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What is the next step?

* sin®20,, was determined precisely by reactor
experiments.

* v, appearance via sin?20,, was also observed by
an accelerator experiment.

- This is not the end of the story, but actually start
of the new story!
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Ve appearance probability
Leadmg term

2a 20 2 -2 Leading term

C- =coséb.,S. —sm@

ij > ~j

CDU. = Amij i
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v, appearance probability
(exact formula in vacuum)

P(vi—18)=4C,;’S,,’S,; sin” @, J Leading term B13
+8C,,’S,,5,:5,4(C,,C,;c0s5—S,.S,,S,,) cos®;, sin®,, sind,,  CPC
| —8C,7C,,C,:8,,5,:5,, sinSsin®d,, sind, sin,, | CPVi

+45,C; (C,Cyy +5,°S,5'§5 —2C,,C,5,,5,:5,;cosd)sin’ D, [Solar

C; =cosb;,S; =sin b,
L

_ 2
®; = Am

|4

replace & by —5 for P(v; — 7,) CP violating term introduced by

interference btw. 6,5 and 6,,




v, appearance
at around oscillation maximum
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P(vi—18)=4C,;’S,,’S,; sin” @, B13

P(vu—1)=4C,;’S,,’S,, —8C,;’C,,C,;S,,S,.S,, sindsin®,

Observation
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Q. Calculate how much P(v, - v, )changes
between 5=0 and 6=90"

P(vu > w)=4C,,’S,,’S,.,” —8C,,’C,,C,;S,,5,,S,, sin S sin @,

L
= Am; 4E,

Cij =cos«9ij,8ij =sin 6’ij,
6,, =34°(cosb,, =0.83,sin 6, =0.56)
0,, =45°

65 =9.0°(cosb;; =0.99,sin 6, =0.16)

Max. 27% asymmetry (violation) by CP phase



v, — v, oscillation

probability

Am?,, = 2.4e-3 eV?
Am?Z , = 7.59e-5 eV?
0,, =34

623 =45

sin®20, , = 0.084
w/o matter effect
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- " o - Tt T thetats
v, = V, oscillation o 8- - Normal
o 0.08[#j . —cpv
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Q. Calculate how much P(v, - v, )changes
between 5=0 and 6=90"

P(vu > w)=4C,,’S,,’S,.,” —8C,,’C,,C,;S,,5,,S,, sin S sin @,

C; =cosb;,S; =sinb;, i =Am; 4:;

6,, =34°(cosb,, =0.83,sin 6, =0.56)
0,, =45°
65 =9.0°(cosb;; =0.99,sin 6, =0.16)

Max. 27% asymmetry (violation) by CP phase



v, to v, oscillation probability

at oscillation maximum
sin?20,,=1 in vacuum

P(v,—>V,)
= 20 20 2 2 S
0.00F- P(vu >w)=4C.S,;’S,; —8C,; C,,C,;S,,5,55,;51n0sind,,
0.08 ;_ sinZ20,;=0.12 observation
0.07 sin220,,=0.1
0.06 —
v e
0052 —
0.04 —
0.03 f—
~ Solution for sin?26,,=0.08 sin?20,,=0.08
0.02 13
0.01 Many combination of (sin20,, 6) are allowed even
= if other oscillation parameters are fixed.
D 1 1 | L1 1 1 | L1 1 1 | [ S (N N (N NN N N (N N Y N N N NN N N N | L 1 |

-150 -100 -50 0 50 100 150
CP & (deg)
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" T2K Run1-4 allowed
region of sin%20,; for
various o.p vValues

Normal Mass Hierarchy

Inverted Mass Hierarchy

NOTE:
w/o reactor info. on sin220,,
sin?20,, is fixed 1.

Why allowed region is different for
different mass hierarchy?

0.4

2 =
1= .
E —Best fit E
(1= —68% C.L. -
Z —90% C.1:: T
1:_ Runl-4 data E
“F (6.570e20 POT)
C Normal hierarchy
2L $in’0,,=0.5, =
- AmZ,1=2.4x10 e V2]
-3_ L1l | L1 1 I L1 1 | [ R [l ol
0 025 03 035 O
3_ LI}  EER LR I | ] L | I‘I 1]
2 2
1= >
E —Best fit E
O —68% C.L.
B —90% C.L. ]
i - Runl-4 data E
"k (6.570e20 POT) 7
- Inverted hierarchy
2L sin’0,,=0.5, ]
: IAmZ,1=2.4x107 eV?]
'3_ [ Lo o b v a1y s T3
0 025 03 035
sin“29,,
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Earth is not symmetric about flavor nor CP

