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Parameter Best fit 1o range 20 range 30 range
sin? 612
— 2.97 2.81-3.14 2.65-3.34 2.50-3.54
a2
’“;10—_92‘3 (NO) | 215 2.08-2.22 1.99-2.31 1.90-2.40
a2
31;10_9213 (10) 2.16 2.07-2.24 1.98-2.33 1.90-2.42
sin? g
1 (NO) | 425 4.10-4.46 3.95-4.70 3.81-6.15
sin” B3
— (10) 580 4.17-4.48¢567-6.05 3.99 4835533621  3.846.36
scp [°] (NO) 248 212-290 180-342 0-31 & 137-360
scp [°] (10) 236 202-292 166-338 0-27 & 124-360
2

% 7.37 7.21-7.54 7.07-7.73 6.93-7.96
IOA_& (NO) | 2.56 2.53-2.60 2.49-2.64 2.45-2.69

A
10_’"’23 _ (10) | 254 2.51-2.58 2.47-2.62 2.42-2.66

Capozzi et al., (arXiv:1703.04471)

S. K. Agarwalla, NOW 2018, Ostuni, Italy, 14th September, 2018




615 (%) Best-fit & 3o ranges  zm2,, (x 10%eV?)
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Courtesy: Monojit Ghosh, Sushant Raut

Blue: Capozzi et al., (1703.04471) Red: Salas et al., (1708.01186) Yellow: NuFIT 3.0, (1611.01514)
Solid: Normal Ordering, Dashed: Inverted Ordering
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Experiment Value
Daya Bay e oosn=00033 | | Daya Bay gives
RENO et 0.0820.010 the most precise
D-CHOOZ nGd+nll —_— 0.119£0.016 measurement of 61 3
T2K — 1 010000 F
. NH . 0.0515 0% Very useful for
MINOS -
IH : . v 0.0937000% accelerator expts
0.02 0.04 0.06 008 0.1 0,12 0.14
Py to measure O.p
sin” 24, 4
Experiment Value (107%eV?)
Dava Bay — 2452008
T2K L — 2,545 ) .
| L Consistent |[Am?,,| between
MINOS — 2424000
NOwA —t B 012 reactor, accelerator, and
Super-K . 2,503 atmospheric experiments
ToeCube . 2.50% 038
n L ® " 021 .
SRS ' 25705 | | Robustness of 3-flavor Paradigm!

28 24 25 26 27 28
|Amd,| (107%V?)
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Quark Mixing vs. Neutrino Mixing

0.97434F000015  0.22506 + 0.00050 0.00357 + 0.00015

Vekum = | 0.22492 £ 0.00050 0.97351 £ 0.00013  0.0411 + 0.0013

0.00875 0003z  0.0403 £ 0.0013  0.99915 + 0.00005

PDG 2016

0.799 — 0.844 0.516 — 0.582 0.140 — 0.156
Ulsy = | 0.234 — 0.502 0.452 — 0.688 0.626 — 0.784
(PMES 0.273 = 0.527 0.476 — 0.705 0.604 — 0.765

NuFIT 3.1 (2017)

The goal 1s to achieve the CKM level precision for the PMNS
A Long Journey Ahead! But, the precision is improving rapidly for PMNS

Good News: There may be large CPV in neutrino sector than quark sector

Jop = %cos 0,5 sin 20,5 sin 26,; sin 260,, sindqp

Jem ~ 3 X 105, whereas Jp,ng €an be as large as 3 x 102
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Why are neutrinos so light? The origin of Neutrino Mass!

Neutrinos (PMNS)|Quarks (CKM)

612 35° 13° Why are lepton mixings so different
from quark mixings?

(2 43° 2°
f13 9° 0.2° The Flavor Puzzle!
) unknown 68°
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Motivation

Do we understand the origin of patters of neutrino oscillation parameters
revealed by oscillation experiments? Very challenging problem!

