—a—bM)/iIREIIARDIRIAERE

B KE ZHE

20205%F3H18H

IR IIL FHERRFDOREIN/-DERAIC
miF7=, RitE=a—M)/ 81 - R F AR SEER |
QHAYRESES

1/32
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3. Scenarios beyond the standard 3 v
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1. Introduction

Framework of 3 flavor v oscillation ; g
M3 — 2

Mixing matrix v U

U U Normal —mj
: e el “e2 “e3| 1 Hjerarchy | . .
Functions of v [=lluU. U_. U , | (NH) "iere

<

<

mixing angles p ul o “p2 s Hi¢rarchy
U, U. U (IH)

012y 03, 043, | | Vs M 2 2\ V3) L_mj
and CP phase 8/ —mj

All 3 mixing angles have been measured (2012):

<

9
m3

+KamLAND (reactor) === g, = %, Am2, =8x105eV?

solar

VaimTK2K, MINOS(acceIerators)-}e T | Am?2, |=2.5x10 %eV?

DCHOOZ+Daya — 0,, = 7[/20

Bay+Reno (reactors),

T2K+MINOS, others
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Motivation for precise measurement of
oscillation parameters

From symmetry arguments, all kind of predictions

have been made for oscillation parameters:

€ Quark-lepton complementarity 0,,+0.= T/4

Minakata-Smirnov, PR D70 (2004) 073009

€T symmetry

Eby-Frampton, PR D86 (2012) 117304
- N-1/2
TCI4 - 923— 2 913

€ Asymmetric TriBiMaximal Texture
Rahat-Ramond-Xu, PR D98 (2018) 055030

50}3—2

-1.327
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Quark mixing has been measured to the
precision of O(0.01°):

CKM angles @10 (PDG)

012 =12.975 = 0.026 deg

0,3 = 2.415 = 0.044 deg

043 = 0.204 = 0.010 deg
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Lepton mixing which is measured to date

Lepton mixings @ 1o

Capozzi, Lisi, | 045 = 33.46 + 0.87 — 0.88 deg

Marrone, Palazzo,

arXiv:1804.09678 | 9, = 47.9 + 1.1 — 4.0 deg
043 =8.41 + 0.18 — 0.14 deg

To test a hypothesis such as nt/4 - 0,,= 212 9,

j> lepton mixing should be measured at least to
order O(0.1°)

In particular, the precision of 06,5 is a problem
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Status of 3v flt L|S|@Prospects of Neutrino Physics (IPMU 2019/4)

AR S T T T ] N SARAN AR |RRARY BRRE= N SARRE RARM N AR  RRARE
/ h‘n E - /] = L 1 F
3 \‘ . ] 3 L - 3 -]
: A E==BARINO | F i | 1 [=—BARINO ]
a3 | /;’Lz T--- NUFITNOp =% L1 F--- NUFIT NO!
e & 4 3 f==BARIIO - Feae Gf J f==—BARIIO -
E-—'._r-llra.- Ir':u.':.' | ] ---I N.L.J!:.l.-l.-.ll(-:)-- .E E' FI"‘- i '.'f L E E'--- NUF'T |O E
o5 1 15 2z Woos 1 15 2 fo1 o015 _uuz 0025 o0z Jor 0015 002 0025 0.3
E’J‘FT[ Eﬂ’]—[ 8|n2813 5|n2813
J':" Vo T 4: """ W ] 4:' ! R J,':""”"'-TII-:'\‘II
B ] [==BARINO j N i | 3 [=—BARINO
2% 3 *=== NUFITNO =t L} 1 % NURITNO]
e i = BARIIO 4 Eowe G f j f=— BARIIO A
o | F--- NUFIT |0 1 === NUFIT |0
”u""z'.!"*"é""z % "'? 2 “_"ufz""gpi""uh 4 ob nz"ua' LrS
[10™ eV“] [10 eV9] sin“6,, sin 6}12
4:III|II~;|III!|III: 4:III|III.:‘!II;I1'|III_ 4£I|IIII|I.!IIIII|IIII||I:JII|II: ‘1':II|IIII|I1I.‘II|1_!III]IIIII|II:
N S ' BARINO | M S f = BARINO ]
3 \ /3 %---NUFITNOj  2%F | %--- NUFIT NO;
- \/ 4 £——BARIIO - e Vi 4 £=—=BARIIO 1
o { [~ NUFIT |o ..... 1 [--- NUFITIO 1
O e & 2.2'1 24 ' ZE B ”'b!é"ﬁ!&"h!ﬁéh&!é'"a!?" ol na' Sl
m? [10° eV?] m? [10° eV?] sSin‘e.,., Sin“e,,,