Super-KAMIOKANDE

Mt. Noguchi-Goro Intermediate neutrino detector
2,924m

ikeno-Yam?d
m 4,360m
water equiv. A
e 1,000m -

NEUTRINO BEAM i ’
- 2km -
295 km

I Interactions not changing final state shift the phase of propagation. (Work as potential)

ve(orv,v)) eorporn o v, for )
>MZA/V< M
ve (0r v, vo) eorporn Ve foE = 3 C” erpoth

NC interaction CC interaction



. TR E T S e Y tl,
Time evolution of wave function _ AR ARARAAARA
exp(—1Ht)
Hamiltonian in vacuum
pp 0 O . 0 0 0
Ul 0 p, O UTE_}UI"‘EU 0 Amj, 0 Ut
0 0 ps 0 0 Am%l

Hamiltonian of the interaction with matter

V2Gen, 0 0 n.: electron density
0 0 0

Opposite sign for vand v
0 0 0 (Opp g )

The part which affect
the relative phase is, 0 0 0

H~U|O

a
2E
U+l 0
0

0 O
0 O
0 O

a=2V2G.n,E=7.56x10"ev> £ _E
gcm ™ GeV

This cannot be solved analytically.
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More complete eq. of v, appearance
(15t order for matter effect)

P(vu—1)=4C,’S,;’S,,” sin’ q>3{1
/\

+8C,,’S,,5,:5,,(C,,C,,c0s0—S,,5,:S,,) cos®,, sin®, sin®,,
—8C,,"C,,.C,,S,,S,.S,;sindsin®,, sind, sind,
+48122C132 (C122C232 +S,, 2 ZS132 —2C,,C,351,5,35,;€080) sin’ b,,

—8C,,’S,,’S,,”(1-2S, qsD,, sind,,

replace 5 by -8 and a by —a for P(v, - v,)



* Am?,, =2.4e-3eV?

 Am?2_, =7.59e-5 eV? C1133C
* 0, =34 cPV "
¢ e23 =45
° 1N 2 —
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v, to v, oscillation probability

at oscillation maximum
sin?20,5,=0.1, sin?20,,=1, w/ matter effect
P(v,—V,)
0.09
0.08
Normal Hierarchy
0.07

0.06

0.05

0.04

0.03

0.02

0.01

Inverted
Hierarchy

-150 -100 .50 0 50 100 150
CP 3 (deg)



Bl i ]

T2K Runi-4 allowed
region of sin?26.; for
various 3.p values

Normal Mass Hierarchy

Inverted Mass Hierarchy

NOTE.:
w/o reactor info. on sin220,,
sin?20,, is fixed 1.

2 =
1= .
E —Best fit E
(1= —68% C.L. -
Z —90% C.1:: T
q - Runl-4 data E
“F (6.570e20 POT)
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2L $in’0,,=0.5, =
- AmZ,1=2.4x10 e V2]
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P(v,—V,)
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Actually, w/ 6,; uncertainty
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Fit v, sample and v, .

sample simultaneously
by sin?0,,,s5in%0.,6 and
Am?

Now uncertainty of sin26,, is
included.

68% allowed region from -
reactor measurement

(PDG2013)

il (data till 2013)

T2K Runi-4 data

J. T T

Prelimina

T L
| :“ I .
I *
1

Normal MH

-—= 68% C.L.
— 90% C.L.

L]
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Get allowed region for 6 by combining
T2K data and reactor data

—— Normal Hierarchy
—— Inverted Hierarchy
—— FC 90 % Ay? (NH)
——— FC 90 % Ay (IH)

2 90 % excluded (NH)=
| [0.146,0.825]x

90 % excluded (IH)=
[-0.080,1.091]x

P




Assume P(NH) = P(IH) = 0.5

PRELIMINARY

o

o =
- =
A v

Probability Density per ©/50

90% Credible Interval
Y 68% Credible Interval
Marginal Posterior
¥ 1D Posterior Mode

T

|—IIII|III

0.8 06 -04 -02

0 02 04 06 08

[a—
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Another way of expressing result
Bayesian posterior probability

posterior probability for 6,,

octants and mass hierarchies

AHVNINIT3dd
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From now omn
T2K & NOwA
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T2K full stat(7.8E21 POT) sensitivity
(7.8E21 POT=750kW x 5e7sec @ 30GeV)
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v Combined 3 Flavor Appearance and Disappearance Fit
v"w/ and w/o reactor results