It 1s a part of the more general fundamental problem in particle physics of
understanding the origin of flavor — the patterns of quark, charged lepton
and v masses, and quark and lepton mixing

High-precision measurements of oscillation parameters may shed light on
the origin of observed pattern of v mixing and flavor

This would be possible if the observed form of neutrino (and possibly quark)
mixings were determined by an underlying discrete symmetry

Striking features of discrete symmetry approach to v mixing & lepton flavor:

—> It leads to fixed predictions of some v mixing angles and d.p

—> Interesting correlations among some of the mixing angles and/or between
mixing angles and d.p — known as neutrino mixing ‘sum rules’
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Upmns = UL U,

— : 9 9 9 .
U;’ f\[cﬂ[g U, = diag (-'m..g, my,., -m,.;) U ,,T MU, = diag (my.mo.,ms3)

M, (M) 1s the charged lepton (Majorana neutrino) mass matrix

U, (U,) diagonalizes the charged lepton (neutrino) mass matrix

Idea: the main contribution to the PMNS matrix comes from U,

U, 1s assumed to be fixed (up to phases from the right)

U, = (}U QO) QO - dla‘g (laei%;ei%)

U, is assumed to have a symmetry form which is dictated by, or
associated with, a flavour (discrete) symmetry, e.g., A;, Ss4, As, T'
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~/

U, , in particular, has one of the following symmetry forms:

tri-bimaximal (TBM), bimaximal (BM), golden ratio A (GRA),

golden ration B (GRB), hexagonal (HG)
\F
3
1 1
[

Upm =

(1

1
NG 0 )
1 1 1
3 3 T
1 1 1
2 2 5

K

Urpnm =

Vs

1

3

(7,, = R23(9'53) Ry2(07) , O35 = —7 /4

Symmetry form &5 [°]

BM S, 45

TBM 4,8, aresin(1/v/3) = 35
GRA 4, arctan(1/¢) ~ 32
GRB Dy arccos(¢/2) = 36
HG Dy, 30

073 = 0 = corrections needed!

S. K. Agarwalla, NOW 2018, Ostuni, Italy, 14th September, 2018

()\

2
iy

golden ratio:

é=(1+V5)/2

9/25



Charged lepton corrections, i.e., non-trivial matrix U, diagonalising
the charged lepton mass matrix

Ul =01V, ¥ =diag(l,e” ™, e ™)

U. is, in general, a CKM-like 3 x 3 unitary matrix Frampton, Petcov, Rodejohann,
NPB 687 (2004) 31

The considered set-up corresponds to pattern where

G, is fully broken and G, = Z,,, n > 2 or Z,, X Zyp, n,m > 2

. T — p—lipe —1/pe Marzocca, Petcov, Romanino, Sevilla,
Examples: Ue = Ry3 (023) Ry (012) JHEP 05 (2013) 073;
Petcov, NPB 892 (2015) 400
tan a3 2 2
o8 = — . cos 2607, + (sin? 015 — cos? 0%,) (1 — cot? a3 sin? fy5)] Petcov,
sin 265 sin 613 [ i2 + ( 12) ( ) NPB 892 (2015) 400
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tan @ _ _
Sum Rule: ||cosdcp = T s2i::1 0 [cos 2675 + (sm2 019 — cos’ 01s) (1 — cot? fyg sin’ 013)]

Symmetry form s [°] cos dcp dcp [°]

BM 45 unphysical unphysical

TBM arcsin(1/v/3) =35  —0.16 99 v 261

GRA arctan(1/¢) = 32 0.21 78 V 282

GRB arccos(¢/2) = 36 —0.24 104 v 256

HG 30 0.39 67 Vv 293

Intervals for écp [°] obtained varying
Symmetry form
#19 in 30 fo3 in 30 f3 in 30

