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1. Introduction

Framework of 3 flavor v oscillation

Mixing matrix
Ve Uel Ue2 Ue3 V1
Functions of v |=llU U U llv
mixing angles VM UM1 UMZ UMU V2
912! 023, 913, T 1l 72 73 3

and CP phase §
All 3 mixing angles have been measured

+KamLAND (reactor) ﬁ—beﬁ_ ,Am3, =8x10°eV?

solar

Vatm: K2K, T2K,MINOS,Nova —>923 . E, | Am§2 2 2.5x10 3 eV?2
(accelerators)

DCHOOZ+Daya N 8., . = 720

Bay+Reno (reactors),
T2K+MINOS+Nova s



Both hierarchy
Next task is to measure sign(Am?;,),  patternsare

allowed
TC/4'923 and 8 m% \‘F . m%
::iormal —m
ierarchy
 Hi
. L m '
Proposed experiments __mé Lom

« T2HK(JP, JPARC-->HK) L=295km, E~0.6GeV
« T2HHK(JP, JPARC-->Korea) L=1100km, E~1GeV

 DUNE (US, FNAL-->Homestake, SD) , L=1300km, E~2GeV

— = L=
V=V + V= Ve

These experiments are expected to measure

sign(Am?;,) , m/4-0,, and o 4/33



Future plan: T2HK

® Phase 2
0.75MW v beam = Hyperkamiokande
(50 times K2K) (10 times SK)

@® Extension of T2K
@® Measurement of CP phase §

- | E—— — e = -
- e ~ - — ——
e —_—t 3 - — = E — e
":_..’-"-""'—— ~ -, 2 -t 5. “
i - e —— & o=y
| o
« - = Bt Aty
- e
e —
2 < - - i T P e
3% - .
Ho | .
] O
v
L
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Future plan: T2HKK

Recent revival of old T2KK idea in 2005:
T2HKK proposal w/ baselines L=295km, 1100km
—L=1100km is sensitive to the matter effect

-\ Seo@JPS |
::-’._.‘ : mtg, J —~

Hype
1 17/32017 B
z i it
" i i 1125 deg. off axis
25 deg. off axis [{s=i i e

The J-PARC v beam comes to Korea.

7

NS & | JPARC
e
‘+::1.—= -- . i
X :"_:::- : : df?_x‘*’{ e W
- £ I l"i .Ll i '-‘v}::k:__‘ 1 7
see hep-p
Off-axis angle By K. Hagiwara, N. Okamoura, K. Senda
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Future plan: DUNE

2.3MW v beam@Fermilab

= 40-kt Liquid Argon SANFORD LAB

detector @ Sanford O e | Propused,
UndergroundRF e

FERMILAB

E ~ 2GeV, L ~ 1300km

Sanford Underground
Research Facility

Lead, South Dakota

R
\/ Fermilab
Batavia, lllinois
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Motivation for research on New Physics

High precision measurements of v
oscillation in future experiments can be
used to probe physics beyond SM by
looking at deviation from SM+m, (like at B

factories).
— Research on New Physics is important.
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List of New Physics discussed in v phenomenology

Scenario beyond | Experimental | Phenomenological
- i o constraints on the
SM+m,, indication * magnitude of the effects
Light sterile v Maybe 0(10%)
NSI at production o
| detection X O(1%)

i e-t: O(100%
NSlin Maybe ( )
propagation Others: O(1%)
Unitarity violation
due to heavy X 0(0.1%)
particles

\ NSI: discussed in this talk

9/33



In the mean time we have had some
possible tensions among the data within
the standard oscillation scenario:

