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Neutrino Oscillation Measurements




CP phase

KEY to understand the origin of
matter dominant universe
1 0 0\ +c, O +s.e2/)+c, +s, O

Ups =[O0 +Cy; +5,, 0 1 0 -S, +C, O
D C,. ) sk cRRUEREERCER I ( 0 1

(C. =cosé;.,S. =sind.) ;
g, =33°+1° ') = ' Big Impact

.. = 46°+3 on Ov double-f3 decay
L, =46°+3° 45° ?

search
0, =8.9°+04°

(hence on Majorana v
Unknown Mass Ordering ‘ confirmation)

normal: m; < m, K my inverted — 1 ton
inverted: m; K my < m, M3 e e 111, || AETECTOF
AmZ, =754 0.2 % 1075 e\2 o = ™1 || normal —> > 100 ton
2 |
X ~3o< |Am3,| = 2.44 £ 0.06 X 1073 eV2 || M = = M5 || deteCOF

normal inverted

One Page Summary



S8M ~60°~70° looks large, but cannot explain matter-dominant universe.

Ocp is dependent on definition.
Jarlskog Invariant : independent of definition. show the size of CP violation
effect.

Jcp = Im(U#3 UzzUpgy U;jz) = %sin 2601, sin 20,5 sin 2013 cos 13 sin 6-p
CKM ~ 3 X 10—5
CP

EMNS ~ 0.03 sin &p

PDG2015 “NEUTRINOMASS,MIXING, AND OSCILLATIONS”

A value of [sinfy3sind| 2>0.09, and thus sinfi3 2 0.09, is a necessary condition for
a successful “flavoured” leptogenesis with hierarchical heavy Majorana neutrinos when
the CP violation required for the generation of the matter-antimatter asymmetry of the
Universe is provided entirely by the Dirac CP violating phase in the neutrino mixing
matrix [191]. This condition is comfortably compatible both with the measured value of
sin? A3 and with the best fit value of § = 37/2.| |sinf;3sind| = 0.09 — |sind| = 0.58

Za—k)/IREITCPOBENA R A= 0EWV-> T, BB RBEFEHZHRHATESLRT |
[FENWA MERBBEFEZHATELIOVWKRELCPOBNDIRELZSFH. ELVDITE,

Leptonic CPV can be much larger than Quark’s




Neutrino beamline
|

Proton b Vol Beam Near Far
Accelerator €cay volume dump Detector Detector
V T\

T p—— 17 ta ---3
Target&Horns U X1 -u._.L)
L monitor
>
A few 100 m ~ a few km
A few 100 km

<

Toroidal magnetic field by "horn’ focuses
n* — v, beam
or

- 5 -
n vy bea Example:

~1v/cm?/s at T2K far detector(295 km away)
(@750 kW proton beam power)

Components of
the Long-Baseline Neutrino Experiment
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T2K Neutrino Flux

Correlation between

Near flux and Far flux

flux peak ~0.6 GeV = oscillation
maximum

Vv flux is ~10% less than v flux.
(anti-)v, contamination < 1%

based on CERN NA61/SHINE p-C data
(collaborating work )

careful beam monitoring

~8% uncertainty at peak

near-to-far extrapolation << 2%

uncertainty

Flux Correlations
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Correlation

<
~

VvV Mode |V Mode |v Mode |v Mode
0-3 GeV | 0-3 GeV [0-3 GeV |0-3 GeV | 0-




mixing matrix (PMNS)

Vo — Vg oscillation /
2
m;

|Va(L)> = Uaie_lz_bill
2

(VB‘Va(L» — Uﬁ*anl _l%L
iff =« (disappearanceT:('}’E:E'léiﬁA)

m

(Valva(L)) = [Uy|?e 22"

Imaginary part vanishes!

CPODEBZ*L’Eﬁé@li Appearanced)/E'lEh\,Z\g

Neutrlno osallatlon formula




2 2 2
AM? ~ Am2, ~ Am?

. . : .o AL
P~ 1—(sm2 20, +sin’ @, -sin” 26’13)s1n2 ( 3 j
Leading-term Next-to-leading

/ Energy dependent

Cannot distinguish 8,5 and 90° — 6, gi)zr—nzugr;k?; ~0.6 GeV

v, disapp. probability depends on sin?20,; sin%0,; to second order
-> Can be used in combination with known sin?28, to resolve the 0,; octant

probability for long-
baseline accelerator experiment




Leading term ~5% at oscillation maximum

0,3E0,3 TRFED, 03 [FRFIFAETRCGEIN TN,

P >1)=4C,’S,,’S,,’ sin’ ®31J 013
+8C,,’S,,5,:5,,(C,,C,;c0s5—S,.S,,S,,) cos®;, sin®,, sin®,,  CPC
[—8(31 JC.C,:S,,S,,S,,sindsin®,, sin®,  sin®,, ] CPV|

5, o) 0 2 20 20 2 :
+48,,’C7(C,'C,7 45,75, '8 ~2C,.C..5,,8,:8, cosd)sin’ @, Solar
C = cos b, S —s1n9

ij°
D.. —AmIJ L
4E,

CP-violating term introduced by

interference
up to +27% of leading term

‘probability for long-baseline

accelerator experiment (in vacuum)




P(vii—1e) =4C, 32 Sy 328232 —8C, 32C1 2C339159139,;D,, 1O

C,; =co0s6;,S; =sinb;, B :Amﬁﬁ
P(v,—V,)
0.09

0.08
0.07

0.06

+27% effect for
923 = 4‘50

0.05

0.04

0.03

0.02

II|IIII|IIII|IIII|IIII|IIII|IIII|II
0.01 -150 -100 -50 0 50 100 150

i Scp(deg)
\ appearance probability




PO —1) = 4(:13281 328232 1 —8C, 32C12C23S12813823(D21 SIno

/\
L Matter effect
C. =cos@ ,S. =sinf,, O, =Am’ ——
| s ’ ’ "4E,  |a=242G.n,E=7.56x10"eV> —£_ E
P(Vp_)ve) gcm— GeV

0.09

- v, feels different potential
008 _ than v, and v in earth.