BM 150-180 Vv 180-210 unphysical unphysical
TBM 79-119Vv 241-281  98-107Vv 253-262 98-101 v 259-262
GRA 57-95V 265-303 T6-T8V 282-284 T7.6-7T7.9V282.1-282.4
GRB 84-125Vv 235-276 102-114V 246-258 103-106 Vv 254-257
HG 45-84 Vv 276-315 60-68 v 292-300 66-68 v 292-294

S. K. Agarwalla, NOW 2018, Ostuni, Italy, 14th September, 2018 11/25



Sanford Underground
Research Facility

www.dunescience.org

Deep Underground Neutrino Experiment planned in the USA
Liquid Argon TPC of 35 kt (fiducial mass)

Total 6 x 10?! p.o.t. (5 years in v mode and 5 years in anti-v mode)

Total exposure of 248 kt-MW.year
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T2HK

Tokai to Hyper-Kamiokande Experiment planned in the Japan

Water Cherenkov detector of 560 kt (fiducial mass)

Total 15.6 x 10%! p.o.t. (v and anti-v run-time ratio is 1:3)

Total exposure of 4200 kt-MW.year
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sin? 8,5 resolution

DUNE Sensitivity

QIS  Normal Ordering

sin"24,, = 0.085 1 0.003

6, NuFit 2016 (90% C.L. range)

Ocp Resolution

%0 | 003 sin’f,, = 0.441 = 0,042
DUNE Sensitivity
0.025
_____ Normal Ordering
35 0.02

sin’24,, = 0.085 1 0.003
#,,: NuFit 2016 (90% C.L. range)

.5,:-::;2
-66,:0

23

sin®0,, Resolution

o0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

sin?26,; resolution

dcp Resolution (degrees)
S

0.02;
H ‘ DUNE Sensitivity
10 0.018f S Normai Ordering
] sin'24, = 0.085 + 0.003
0.016f .

,,: NuFit 2016 (90% C.L. range)
------- sin’fl,; = 0.441 = 0.042

Resolution

e o
S 28
S

13

% 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

-
EEE

N

DUNE CDR (see also talk by Nuno Barros) 0.00

o0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)
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True Normal Ordering

True Inverted Ordering

. m TV 7 l TV 17177 ] T 1.1 71 ] T 1.1 71 I T 1171 l T 117 ] T o~ SO-I L I LN I I I L I I l L I B I LA I I LI B I l-l
o 7 e . =
&, b 1 & sk e E
b 25 — JD+KD at 2.5° E - — JD+KD at 25° .
- , — JD+KD at 2.0° e : "O :- . - — JD+KD at 2.0° :’.,.- . —:
20 , —JD+KD at 1.5° ; - =Vt WD a5 s A E
15 | E I5F e
10 E Uy 2 NN NS .
- N _““" < S :
5 .
Normal ; Inverted :
D Qeeedeee gy
0 PO T T 1 PO B B | FU T S 1 U T S | PO S S | PO T T 1 1 2 A A
0 1 2 3 4 5 6 N
cp(rad.)
d,, (rad.)
JDx1: HK 1tank, Japan o(d) = 22 deg
JDx2: HK2tanks, Japan o(d) = 17 deg

JD+KD: HK 1tank (Japan + HK 1 tank (Korea) o(d) = 13-14 deg

arXiv:1611.06118 (see also talk by Yury Kudenko)
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35 1

_ —o— DAEJALUS@LENA
30 — —e— DAEdALUS@Hyper-K
—s— DAEJALUS/JPARC(nu only)@Hyper-K

10 8 Measurement Uncertainty (degrees)

8cp (degrees)

DAEDALUS/IsoDAR Collaboration (see talk by Spencer N. Axani at NuFact 2018)
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Sum Rule:

cosdcp =

tan fog
sin 2#1o sin #13

[cos 2645 + (sin® B1a — cos® 8) (1 — cot? B sin® By3)]