OV, . - KamLAND: Am?,, == NSI or sterile v
®NOVA - T2K: 0,5 29

® LSND-MiniBooNE anomaly, .
sterile v

Reactor anomaly, Gallium
anomaly

NSI: motivation to this talk
sterile v : not directly related to this talk

10/33



e Tension between Am?,4(solar) &

Am?2,,(KamLAND)
SKI| -1V bined Nowzor
- compline NOW2016
+0.034)
5 g \ ;7 sin 912 = 0.316 2 926
N | amd =g
- o .9 997+0.027
N:EIJ ;m ?(6,2)=0.0219+0.0014 / S111 Hl'—'} — {} } '] ' —0.023
o 18 SK favors LMA solutioff > 30 A!H:‘i] . _ﬂ-{l} 1“
- 16 2 .5 )
= . v ~2 o tension with Ka LAND in Am22 in Qf:. _ J)(}JFH :;I?F?'}
E 12 / SK Amzl — 7.5070-17 )
19 sK+KamLAND / / TN 1 The unit of A2z
8 KamLAND l :F F z =-_-___; | .’?.,.‘_ﬂ_,. - - IS e .
6 PRDB, 3,033001 (2013)| | K } |EI :' :/f 20 tension
4 \ S S SRS
) sin2613=0.0219+0.0014 \ :"—i:t:—____—___'—:’—'f;g—J B
8B flux is constraint by SNO NC data i 1l 2 2d
0.1 0.2 0.3 0.4 5 O 5 246 82
- sin™(8,,) . 11/33



2. Nonstandard Interaction in propagation

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

Interactions:
£'eff — G?\rﬁz L_;&r}/“yﬁ ]E'}/,uf, neutral current

non-standard
interaction

f=e,uord
Modification of matter effect

d Ve I 1 €ee Cepp  €er | Ve
i— | v, | = |Udiag(E, By, E3) U '+ A €1 €y Epr Py

dt

Vr €re €r i €rr

A=vV2GsN. N. = electron density NP AR



Observation of matter effect needs large L

v oscillation in matter (in two flavor toy case)

) -
P(Vu %Ve):(%j sin®20 sinz[%] AE EAm2/2E
AEE[(AEcosze—A)2+(AE sinze)z]v2 A = J2Ggn, (x)

AE sin26
AE cos20-A

Matter effect becomes most conspicuous if
AEco0s20=A is satisfied (6 =1 /2 ). In this case,
the baseline length L has to be large:

Tt =AEL=AEsin2 0L =ALtan2 6
—L > /A > O(1000km)

tan2 6 =

13/33



® Constraints on g,p from non-oscillation
experiments

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)
Constraints are weak

o] <4 X 10V 0| <3 x 10"
€| <3 %107

e 2 X 10!

e Some model predicts large NSI (new gauge boson

mass is of O(10MeV) and SU(2) invariance is broken):
Farzan, PLB748 (‘“15) 311; Farzan-Shoemaker, JHEP,1607
(‘16)033; Farzan-Heeck, PRD94 (‘16) 053010.
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® Constraints from high energy v, oscillation

l+e. 0 €. Friedland-Lunardini,
0 0 — Vdiag (A 0.A) VL PRD72 (‘05) 053009
€re 0 €rr O € =—1 —l Eee:I—O.S |
4r T 95%CL -
ol | 99%cCL |
high energy v,¢,, data implies o e 3?(:"‘
|2 OF g =0 T e=05
min (Ao, A ) =0 < |6 = _|€€’| * *
1+ €ee W
&
at best fit point 2r T .z
|E |2 0/ -/
Imin (Ao, A)] 02 & |epp ~ —— —t— At
1+ €ee N 1 e=15
at 99%CL 4F T |
Eftrz r ///
L p 1
0/ -/




® Summary of the constraints on €,

To a good approximation, we are left with 3
independent variables €¢e, | €e1 |, arg(€eq):

1 + €ee Cepp  Cer I +é€e O €er
A e EVPRNCE| i 0 0 0
€, 0 |€{’.T|2/(]‘ + Ec«r{a)

ET

€re E'r]u Crr

Furthermore, vam data Allowed region in (gee, | €e: |)
implies e

ltanB|=|€e/(1+Eee)| <0.8

@2.5¢CL o |

Fukasawa-0Y,

arXiv:1503.08056 o
1 L
:> EET‘ = 3, 0 b : : : ' : : -
e 4 3 2 1 0 1 2 3 4
. |&ET| - -:‘J. EEE‘
ETT| — -