° sin®20,,=0.1+0.005: marginalize by error(=Daya Bay reactor sys. error)
v w/ and w/o current systematic error

» Assume same error for anti-v mode. +10% overall normalization error.
v v-mode:anti-v mode running ratio =50%:50% for case study



Events / 50 MeV / 7.8¢21 POT

Events /50 MeV / 7.8¢21 POT

8=0, sin220_,=1 &

Reconstructed Energy Spectra A= 4x105 eV

v, appearance sample

I\I|III|II\|III‘III‘\II‘\II|\\I|I\
: otal v mode

— Signalv, — v, .
Signalv, —» v,
— Beamyv, +7, ) -
— Beamyv +V,
v b L T I IR N B R B R b TN B L
02 04 06 08 1 12 14 16 18 2
Reconstructed Energv (GeV) Reconstructed Energy (GeV

— Total
— Signalv, — ant]_\/ mode §

Signalv, — v, >
— Beamyv,_ +V,
— Beamy +V, .
02 04 06 08 1 12 14 16 18 2 - 4 5 6 0
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

v:anti-v=50%:50% case
v mode 106 signal events, 39 bkg. events
anti-v mode 24 signal events, 22 bkg events (5.6 from v, —v,)

}

=]
=

Events / 50 MeV / 7.8¢21 POT

L I I Y I - T - -]
(=)
—
(%)
= Do b bere b b e B e

=
=]

)
i

Events /50 MeV / 7.8¢21 POT




T2K full sensitivity

T —————————————————————————————————————————
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Expected 90% C.L. allowed region

Scp:'go, Sin22923= 1.0
Normal Hierarchy

Running fraction

Allowed region assuming NH or IH
Solid : w/o systematic error
Dashed : w/ 2012 systematic error

v mode:anti-v mode = 100%:0%

B z ] 3 : ]
o 150F - o 150 3 E
100[- - 100 NH -

sof E 50/ H -

0 — — 0 — —

-50 — — -50 — —

-100 %— _§ -100 ;— —i
150} E -150 - o |_

co% 150 ; : O 1s0F -
100p NH A CP 6 measurement!!! NH A

501~ ~ IH - S0 IH -

0 ;_ _" 3 _ 5 Py _i

S0 w/ reactor results .
100} - -
-150F -150 = E

0 0.0 05 02 0.25 0 005 01 o5 02 025
sin22913 sm22(-)13



Allowed region assuming NH or TH

---------------------------------------- W Solid : w/ 2012 systematic error
i

Expected 90% C.L. allowed region | 2hed:wo sstematc eror
e23 octant degeneracy) Sin2923=0.4 case True =0

. _ * current 90% limit corresponds to sin20,,=0.39.
Running fraction

. 0 ) 0 O ° 0
v mode:anti-v mode = 1002:0% 50%:50%
-3 -3
. g 2.6 >:<'1'0' L L . g 2.6 >:<'1'0' R n ] ]
E s o "y ] B oassp NH- 2
< e LI R Y [H =
245F P 245) i -
244 i 24 / E
- n [ - n M .
235F iy i 235F : =
- [} : R = : ]
2.3F i ; = 2.3 H =
225 : 2250 P E
- Yoo ] - N
oo 2P HH= WG 28 } e |'
E 2ssp e = £ 2ssp NH { octant is almost
< asp PR L < asb IH | resolved in this case!
245F i A\L P 245f -
o H - . o Ky n
248 % E 24p £ E
2250 -t _ £ 225E E
2 :I o e by b e b b o 1y | |: 2 :I NI B | |’| oo by by b by by | |:
63 035 04 045 05 055 0.6 065 07 63 035 04 045 05 055 0.6 0.65 07

- 2 2 2
sin“0,, sin“0,,



Precision(1

O

(i
).LL 1111111111111111111

at sin0,,=0.5

MH is assumed to be o Ulz'wrlesentsslerrlll | E
unknown(NH) = 0.09F P ye: S —(° E
v mode: anti-v mode=50%:50% B 0.08 6CP' ~ 90° E
w/ reactor result b 0.07¢ CP— E
- 0.06F T E
@ 0.05EW/0 Sys. err 223
D E E
H= ﬂ.ﬂ45 ° B
3 0.03F Cp2y=2.3 Fullstat | -
0.02 E
3 0.01F =
:K,:],'U,. L B B DEIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
= 0.4 1 2 3 4 5 6 7 8 9 10
= g O-p = 0°
. g = 1
s 012 cP— x 10*' POT
b o01f Ocp =90 =
L N '."‘....r_..* ]
Q 0.081 w"\"‘“&-% E
L M N ]
£ 006 s
< : :
0.04F E
0.02}- =
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0 1 2 3 4 5 6 7 8 9 10
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CP violation (sin6#0) sensitivity