16 T T T 1 | T 1T 1 ¥y T T T 1 | T T T 1 | T T 171 I T T 1 I T T T 1
R S o Gra 282° | .
i ® GRB 256° |
12 R — -
- euc 203 [ |
L —— ® Bestfit | |
~ -————-ﬁ-—————?- —————————————————— 3 —OT——-
>< 8 _ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
a °f .
4 .._,_,_,_,_,_,_,_,_,.; ________________________________________ ]
| — DUNE+T2HK 20|
R D UNE+T2HKK ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i

0 | I | | | I | | | | | | I | | | | | | | I |

0.15 020 0.25 030 0.35

- 20V
sin” 6,

040 045 0.50

black dot: current best-fit value of
Ocp = 248° which means

sin? Y, = 0.364 (Ax? = 0)

GRB and TBM compatible
at around 1o C.L.

GRA and HG disfavored at
more than 2.7¢ and 3.7¢ C.L.

the coloured dots corresponding to the values of sin?#}, which characterise the GRB
(violet), TBM (red), GRA (blue) and HG (green) symmetry forms.
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Compatibility with Any True Value of the CP-Phase

tan fog . 9 2 9 . 9
Sum Rule: ||cosdcp = 02012 Snfis [cos 2675 + (sin” 01 — cos” 05) (1 — cot fag sin®by3)]

DUNE + T2HK

SARRRRET \RAN WA IARRRRRRRRE | ARRY BN/ IANS
vy — M . Black vertical line: current best-fit
— ORA value of dp = 248° for NO
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — GRB ]
— HG -
-1 oo T Best it For each symmetry form,
,,,,,,,,,,,, L L L . L S— a significant region in o.p
N VL U O VR F I AR gets disfavored at > 3¢
NN/ | Draw a vertical line at any
|l !/ possible true o.p to see at what
,,,,,,,,, | )] C.L. any given symmetry form
A‘AA /|  iscompatible with that true 8.,
270 315 360

true o
ocp [°]
A Gaussian prior of 0.7% (at 16) on sin?6,, as expected from JUNO is imposed
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TBM (true) GRA (true)
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0
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sin6},

DUNE + T2HK:
GRB-HG > 3¢
TBM-HG - o
GRB-GRA = 20

TBM-GRA = 20
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TBM (true)

w/ o priors

,,,,,,,,, 1 + Gaulian prior of 0.7% (at 10)
i on sin? 6,, as expected from
only sin2 01, prior | 7777777777777 | JUNO

w/ priors

) .
only sin” 6,3 prior | i - i

» GauRian prior of 3% (at 10)
on sin? 6, ; as expected by
the end of Daya Bay'’s run

Ay? for T2HK

Effect of the prior on sin® 8,,
€ important synergy between
JUNO and LBL experiments

OIIIIlIIIIlII
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

- 2V
sin” 6/,
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best-fit value

GRA

For all symmetry forms
a significant part of the
parameter space gets
disfavored at more than
30 for DUNE+T2HK

GREB

HG

1900 : 130
033 042 046 050 054 058 02038 042 046 05 NS 058 02038 042 D46 050 051 0S8 0A

.« N
sin o8

« « %
sin~e simH5y"
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Asked what single mystery, if he could choose, he would like to see
solved in his lifetime, Weinberg doesn’t have to think for long: he

wants to be able to explain the observed pattern of quark and lepton
masses

From “Model Physicist”, CERN Courier, 13 October 2017

www.cerncourier.com

Let us build next-generation high-precision machines to
measure the neutrino mass-mixing parameters with utmost
accuracy to shed light on the long-standing flavor puzzle!