14+ €ce| ™ 16/33



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/

0.7

=
o
|II|IIII|I

Borexino {?Bej

» Borexino (pep)

AmZ2,4 by KamLAND
—21-

-

Super-K
SNO

Borexino {EE}I

=
S
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3. Sensitivity to NSI of propagation at T2ZHKK

Strategy of our analysis:
® We assume ggg(true) = 0 and minimize

%2 (€ee(test), | €q-(test)]) by varying other g,p(test).
® For simplicity we assume g, =0.
3.1 For simplicity we assume puasaa ICROSH:

OY, PRD95 (‘17)
€11 = |€erl? I(1+Eee) (It comes from V) 055005

1+ €ee F{’j! €er 1 + Cee (} Cer
A €pe €up  Epr :> A 0 0 0

€re €t Err €er 0 |6{’.T|2/(]‘ T E'f“f’-)

3.2 We treat £;; as an L+ €ce 0 €er
::> A

independent variable: 0 00
Ghosh, OY, to appear e 0 lerr
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3.1 Comparison of sensitivity to NSI among

different off-axis angles

Fukasawa, Ghosh, OY, PRD95 (‘17) 055005

In the early stage of the T2HKK project, several
options for off-axis angle were considered.

®For different off-axis angle the energy peak is different

""""""""""""""

v, flux

i } q
&
1 4 4
|
L [ |
- L
e q
L | L
| !
[ ' 4
i e |
- 1
et T . e
= B e Sl T
-

' KOREA

Seo@JPS mtg, 17/3/2017
Sea

Beam center

Kamioka

APAN
2.5°

J-PARC

€ Profile of off-axis beams
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. Lk %

®Oscillation maximum at L=1100km is different
from that at L=295km

P(v. - v.}

P(v. = v)

iy Seo, SNU
L F s

N

I.‘J 10
0.08
0.06
0.04
0.02

0.10
0.08
0.08
0.04
0.02 }

IEIJ Iﬂﬂl 4I‘.}”I5.ﬂ
Neutnnu Enarqv {GEV]

0.0

T

Seo@JPS mtg,17/3/2017

| € P(v,”v,) at SK/HK

(L =295 km)

€P(v,~>v,) at Korea

(L=1000km)



As a first step, for simplicity we assume g, =0
and €;; = |€er|? I(1+Ece) (latter comes from V)

1 + €ce €Ceu Cer l4+¢€, O Eer
A e S > A 0 0 0
er 0 Jleer|?/(1 + €ee)

ETE’. ET,H ETT “ET

We marginalize y2 with respect to
arg (Eer) = P31

We compare the sensitivities of
T2HK, T2HKK, DUNE, HK(Vatm)

[ 5 N 10km<L<13000km

L=295km L=1100km L=1300km 21/33



Sensitivity to (€qe, | €¢¢]) at 3o

Among the Off Axis angle
options of T2HKK, 1.3%is the best

. =
T2HKK (OA1.3°) < DUNE < HK(V,¢m)

15 e SERRRSSE S

\(L=295km)
has poor
sensitivit

@
- MNH
L
0.6

04 |

02|




0.3 e _

Significance to exclude NSl for the | | @0 7
reference value E€ge =0.8, [€e;| = 0.2 ..} L=299Km
o n.1§z###Ff*"r )
T2HKK (OA1.3%) < DUNE < HK(Vatm) | | -
gtef e.)=(0.8,0.2) Dﬁzﬁn - ;i;'f e.)=(08.02) OA2D ---
B OA25 — - - B - OA25 — - o
L DUNE i DUNE h
3 HK — — : HK — — 7
6 B b - ,..-"f _
" | NH A IH 7 .
[/ - = i
4 L — 4 | _
: el i I pad T
raeth ] i d — - E
I L B S
Dé::rrl{:-.nﬂ:ﬁpr_ ] ] ' A | | D;;';-Flrumuiyl-; -:_FI;FF ] ' A |
2 4 6 B8 10 12 14 2 4 6 8 10 12 14
Run time Run time
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Allowed region in the presence of NSI with
='TC/2, Eee =O.8, ISETI — 02, arg (Ser) — ¢31=0

h4q(Test)

T2HKK (OA1.3°) > DUNE,

180

120 —

0

-60

-120

-180 L

eo:

90% C.L.