NH
NH

IH

Ay

Ayt

[y
=

QHMM&U]G\-—-IW‘Q

[y
=

e e )

100% v-mode

— sine 3—l] 40

Saan SR 5|n28 ,=0.45
= — sin 6 3—l] 50
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3 sin E} -l] 60
_ 90% _
3 /\/ \/\ o //\\ E
Mlﬁ. e\
150 -100 -50 50 100 150
8(:P
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5——5|n8—045 R ARRRRRRT
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£ — 5|n 8 ,=0.55 E
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TN 10// — \\ E
= N\ M A NS

-150 -100 -50 0 50 100 150
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L 10 T 5|n28 —l] 45
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i 90% A :
i/ N\ -
[I'E/ \.l_.././..|....|....|.\§
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8(:P



NOVA

Baseline length 810km
FNAL NuMI off-axis beam
400kW — 700kW

Medium Energy Tune

“* Ash River Labora

e o i P O——

Minnesota

T T T T T T T T T T T
g0 |-  * on-axis
7 mrad off-axis o

| = 14 mrad off-axis . .
I — 21 mrad off-axis . .

v, CCevents / kt/ 1E21 POT /0.2 GeV

Michigan

W\sconsin

@ Near Detectag
Fermilab

IHlinois '7,




NOvVA Detectors A NOVA ceil

To APD
Extruded PVC cells filled with N
11M liters of scintillator
instrumented with
A-shifting fiber and APDs

o
S
Far detector: 3
I 14-kton, fine-grained,
‘;‘\; low-2Z, highly-active
tracking calorimeter
_ — 360,000 channels
32-pixel APD — 77% active by mass
Fiber pairs Near detector:
from 32 cells 0.3-kton version of 4em x 6cm
the same
— 18,000 channels

Ryan Patterson, Caltech 4 Neutrino 2012
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V. dSignal and Background Estimates

Simulation Data
Cut ve Signal NC  Beam v, v, CC | Cosmic Ray | All Background
All Events 36.7 380  28.1 557 19M 19M
Pre-selection 24.7 83.5 2.9 30.0 56k 56k
Vertex Gap 24.6 81.8 2.9 29.6 55k 55k
Pr/P 22.0 59.6 2.6 24.3 1248 1334
Maximum Y 21.2 57.4 2.5 23.0 834 917
Neutral Net 13.9 3.9 1.5 0.7 0.5 6.5
Library Template | 14.0 3.5 1.5 1.1 0.9 7.0

* Exposure 6x102° POT

« 1yr at design mass/beam power
* 14 kt total detector mass

Signal estimates are leading order
Simple oscillation w/o matter

effect

Averaged over hierarchy and 6p
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0.09
0.08
0.07
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0.03
0.02

0.01

to v, oscillation probability

at oscillation maximum

sin?20,5,=0.1, sin®20,,=1, w/ matter effect
P(v,—V,)

T2K Normal Hierarchy

T2K Inverted
Hierarchy
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Vi

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

to v, oscillation probability

at oscillation maximum

sin?20,5,=0.1, sin®20,,=1, w/ matter effect
P(v,—V,)

T2K Normal Hierarchy

T2K Inverted
Hierarchy

T2K (rough) full stat. error+/-1c \*’/
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v, to v, 0sCi llation probability

at oscillation maximum

sin?20,5,=0.1, sin?20,,=1, w/ matter effect
P(v,—V,)

0.09

0.08

T2K Normal Hierarchy

0.07

0.06

0.05
T2K Inverted

0.0a Hierarchy
0.03 FT2K (rough) full stat. error+/-1c
0.02F CP
- allowed region
D{}“I 1 | L1 1 1 | L1 1 1 | L1 1 | | L1 1 1 | L1 1 1 | L1 1 1 | L1

-150 -100 .50 0 50 100 150
CP 3 (deg)



v, to v, oscillation probability

at oscillation maximum
sin?20,5,=0.1, sin®20,,=1, w/ matter effect

P(v,—V,)
0.09
- Normal Hierarchy
0.08|—
0.07—
0.06[—
0.05 -
: s
0.04 -T2K (rough) full stat. error+/ -1c\\w /
: N
0.03[—
0.02- Inyerted
- Hierarchy
_II|IIII|IIII|IIII|IIII|IIII|IIII|II
0.01 -150 -100 -50 0 50 100 150