Thank you!
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Poissonian y? function:

= min |2 i — T; — x;In yi +f+2
X2 63’&[ > (3 ) TE €b]

,i_

Total number
of bckg events

({w}, {&s, &}) = N ({w}) [1+7r{£s + N {w} )[14m ebk

/

n is the total number of reconstructed energy blns

Predicted number of CC signal Systematic errors on the signal “Pulls” due to the
events in the i-th energy bin for and bckg events: 5% (5%) and systematic error on
a set of oscillation parameters w | | 5% (10%) for DUNE (T2HK) the signal and bckg
N
Number of observed | | Number of
CC events bckg events

2 — 2 2
Xtotal = Xu“—)u, + X’ﬁ“—ﬁe + Xu,,—w,, + X’ﬁ“—ﬁ,‘ + Xprior

2 (sm #12 — sin 0““9)2 N (sm 013 — sin gtrue)2
Xprior > (bm or2) U(Sm ™




Number of expected electron events in the i-th energy bin in the
detector:

Emax E?:x
Ni — Tnne / dE/ dEA ¢(E) Ov.(E) R(E,EA) Pﬂe(E)
0

min
EAi

DUNE (248 kt - MW - year) || T2HK (4200 kt - MW - year)
Mode (Channel) || Signal Background Signal Background
CC | Int+Mis-id+NC=Total CC Int+Mis-id+NC=Total
v (appearance) 614 125+29+24=178 2852 530+13+173=716
v (disappearance) 5040 0+0+24=24 20024 12+44+1003=1059
v (appearance) 60 43+410+7=60 1383 627+11+4-265=903
v (disappearance) 1807 0+0+7=7 27447 14+5+1287=1306

Total signal and background event rates for DUNE and T2HK set-ups assuming NO,
§ = 248°, and sin® 623 = 0.425. All other oscillation parameters are fixed to their

best fit values corresponding to NO. Here “Int” means intrinsic beam contamination,
“Mis-id” represents mis-identified muon events.



tan 6 : .
Sum Rule: cosdcp = TR 32;; ™ [cos 2645 + (sin” f19 — cos® B%5) (1 — cot? fag sin” f13)]

DUNE + T2HK

16 T T T ‘ T 1T T 17T | T 1T | T 17T l T 17T ‘ L
- TBM 1 | Symmetry form &5 [°] cos dcp dcp [°]
: 777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 : BM 45 unphysical unphysical
S I N 1 W 1 | | TBM arcsin(1/v/3) =35  —0.16 99 v 261
I ‘ ‘ ‘ ‘ || GRA arctan(1/¢) ~ 32 0.21 78 V 282
T U e | | GRB arccos(¢/2) = 36 —0.24 104 v 256
__________________________ _____]|HG 30 0.39 67 V 293
S 8 _ """""""""" -\ - - | - | Upmns = Ue U, golden ratio: ¢ = (14 v/5)/2
A I 1 black dot: current best-fit value of
s 2T Ocp = 248° which means
' s /0 sin? 0], = 0.364 (Ax? =0)

(())_15 020 025 030 035 040 045 050 Agarwalla, Chatterjee, Petcov, Titov, arXiv:1711.02107

- 20V
sin” 6,
the coloured dots corresponding to the values of sin?#}, which characterise the GRB
(violet), TBM (red), GRA (blue) and HG (green) symmetry forms.



sol

=0 4 Am?
0

|l]ell2 > IUe2|2 > |U¢33|2

Neutrino mass spectrum can be
normal or inverted hierarchical

We only have a lower bound on
the mass of the heaviest neutrino

VvV2.5-10-3eV2 ~ 0.05 eV

We currently do not know which
neutrino is the heaviest

v, component of v; > v_component of v, > v_component of v,

Mass Hierarchy Discrimination : A Binary yes-or-no type question



=2 In v, survival probability, the dominant term is mainly sensitive to sin°20,;

2> If sin’20,; differs from 1 (recent hints), we get two solutions for 0,

—= One in lower octant (LO: 0,; < 45 degree)

= Other in higher octant (HO: 6,; > 45 degree)

Vs
Vo 3% Y

923 — 400 923 —_— 500

Octant ambiguity of 0,;

Fogli and Lisi, hep-ph/9604415

v, to v, oscillation channel can break this degeneracy
preferred value would depend on the choice of neutrino mass hierarchy



Leptonic CP-violation: Important Open Question

Is CP violated in the neutrino sector, as in the quark sector?