NH

-,
l

-180 -120

-60 0
Ocp(Test)

60

120 180

90% C.L.
180 T T [ T T T [ T 11 [ 1T 1T 1T [1
- 2
120 k (Eee Ear)=(0.8,0.2) 200
i 250
DUNE
60 - HK ——
3
c  of -
&
B0 ]
-120 - —
_180 -I P S N TN TN TR N TN TN T NN SO R T N O o WO B B
-180 -120 -60 0 60 120
ocp(Test)
HK(v,tm):degeneracy

180
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Synergy of L=295km & L=1100km:

Allowed region in the presence of NSI with
=-11/2, Eee =0.8, |E¢7| = 0.2, arg (€e1) = ¢31=0

1.3 OA, 90% C.L. 1.3 OA, 90% C.L.
LE O e e S UL L B L= S e L e I L
[ NH Kawu}ka ] [ IH Ka&wloka
I \= \ orea ] I - orea
120 (Eee~EeT-}'(D'§'D'2-} Combined . 120 (EEE’EE‘?}_{O'B_’GE}Combined N
i Karpioka(g,z known) - - - - i Kamicka(e,g known) - - - -
60 | - 50 |- .
@ : B = LA :
c  0f 1 & of [I\y. ;
& - & |
-60 [ ] 60 | IH :
120 - - -120 - .
'180 P | P | P 180 PR TR S N TN TN T NN TN TN T NN TN T N Y TN N SN NN S B
180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
Ocp(Test) ocp(Test)
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3.2 More discussions on precision of the
parameters
Ghosh, OY, to appear

®We extend our analysis from the conditions
[Eua =0 & €7 = |€erl? /(1+Eee)] tO ( 1 ie. 0 e )

[Epuo =0 & €17 # |€erl? [(1+Eee) 1, j> A
I.e., treat €;; as an independent
variable.

0 0 0

O e+

®We skip marginalization over Am?;, & Am?,,
as a good approximation.

®We fix the Off-Axis angle to 1.5° (T2HKK
collaboration reached the conclusion with

OA 1.5°.
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Sensitivity to (€eqe, | €¢¢|) at 3o is enlarged by
varying €;; to some extent

0.6
0.4

0.2

Iserl

T2HKK, OA 1.5, 3::'5

= |Se'r| /(1+See)
€. free

hosh, OY, to appear

27133



Some correlation of £, with go, ~ ©NosM OY: fo appear

& |€e-| at 3o is found

T2HKK, OA 1.5, 3¢ T2HKK, OA 1.5, 3¢
T T T IT T[T I T[T T T[T IT T[T T[T IT T[T 1T 3 T T [ rr T 1 [ 11 1111
5 -NH , Fixed ] - NH , Fixed
4 F AmZ,, Marg - - - 1 [ AmZ,, Marg - - -
C 21 ) 23'1
3 | AmTp; Marg ------ k - AmT,y Marg ------ ]
T2H 5 2T T2H j
52 Foop = 270° B2 =45 - | 8op = 2707 855 = 45°
05‘1 - ; ' '
0 —.F:""P-'# / E ]
1 F T _
_2 snsnE ANl NI ETE NI PR TR ETE NI AN TR N AN N, .
4 -3 -2 -1 1 4 o
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Allowed region in the presence of NSI with
='TC/2, Eee =O.8, ISETI — 02, arg (Ser) — ¢31=0

-> enlarged to some extent by varying €,

180

120 F

031 (Test)

-180 &

1 3° OA 90% C L

I
Kamlcka

- NH
_ Korea
(Bee €e)=(0-8.0.2) oo bined

Kamioka(gs known) - - - -

P P

el

= |8er| /(1 "'seqe)

‘IED 12!] -ED D EEI 120 180

OCP(Test)

1.5° OA, 90% C.L.