NH(NO), 6~3n/2 is preferred over IH(IO), 6=0
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Next task is to measure Mass m __mj

Hierarchy (NH or IH), Octant Normal T ™M
(Higher Octant or Lower Octant) L eHr)arChylnfed

and § (CP) ( Hierarchy
. m

(IH)
Experiments under construction / consideration —m

— Pl Pl

7
m3

« T2HK(JP, JPARC-->HK) L=295km, E~0.6GeV

 DUNE (US, FNAL-->Homestake, SD) , L=1300km, E~2GeV
e T2HKK(JP, JPARC-->Korea) L=1100km, E~1GeV

e I ) (=)
V=V + V= Ve

These experiments are expected to measure
sign(Am2;,), m/4-0,, and o
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® Experiments under construction / consideration

T2HK

Extension of T2K (large #(events))
1.3MW v beam = Hyperkamiokande
(3 times 2K) (10 times SK)

Measurement of CP phase 6




Vatm@H K

186 (x2) kton fiducial volume (2 x 8.3 x SK)

Optically separated into
= |Inner Detector 40,000 (x2) PMTs (2x4xSK)
= 40% Coverage (same as SK)
= Quter Detector 12,000 (x2) PMTs (2x6xSK)

ID Photosensors will be high QE
= Single photon detection : 24% (2 < SK )

Fully-contained Partially-contained Upward-going muon




T2HKK (under consideration)

Extension of T2HK

(L=295km, 187 kton fiducial volume)
+ (L=1100km, 187 kton fiducial volume)
v:anti-v = 1:3
Total exposure: 27 x 1021 POT
Off axis Angle = 1.5° is the best (w/ max #(events))

OAB 2.5 at HK




2. 3 flavor v oscillation

Issue in measurement of 6 at T2HK:
Degeneracy In the appearance probabilities

hierarchy - 3 Prakash et al, PRD 86, 033012 (*12)

0.14 — NH | Dueto
012 4 |P(vy—>ve)| ¥ . | uncertainty in 5,
0.1 | ! ~ 9=m2 .| the appearance
0.08 || 5=n/2 || probabilities has
if finite width.
008 1) In the overlap
0.04 1/ . A= 1 region, § has two
0.02 EI ===z possible values.
¥ E/GeV
i | l
1 12 12/32
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Hierarchy degeneracy v ;;@HK

Hierarchy separation is excellent for cos® = -0.9

(L=11500km)

P(v,—Ve) P( vi— Ve)

0.45 I - 0.45 ————e———————r"
' Mass Hierarchy = NH 04 | Mass Hierarchy ”—IH
0.4 |  HK-atm = IH ' g HGMm%i&ﬂQ

035 I cose=-0.9 —_ 2 035 || cos0=-0.9 __ ",

H ﬁ - = 0=—T1/2 A 5 5
03 [ —-d=n/2 03 | -

0.25 | — o=12 0.25 =T
0.2 | 0.2

0.15 | 0.15
0.1 | 0.1

0.05 f 0.05

0! L
100

100
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o
o

42
43

23~

D

|

0.14
0.12

0.1 |

ilnlike hierarchy
degeneracy, 6=—mn/2
lies on the same
side for v& v

15/32

E/GeV

Octant degeneracy

@T2HK

HO-LO Separation is

possible w/ v & v for

most of o
0.14

, 131 (“13)

JHEP 1307

NH
Agarwalla et al,

0.12

0.1
0.08

1.2

04 06 0.8

0.2




Sensitivity of T2HK, v_,@HK & their combination

Sensitivity(o)