Mixing can cause CPV in v sector, provided o, p# 0° and 180°

Need to measure the CP-odd asymmetries:

AP,s = P(ve — vg; L) — P(0a— Ug; L) (a7 f)

— = — : Aﬂl.gl . Anlgg ) A'm.‘fB
Apey—APyT—APTC—‘iJCPX[Sln( 2E L)‘I"Sln( 2E L)‘I’SIH( 2E L

1 . . . .
Jarlskog CP-odd Invariant > Jcp = g cos 013 sin 26,3 sin 2623 sin 262 sin dcp

Three-flavor effects are key for CPV, need to observe interference

Conditions for observing CPV: 1) Non-degenerate masses ¢
2) Mixing angles # 0° and 90° ¢
3) 0cp# 0° and 180° (Hints)



Large CPV: Boost for Leptogenesis

Jog

0.04 i
0.02
ol ' Large CPV would not establish
002} the Feptogenesis m?chanism, .
| . but it may have an impact on it
~-0.04 }
S . X X l .
-115 -11 -105 -10 -5 -9
Log:nﬁ',

Pascoli, Petcov, Riotto, arXiv:hep-ph/0609125

ocp alone may be sufficient to generate the
observed amount of Baryon Asymmetry
provided |sin0,; sind.p| > 0.11

AN

~0.15 ~ -1.0 (hints)



Connection between Ovff and Neutrino Mass Ordering

1
Disfavored by 038
01l sin’26;=010
__________ 8
- [ 2
> , 2]
O E
= 001}
3 3
- -
Ne]
..
0.001 2
2
&
00001 . i, 2]
0.0001 0001 0.01 0.1 1
m [eV]

Lindner, Merle, Rodejohann , hep-ph/0512143

If hierarchy 1s inverted, & yet no Ovf3f3 is observed 1n the very far future,
strong hint that neutrinos are not Majorana particles



2
o Amk|
Daya Bay KamLAND 1 f ~
0.8 Far Site Q |
Y -
e 0-08 0.95 | sin” 2613
Assuming cont. _
0.4} | ve energy with. - |
peak at 4 MeV 09k
1 1 1 L [km] B 1 1 1 1 1
02 1 10 100 0 05 1 15 2 25

0,; measured by seeing the deficit of reactor anti-neutrinos at ~2 km
0,5 governs overall size of electron anti-neutrino deficit
Effective mass-squared difference IAmf,el determines deficit dependence on L/E

Ps, 7, = 1 — sin’ 26013 sin’ (Amge& — sin? 2612 cos® 2613 sin? [ Am3, &)

Short Baseline Long Baseline

> sin (Ame“E) = cos’ By sin (A

313E
+ sin” 6y sin (Am32 iE

+: Normal Hierarchy
—: Inverted Hierarchy

|Am | ~ |Am32| + 5.21 x 10~ %eV?

Hierarchy discrimination requires ~ 2% precision on both Am2 and Ammu



Kaiping, ak Yangjiang and Taishan under construction

Jiang Men city, . .
Guangdong Province by 2020: 26.6 GW

BY

,
:
K §

Huizhou Npp  Lufeng NPP

Savaroah River \ |
Bugey .
| SN \ | l

Goesgen
Keanoyarl 5 3 m

Fdo Yenke
Chaoos ¢ KamLAND

L L 1 1

T ML eXT RN

) 4 3

10° 10 10 10
Distance to Reactor (m)

=)

= 20 kt liquid scintillator detector with unprecedented 3% energy resolution at 1 MeV

= Neutrino Mass Ordering measurement & improve precision on oscillation parameters



The electron antineutrino
survival probability in vacuum :

Pee(L/E) = 1= Py — P3y — Psp .
Py = ('084(013)Sillz(2012)sillz(A21)

. . -z:
P31 = cos?(#12)sin’(26,3) sin®(As;) e
=

R?,Q = Sillz((}lg)Si112(29|3)si112(A32)

!”