CP 3 (deg)



v, to v, oscillation probability

at oscillation maximum

sin?20,5,=0.1, sin?20,,=1, w/ matter effect
P(v,—V,)

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

Normal Hierarchy

T2K (rough) full stat. error+/-1

Inverted
Hierarchy CP 6 allowed region

CP 3 (deg)




v, to v, oscillation probabil

at oscillation maximum
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v, to v, oscillation probability

at oscillation maximum
sin?20,5,=0.1, sin?20,,=1, w/ matter effect
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v, to v, oscillation probability

at osc1llatlon maximum
sin?20,5,=0.1, sin®20,,=1, w/ matter effect
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T2K+NOVA CP violation sensitivity

Assuming both experiments run 50% v-mode, 50% anti-v mode.

with 5% normalization uncertainty on signal and 10% normalization
uncertainty on background.

Shown is NH case.
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- Assuming both experiments run 50% v- mode 50% anti-v mode
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‘ Target of neutrino oscillation experiments
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Has v, really 0SCi llate to vT?f
OPERA experiment
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v. — Appearance Experiment

- . aea Modes with three charged particles
+— DECAY MODES Fraction (I;/T) Confide h=h=h* >0 neutrals > OKE V. (15.19:£0.08) %
Modes with one charged particle h=h=h™ 20 neutrals v- (14.56 £0.08) %
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OPERA using Nuclear emulsion

INDUSTRIAL EMULSION FILMS BY FUJI FILM

Emulsion Layer (44 microns)

' 4 basic detector: AgBr crystal,

. size =0.2 micron
" detection eff.= 0.16/crystal

Plastic Base (205 microns)

_ -] 1013 “detectors” per film

Emulsion Layer

sensitivity 30 grains/100 um B S ;
. it intrinsic resolution: 50 nm

P , em vie emssenssé so RRELE G T deviation from linear-fit line. (2D)

= p . /%" '

electron ~100 keV - i e
- 8 \ ] .‘ .
204m , B .
_‘_-_‘_‘_-_-_-_-_-) -------- —— N
high dE/dx tracks from nuclear evaporation
11/06/13 - GiovanmP&Tellis, CERN Seminar




146621 bricks, each 8.3kg
56 (1mm) Pb sheets
57 (300um) emulsion layers

Target

2 (300um) changeable sheets

Rows (s

A= | 1T T T | I

2o
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Super-UItraTrack| Selector (Japan)
— |

| L A

OPERA, 1.2kton emulsion detector, since 2008
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1st v, candidate (z—h) (2010) © Beam view

Phys. Lett. B691 (1010) 138 | —

/ ; ! vertex
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.l’.l/ ViR

bby! |da
>y (0 3 yy)

mlyy) =|120 =20%35 MeV,

m[ﬁ_},y) = 640+125
Br(t=pv ) ~ 25%

+100
80 -90 MeV




Iry trk
daughter 2
daughter 1
daughter 3
2
b=
3

Emulsion
g
T ——

JHEP 11 (2013) 036

Emulsion

—se0 au decay in plastic base (low density)
Pla575E

28

205 um 44 1um

44 pm

S.Dusini - INFN Padova
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Event: 11113019758, 23 Apr |

CNGS transverse—plane view
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Neutrino 2014 - Boston (USA)




3rd » _candidate (7—u) (2013)

X (cm)

PHYSICAL REVIEW D 89 (2014) 051102(R) ©
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First measurement of the lepton charge in appearance mode 10



4th 2 candidate (r*h) (2014)
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Track 2 from neutrino interaction
vertex, p = 1.9 GeV stopping in
first iron slab of the magnet
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Data sample:
2008/09 : 398 (Op events) + 1553 (1p events)
2010/11/12 : 582 (Op events) + 2153 (1p events)

The expected signal and background is normalized to the number of located

2R nO (,CC) — CAC0) (e™(vET)) 1 Oh « o — NC
A PN P B ) cc
t—h 0.4+£0.08 0.033 £ 0.006 2
t—3h 0.57x0.11 0.155+£0.03 |
T—U 0.52+0.1 0.018 £ 0.007 1
T—€ 0.61=0.12 0.027 £ 0.005 0
Total 2.1+£042 0.23+0.04 -
Two statistical method :
 Fisher combination of single channel p-value
. Likelihood ratio ho oscillation excluded
at 420 CL

p-value = 1.03 x 10-° of no oscillation

MNeutrino 2014 - Boston (USA) 5.Dusini - INFN Padova 14