Mass Hierarchy

30 [ I L
- True NH T2HK ]
TZ2HK+HK(atm) =20W= 1 ]
25 DUNE ¢22:22: -
20 |,
15 ’,'
10 F “ /
: AT\ :
\X\\& \RX\\},\‘(\\T\ T\ DTV
5 A T L W i
S R TR S T T B
-180 -120 -60 0 60 120 180
dcp(True)

Fukasawa-Ghosh-0Y,
NPB918 (‘17) 337

Sensitivity to CP

120
[ True NH, 694=48 T2HK
i T2HK+HK(atm) = = 7
100 ‘ DUNE ------ —
i TZHK+HK(atm)+DUNE~— - - ]
sofF /. A
NH 60 | / o / 4 v —
/ol VAN
i /l v /; ' ]
40 - !’, \ /‘, “\ .
Y _ vu.1l A il 1. ]
20 /f ) ’ ‘.‘1. /f ) ' ‘: 7
L/ \ 7
(o N L coNLE T T
-180 -120 -60 0 60 120 180
ocp(True)



Fukasawa, Ghosh, Yasuda,

& their combination

0.0025 ————— 1+ 1+—+7—
Octant _ ;g_ -
20 T T [ T T T [ T T T [ T T T [ T T 1 | 3T ===-=
True NH TZ2HK 1
T2HK+HK(atm) — = 1 [
D(UNE} ------ - ooo24s | T2H K"'Vatm@HK
' T2HK+HK(atm)+DUNE — - - |
15 N -
E’ \ NH - NE I -’:." - T . v T
R . —0.0024 | : b -
§ 10 - \‘ /_ ;H—} - Iull'x ;-" 2
= L \ L ".1 . W .rl
5 [N /. | T
w : s ., ; _
5 ‘\ ,/f L 0.00235 |
- 3: /" ,r'..'
t;:.t‘ /’:_‘:‘:"F |
. \\ o |
D [N R N N T R |\-..I..AH| [N TN N N R B '
opp23 L 1 1. 1 1
40 42 44 o 46 48 50 0 40 42 44 45 43 5
923( :]{Trl.:le:] sz{ﬂ}
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3. Scenarios beyond standard 3 v oscillation

Motivation for research on New Physics

Just like at B factories, high precision
measurements of v oscillation in future
experiments can be used to probe physics
beyond SM by looking at deviation from
SM+m, (beyond the PMNS paradigm).

— Research on New Physics is important.

Test of the PMNS paradigm

Rather than looking for arbitrary possibilities
of New Physics, here we discuss possible
hints of the scenarios which have been

discussed in the past.
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List of popular NP in v oscillation phenomenology

Scenario beyond Experimental Phenon!enologlcal
constraints on the

L,
SM+m,, L1 magnitude of the effects

® Light sterile v (Vs) 0(10%)

e Non Standard e-t: 0(100%)

Interactions In o
propagation OtherS: 0(1 A))

Non Standard Interactions 0
at production / detection X 0(1 /°)

Unitarity violation due o
to heavy particles X 0(0.1%)

In this talk, we will focus on these two
because of potential experimental hints |




In the past we have had some anomalies

Veoar - KamLAND: Am2,, ™= NSI or Vs e
Am? = 0(10%)eV

LSND-MiniBooNE anomaly,
Reactor anomaly, Gallium Vs

anomaly Am? =0(1)eV?
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3.1. Vs

3.1.1 Features of light sterile v (vs)

Interactions of active & sterile v

/\e ::“/EECBFPqe
A% vV ,V_|V
cC v;a :;: : : /\n ::__(:ll,\/ii)caFPqn
X NC
'Ve,u,T e
NC | / vV | X
vV A+A | A |0
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Matter effect in the presence of sterile v