A
- =, -,
A = 1.27TAm,L/E

JUNO antineutrino energy spectrum:
Depending on the NMH, the oscillation

frequency differs : 5 . v : , A :
2014 | v, spectrum at JUNO, L = 52.5 k.
Ami, = Am3, + Am3, = 012 —Noosc. |
NH: |Am3,| = |Am3,| + |Am3, | Py > wPn g - = 1-P,, osc. “
H: [Am3,| = |Am3,| - [Am3,|  @Py < 0Py YT =P forNO
. Sk ~ P, for 10 )
The L/E spectrum contains the NMH 0.06 [ ;
information . : ™: AR , E
30 mass hierarchy in 6 years .02 Hmosis : 1sin26,, 1

Key issues : | 1 g , A
- energy resolution and energy scale T2 - 5 6 7 8 9
o aAm E, [MeV]

- Large statistics -

Courtesy: Barbara Clerbaux, NuFact 2017



NuFit 3.0 (2016)

itivi

JUNO sens

Solar Mixing Angle Solar Mass Splitting Atmospherlc Mass Splitting

15 lllllwllillllll LI I ||

3

TTT T Illllllll'l‘l

! } L § : : ]
b R - - - E B
o - - - = : =
er E b - s ' §
™ L - 5 i s s .
¥ [ 1 I 1t E :
: ) _ _ o ; -
dn . E i - : ]
= - - R - : of
o B B -1 = : B
0-....l.ll. |||l||||l|- -llll Ll “llllllll- lllllllllllllllllllll lll.
02 0.25 ‘03 *, 035 0.4 6.5 7 ‘75 ~, & 8.5 28 .26 24 22 22-"24 'gb‘ 28
& osine, 2 1o e‘ﬂaj amg, [10 I V] amy %,
-AII pars floating "-., Y
\ Fixing all other pars ., "

] |3
) S T R
& 5
0.;1 TAS 7.‘n .55 7.‘00 e ;” 1;. 2‘42 !‘M 2..40 284
sin'0. AM?4(10° eV?) AMw(10° eV?)
Sin2(012): 0.54% Am2s1: 0.24% AMZee: 0.27%

J. Phys. G 43 (2016) 030401



Three Flavor Effectsin v, = v, oscillation probability

The appearance probability (1,

- @@cos2 03 sin? 2615
0.0009

where A = Am3,L/(4F), £ = cos 0,3 sin 26,; sin 26,3,
and /A}E +(2v2Gpn.E)/Am},

order in the small parameters o = Am3, /Am?2, and sin 26,1,

0.03

— v,.) in matter, upto second

1n2[(1 — A)A]

0.3

(1 _ A)2 ——7 9,3 Driven

sin? (AA)

sm(AA) sin[(1 — A)A]

sin ¢ p sin(A =, CPlodd
Resolves 5 - ( ) (1 - A) i
octant 0.009 (AAY sinl(1 — AVA

+ « sin2613& cosdcop cos(A) sm( ) sin[(1 — A)A] 2» CPleven

A (1—A)

. =~ Solar Term

A2

N b)

\

changes sign with sgn(Am3; )
key to resolve hierarchy!

changes sign with polarity
causes fake CP asymmetry!

Cervera etal., hep-ph/0002108
Freund etal., hep-ph/0105071
See also, Agarwalla etal., arXiv:1302.6773 [hep-ph]

This channel suffers from: (Hierarchy — é.,) & (Octant — 6.,) degeneracy! How can we break them?



