvA is 810km and 295km for T2K
« Longer baselines have greater sensitivity to the Mass
Ordering

* The joint measurements of T2K and NOvA important in
untangling the physics parameters embedded in P(vM —>v ) and
P(VM —>v ), specifically 6_,
» Preparing for a joint working group: Three workshops already held.
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