[
0 vy .
| = |U
ot | vr
Vg

£y
0
0
0

0
Es
0
0

0 0
0 0
Es 0
0 E,

Lr—l +

V.
vy

v,

o o o O

Lg

U = R34(034.031) Rog(Ho4, 0) R14(014, 014) Rog (6. 0) R13(H13, 013) R12(612.0)

extra mixing angles

The term which is
proportional to
identity can be
ignored

2
— m4

2
m3

e

f—
e
N ——

S

k

2
m3

e I e [ e R

Uy
0
0

AFEs,
0 A

U el

U ul
U =

(.'-"Teg C"’TQB (f""TEfil
[,,.--':t 9 [,-"1 .3 (.,-"'1 A
C-"T,— 9 (T,-‘g (TT—l

Moo o

3v mixing angles

A. =V2GFN..

;—’Ln _ _Gpi?\"n

V2

A, 00 0 \]
0 0 0 0
0 0 0 0
0 0 0]|-A,

pEng

Yy
V-

m{ Vs has matter effect different from others
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3.1.2 Accelerator v (T2HK, T2HKK)

0.1

smmm=  T2HK
—-— T2HKK
- = DUNE

Choubey-Dutta-Pramanik, S T [EHKDUNE

Eur.Phys.J. C78 (“18) 339 g e

Nl
A mi=1.7 (eV?)

VA

LSND region @ 90%CL

A mi=1.7 (eV%)

Combined accelerator v

can cover some of the el
1 0_31 E—— - -
LSND region @ 90%CL 00! - 82 _
14
v e . _ Am2, L
P(Vﬂ —V,) = 4Re [UegUﬁg(UﬁU#g + U64U#4)] sin? ( 4;1 ) Ao




3.1.3 HK v tm HK, arXiv:1805.04163v2

1_
0.8"

: HK Sensitivity to
060 03,4 (0,4) is (is not
= N much) improved

0.41 compared to
L e 90% CL (solid)
028 99% CL (dashed)
107 1072 10” 1
U
ud
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3.2 NSl in propagation
3.2.1 Features of NSI in propagation

Phenomenological New Va Vg
Physics considered in this
talk: 4-fermi Non Standard f

Interactions: f
- af -  u £ / neutral current
‘C@ff _ GNP Vo Y Vg f%“lf non-standard
interaction

Modification of matter effect

d Ve [ L €ce €Cen  Cer | Ve
z’a v, | = |Udiag (E4, Es, Es) | €y Cun  Eupr Py

Vr €re E'ru, Err

A=vV2GyN. N. = electron density NP



Gonzalez-Garcia, Maltoni, JHEP

e NSI for solar v: SaB VS (SD, SN) 1309 (2013) 152

In solar v analysis, Am342 -> infinity, H -> Heff, the
problem is reduced to the 2 flavor case:

et _ Ams3, ( —cos 26,5, sin26 )

4_51 Sin 2912 COS 2912
0 f= Pud €N €D
(€fp, €fN) are related by 8faB:
e, = cizsiaRe [ bor (stfgﬂ + ngfé)_ — (1 - -5?3) cogsosRe [EﬂT]
C%E' f f 553 — ‘5%3%3 f f _
_? (EEE N E#P-') T 2 (ETT - E,up) f = e, Uuor d
N = cu (%E;j# - SQSE;’) + sige” 00" lS§3E£T — Chg€lr + Ca3sag ( 7 — Ei#)}
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Tension between solar v & KamLAND data comes
from little observation of upturn by SK & SNO

Gonzalez-Garcia, Maltoni, JHEP 1309 (2013) 152

Standard scenario w/ Am?54 8fN T AT
by KamLAND \ 04k
. l;e'r-K' | '__: 0.2 RN
ino (°B) .
"H W% 0
.
H 04 B
[ : ||||||||||||||||||||||||||_
_ Sl 04 02 0 02 04 06 0.8
B ow e v 2w Cow 1 T Best fit value of global fit
0__2| | Io_lsl Io_|4l | Io_lsl - I: I :_|4| é - Lls Iflz - Izla - I-:-lo | ;4 (FE t}‘t) — {—Ul—l“ _“”3[})
E./MeV (4, ed) = (—0.145. —0.036)
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In solar v analysis, (€p, EN) was used:

U = Ro3(023,0)R13(013,013) R12(012,0)

(’5—;5) = R (013, 013) Roys (093,0) (€ns) Ras(fa3.0) Ri3(f13.813)

/ / /

€11 €12 €13 /Ell + e . €\ e \
_ & . ¢ 9 D N 13
= | €21 €22 €23 A,

/ / ! — )