Exposure (kt-MW-years) Exposure (years)

171
300
556
984

CP Violation Sensitivity

Mass Hierarchy Sensitivity

E ™ oune sensttivity

Normal Ordering

sin24,, = 0.085 + 0.003
0,,: NuFit 2016 (30% C.L. range)

-1 -08-06-04-02 0 0204 06 08 1
Bes/T

[ Tyears (staged)
[ 10 years (staged)
l.'l'ﬂn=0.44‘ +0.042

Normal Ordering
sin20), = 0.085 * 0.003 I 10 years (staged)
6, NuFit 2016 (90% C.L. range) -=*-** sin'h,, = 0.441 £ 0.042

lllllllllllllllllllllllllllllllllllllll

-1 -0.8-06-04-02 0 02 04 06 08 1
S/

Talk by Dorota Stefan (DUNE Collaboration) at NNN, 2017




Significance for sindce=0 exclusion

. Normal mass hierarchy

CPV significance for dcp=-90°, normal hierarchy

HK

(sing'e 1ank)

Single tank: 187 kt fiducial

Expected sensitivity in Hyper-K
(1.3MW x 10 years, v:v=1:3)

significance for sindcp = 0 exclusion

Significance [0]
o

10g

(o]
T

5
TIY TITTY

N
7Y

o
LARAS LAL

~80 significance if dcp = £90°

~60 significance if dcp = £45°

Observe CP violation for
958% of Ocp space with 5o

uncertainty on &cp

22° for &¢cp = £90°
7° for &¢cp = 0°/180°

assuming 3-4% systematic uncertainty
smaller than 5-6% in T2K (2017)

Talk by I. Shimizu (Hyper-K Collaboration) at NNN, 2017



Ax? (AM?Z,,)

JUNO Physics Goals

%5 — o e e . . .
R |e.g JUNO MH sensitivity with 6 years' data:
20| YFlietal Ref: YFlietal, | Relative @Use
PRD 88, 013008 (2013
________________________________________ N (2013} | Meas. | absolute Am2
15 +
Ideal case 4c So
10 + . o
| ®Realistic case 3o 4o
— — True MH (o,, ~ =) |
1 (3) |f accelerator experiments, e.g NOVA, T2K, can
Falze MH (5., = 1.0%) measure AMZW to V1% level
2.34 2.36 2.38 2.40 242 244 246 248 2.50 (b) Take Into account mUItlpIe reaCtor Cores,
|Am2ee| (X1 0’ evz) uncertainties from energy non-linearity, etc
e ma— Current e.g JUNO
6 years
251 PRD 88, Ideal distribution ] Amzlz ~3 0/0 ~O.50/0
’ | 013008 (2013) L=52km
Am2,, ~4% ~0.6%
-7 N .
: sin%0,, ~7% ~0.7%
10 - 1 . -
| ! sin%0,, ~15% N/A
5 I
| sin20,; | ~6%> ~4% | ~15%
%0 2.5 3.0 3.5 ' 4.0 o .
E_res (%) Courtesy Liangjian Wen, talk at Neutrino 2014



P.e = 1 — cos? 613 sin? 20,5 sin? (Asy)

— sin? 26,3 sin? (|As1|) Only the last term
depends on the mass

— sin? 012 sin? 26013 sin? (Agl) COs (2|A31 |) hierarchy.

120 Plus sign is for NH.
sin- i . . o ; ion i
4 5 sin2 20,5 sin (2A21) sin (2|A31 |) Minus sign is for IH

= 30
E 00 e Non oscillation !
E‘ F . —— 0, oscillation - 6 years )
z 05 s e Normal hierarchy Ideal distribution
3 :' K Y Inverted hierarchy [ E_res = 3%

0.4 %, Phys.Rev.D78:111103,2008 i |

0 20 40 6 80 100 120 140 160
L/E (knvMeV) L (Km)

Li, Cao, Wang, Zhan, arXiv: 1303.6733v2