— Normal mass ordering
0.07—
o.oef—
005 +27% effect for

> T o
0.0aF Inverted mass 023 = 45

- ordering
0.03—
0.02 - This matter effect size corresponds to T2K.

- (>x2 bigger for NOvA, MINOS and so on.)
0.01_I I-1|50I [ I-1EOI L1 I-5|DI 11 I[l)l 11 I5|0I L1 I10|0I L1 I15|0I | 6 —) —6, a?_a B

Scp(deg) for P( vu — Ve)

. v, appearance probability
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v, appearance probability and T2K flux



POT = protons-on-target Total Accumulated POT for Physics
2 v-Mode Beam Power

ooy =

=< 10°%° = vV-Mode Beam Power

— 18Ru Rurr . Rumn? TR §
8 16 =38 ‘Runl-7c¢’ data
2 145 P 19% of goal
S 12§
E 10F 300 g v
S £ 420 kW!
£ 8 200 @

= !

N BE B : | 0

ir—;ﬁ* o = K | 0\ big improvements

2011 2012 2013 2014 on beam intensity!
v, appear. ‘ : ) :
e first constraint on 8., | | target cooling He
' leak problem
I_) v, appear.
3.1c
[ V. appear.
7.3
27 May 2016 v-mode POT: 7.57x102° (50.14%)
POT total: 1.510x1021 v-mode POT: 7.53x102° (49.86%)

T2K data taking and physics release history
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T2K data taking and physics release history




Tiny leakage of target
cooling Helium gas was

found in July 2015.

Wﬁ;_ 5
Liji B

A

I aX
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Target cooling




http://www.triumf.ca/current-events/remote-handling-help-desk [Z
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Analysis and Results




vu—nucleus cross section ﬁﬂ-nucleus Cross section

2 < 035
B 03
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CCQE | Main Signal CC resonant-pion production
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_ Complexity due to multi-body interaction in nucleus. Cannot be
derived from 1% principle - measurement is important!

(anti-)neutrino-nucleus interaction
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The T2K off-axis near detector: ND280



FGD1: finely-segmented
scintillator bars

UA1 Magnet Yoke

=aen FGD2: finely-segmented
Detectors scintillator bars + water

Downstream
l ECAL

Solenoid Cail

Barrel ECAL

off-axis near detector : ND280
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Water-Cherenkov Detector

Signal for v,
appearance

Very good PID for sub-GeV particles
mis-identification ~1%

Number of events

Simulated event display

Signal for v,
disappearance

{:
NI A

6 8 10
Particle ID parameter

T2K Far Detector — Super Kamiokande -




(anti)muon neutrino candidates

.2 _
v-mode run 136 @sin “6,3 = 0.53

(anti)electron neutrino candidates

6CP =

v-mode Normal 24.2 19.6 24.1
e Inverted 25.4 21.3 17.1 21.3
v-mode Normal
fck Inverted 6.5 7.4 8.4 7.4
Ocp = —M/2 6cp=0 Ocp = +m/2 Scp=T1
Vu = Ve 2.8 3.8 4.8 3.8
Vu = Ve 1.0 0.9 0.7 0.8
other bkg. 29

Expected number of events



Source of Uncertainty v1Re V1Re v 1Re/V1Re

SK Detector 2:3% 3.1% 1.6%

SK Final State and Secondary Interactions 2.6% 2.4% 3.5%
Flux and X-sec constrained by ND280 29% 3.2% 2.3%
NC 1y 1.5% 3.0% 1.5%

Ve and Ve 2.6% 1.5% 3.1%

NC Other 0.2% 0.3% 0.2%

Total 55% 6.3% 5.9%

“Uncertainty on the predicted number
of events
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» CPT theorem = P(v” - v”) = P(Vu - Vu)
» v, /v, disappearance is insensitive to matter effect.

> If we observe P(vu - Vu) = P(Vu - VM), it may be due
to CPT violation or non-standard interaction with matter.
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Comparison to previous result
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Joint fit of (v , Ve,V ve) samples
to determme

(Am3,, sin “0,3, 8¢p, mass ordering)
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Run1-4 (v-mode only)
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Posterior probability density
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* Target Beam power 1.3 MW

e 20x10%! POT by 2025~2026

* Increase effective statistics by
up to 50%

— horn current, SK fiducial
volume, new event samples

* Reduce systematic error ~6%
- ~4%
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V., sample : 455 evts*+20% change depending on 6.p
V, sample : 129 evts*+13% change depending on 6.p
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Expected number of events
(for normal mass ordering)
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http://arxiv.org/abs/1607.08004
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 J-PARC MR power has reached ~420kW
e RZa—F)/E—LTT—2ZEYindHT-!
— 7.57x10%° protons-on-target w/ neutrino beam

— 7.53x107%° protons-on-target w/ antineutrino beam
— 19% of goal statistics

e We observe 32 nue and 4 nuebar candidates, when we
expect around 24 and 7 respectively with no CP violation
(assuming normal mass ordering)

* 0cp 90% Confidence Interval
(—179°,—22°) for normal mass ordering
(—120°, —42°) for inverted mass ordering

* To discover CPV, need more data! but may be reachable by

Summary