€31 €32 €33 €N = > 2 1+ ¢p €4

!/ !
\ €31 €32 €33 )

-> Also for analysis of Vaim & LBL, (€p, EN) Will
be used instead of €.
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3.2.2 Comparison of sensitivity T2HKK, DUNE, v..n@HK

Ghosh & OY, arXiv:1709.08264

0.1 . . . .
, uglobal 3¢ - T2HKK 20 —
- uglobal 90%CL - T2HKK 36 —
d global 36 -~ DUNE 26 —
d global 90%CL DUNE 36 —
| , . atmHK 26 ——
0.05 r . atm HK 30 ——
.
W In the case
. of NH,
01 Vatm@HK is
the best
. &
-0.05 ' i I \ I | I |
-0.4 -0.3 -0.2 - 0 0.1 0.2 0.3

Best fit point of glolal
analysis for f=u

Best fit point of glolal
analysis for

(€%, €%) = (—0.140, —0.030)
(

d d
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Comparison of sensitivity T2ZHKK, DUNE, v.m@HK
Ghosh & OY, arXiv:1709.08264

01 ¢ . . . - . .
_ u global 36 - T2HKK 26 —
u global 90%CL - | y T2HKK 36 —
d global 3¢ - DUNE 26 —
d global 90%CL | DUNE 30 —
0.05 | - T T T . atm HK 20 —-—
. | / N . atmHK 36 —-
-
W ) In the case
of IH,
DUNE is
the best
-0.05 ¢ ]
-0.4 -0.3 0.3

€h.en) = (—0.140, —0.030)
et (:\) — (—0.145, —0.036)
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Sensitivity Vsolar@HK Spectrum upturn discovery sensitivity

Kajita @ NOW2016 T
s f
Vsolarf@HK will tell us ‘f £
whether deviation form the = § .-
PMNS paradigm exists .
Day-night asymmetry sensitivity o
3

20 B ] | | ’ | | | |

- From no Day-Night
- asymmetry

-
]

Sensitivity (sigma)
>

Solar best fit

KamLAND best fit

0 W IFEErE I BT BT PRI I IR B e
0 2 4 6 8 10 12 14 16 18 20

Year 31/32




4. Summary

® In the standard 3 flavor v scenario, the 3 mixing
angles have been roughly determined, and we

have some indication for Am2;,>0, 023 > /4, 6#0.

® T2HK & Vaim@HK will determine Mass Hierarchy
and Octant (unless |/4-023| is small) and 0.

® TZHK, Vatm@HK y Vso|ar@HK y TZHKK dare

expected to constrain the two scenarios,
which may be suggested by experiments,

beyond the standard 3 flavor vV scenario:

Vs & NSl in propagation.
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Parametrization of the 4x4 matrix

U = R34(034, 0) Rog(fay, 03) Rog(fa3, 0) R14(614, 01) R13(013, d2) Ri2(f12, 0)

C12€13C14
C13C14519
C14513€ "2
514(_:,—;5(31
C14S594€
)/ C14C24534
C14C24C34

-
\J
(R

SN
Il

.
]

—103

:| -
|

|::l""1
W) --1
H’;._

|
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Present bounds on 0,4 & 034

r.‘i 1__ | | | I 1T T 11 I | | | I T T 11 | | | I 1T T 1]
.,r';;I: 0 92_ mwmmw T2K NH/IH 99% C.L. ——-- lceCube NH99% C.L. J
E T E e T2K NH/IH 90% C.L. — lceCube NH 90% C.L. 7

+ 08 ---- SKNH99%CL. IceCube IH99% C.L.
L 0.7 - ——— SKNH 90% C.L. IceCube IH90% C.L. 3

B 'hacesssssssssssssssaccan 3
O = =
r 0.6 ami, = 0.1Vt
L | N ]

T 0.5k 3

- = =
0.4 . =

[ 1 .

0.3E ) E
0.2 ' E
0.1 ' —

D: = ; 1 1 L1111 I:

10 L 1
sim-o,,

T2K, PRD99 (“19) 071103
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Constraints on g,p for expts on Earth

Davidson et al., JHEP 0303:011,2003; Berezhiani, Rossi, PLB535 (‘02)
207; Barranco et al., PRD73 (‘06) 113001; Barranco et al., arXiv:0711.0698

Biggio et al., JHEP 0908, 090 (2009) w/o 1-loop arguments

Constraints are weak
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Tension between solar v & KamLAND can be
solved by NSI Gonzalez-Garcia, Maltoni, JHEP 1309 (2013) 152

1 _l I- | | I I I I I I I |

ﬂ. 5 :::.j:-:._._

_':-15 :E e

f
8DI|||I|

0.8 -0.4 0
Best fit value of solar-KL
(e, €e%) = (—0.22,—0.30)

(5, €%) = (—0.12, —0.16)

nnnnnnnnnn
uuuuuuu
||||||||||
|||||
vvvvvv
--------
----------
........
||||||||
vvvvvvvv

------------

||||||
vvvvv
------

-------

||||||||||||8|p|||||||||||

-04 -02 0 02 04 06 0.8

Best fit value of global fit
(e, €%) = (—0.140, —0.030)

d) = (—0.145, —0.036)

(EdD. Ehr
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Sensitivity of HK: (1) Complex |En| for NH
HK 4438 days(NH)

0.25

03} @

56 —-

4%0———_

40
3.50
30
2.50
20

L//,////ki
® . 0.50

QOOGCIJd
: 3 ui--- ]
90% CLu

. A

756

30d

(e, €)= (—0.22, —0.30)

Best fit point of solar
& KamLAND for
significance:38c

(ed,ed) = (=0.12,—0.16)

0 040320201 0 01020304
€D

(eh, eh) = (—0.145, —0.036)

significance:5c

Best fit point of glolal
analysis for f=d:

Best fit point of solar
& KamLAND for f=d:
significance:11c

(€%, €%) = (—0.140, —0.030)

Best fit point of glolal
analysis for :
significance:5c
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Sensitivity of HK: (1) Complex |gn| for IH

0.3}
0.25

02}/

0.05f

HK 4438 days(IH)

—0.15}

01}

!
56—

4'}5—_

3.50
30

2.50

206

l '}U

3c0d
90% CL d
: 3cu
' (}0% CLu

S

(e, €)= (=0.22,—0.30)

Best fit point of solar
& KamLAND for f=u:
significance:35c

o 0.5¢6i— |

(¢h.e) = (=0.12.—0.16)

0.2-01 0 01 0.2 UI.S l]l.4

040320201 C
€D

(F% €N

d

) = (—0.145, —0.036)

Best fit point of glolal
analysis for f=d:
significance:1.5¢c

Best fit point of solar
& KamLAND for f=d:
significance:8c

(€%, €)= (—0.140, —0.030)

Best fit point of glolal
analysis for f=u:
significance:1.4c

39/32



Sensitivity of HK: (2) Real |EN]

HK 4438 days(NH) HK 4438 days(IH)
L 50— . L 50— |
037 oo 428 0.3F o 428
! " 46 /! . 40
0.2 / " 356 . 0.2 “ 356 -
; , %{"j 5 30
. - 2.50 - " S0
011 30 | 01| 39 -
- ‘ 1.50 " 1.50
) D o1 & of . lol -
! , 0.56—— | _ 0.56;—
011} . 30 d | 01 | 30 d ]
. ! 90043 (: Ld . ! 90“ CL d
' . ..f j{j - - i . ! -’G - - -
02F e e 90 %- L1 : 0.2F . - o 90%- L1 -
03F @ {  03f © e :
04-03-02-01 0 0102 03 04 04-03-02-01 0 01020304
€D £D

Allowed regions and significance are
similar to the case for complex gy
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Fukasawa-OY, NPB914 (‘17) 99

L L
(€D € )
Best fit point of solar & KamLAND | for f=d: significance:11c

30201 E_h 0.1 MN for f=d: significance:5c
D
( d d‘) — (—0.12.—0.16)

HK Vatm (NH, Real gN)
~ HK 4438 days(NH)  HK v, has sensitivity
0.3} e 4_§g 1 to some region of the
02f Vsolar aNOMaly
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Accelerator v (T2HKK)
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Dependence of T2HKK on 0,5(true) & 5(true)
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