SBO_NH' .G. —
_- 057=45
@ 240 1 g1 free
= )
g T2HK |
120 Korea —
< L Kamioka
‘Combined —
0 Kamioka(known) — =~
-360 -240 -120 0

OCP(Test)

Ghosh, OY, to appear
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Dependence of sensitivity Ghosh, OY, to appear

to (€ees | €e7l) ON 023 and O

-> not so large
9 €1 free
ToHKK OA15.3c |~ T2HKK, OA 1.5,3c T2HKK, OA 1.5, 36
_5 REAALRAARI RRAR LA AR R LA 5 ARLERALE T _5 RARALARAREN T
& INH O35=41, | 9NN et Bl ]
623—45 E— | i 823—45 ] —_— 823—45 - ]
i lS.:p 90° | [ GCP = 180° ] I Ecp = 270° ]

0.4 | :
0.2 | ] 0.2 [ 1
0 T Lo Levealons, 0 [ I bl I I
-4 -3-2-1 0 1 4 4 -3-2-1 01 2 3 4
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Dependence of allowed
region in (0, ¢31) on 093 and &

-> not so large except for

(0, ¢31) = (W12, 3T/2), (37/2, Tt/2)
(Explanation of the phenomena
is under investigation)

T2HKK, OA 1.5, 90% C.L T2HKK, OA 1.5,90% C.L
— 360
360 'RA Opg=41" . | NH| '\ 055=45"
7 240 T ] 20 )
@ _ _ _
- 9 @ _ ;) 6 @
& 120 f S 120 | S -
[} I PR ‘ 1 P ﬂ - PR Y (N |

0 120 240 360 0 120 240
OCP(Test) OCP(Test)

36

Ghosh, OY, to appear
(|)31= arg (Eer)

— 360
240

120

€. free

T2HKK, OA 1.5,90% C.L

| NH| | 6,5=49" |
- +

Iy
| o ()

0 120 240
OCP(Test)

360
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Dependence of allowed region in (ggg, | SeT|) at 3o
on the systematic error (T2HKK OA 1.5°)

5% -> 3% improves the sensitivity to some extent
Eur = [€erl2 [(1+Ece) T Exs free |

1 [T T T[T I [Tt
NH 1% :
{'ICP. E?D — 3% -

LA — 7% |

4 -3 -2-1 01 2 3 4
Cee

Ghosh & OY, PRD96 (“17) 013001 el GV, (o Sromn
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4. Conclusions

® T2HKK has sensitivity to NSl and its
sensitivity is comparable to that of DUNE.

® As far as NSl is concerned, the option with
OA1.3° has the best sensitivity among all OA
angle options of T2HKK.

® Combination of T2HK and T2HKK will allow

us to determine O and arg(€q;) separately, if
(€ees | €erl) lies within the sensitivity region.
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® Constraints from high energy v, data = Friedland-Lunardini,
PRD72 (‘05) 053009
» Standard case with N, =3

1
. E?

AL

2 2
e AL & .
13 ) + 52, sin? 263 sin® (7>

Am2,
I_P(I/H_:'yﬂ) ~ (214_2'1) Si1122923(

Consistent with data

> Deviation of 1-P(v,—V,) due to NP contradicts with data

c conL? + cop sin’(con L
1= Py —v) =~ cotz+= i (e2l)

Oki-OY, PRD82 (“10) 073009

|C0|<<1 - I Seu |<<1! I Suu |<<1s I Sl.l’t |<<1

c4]| <1 = | Ert-| Eer |2/(1+8ee)|<<1
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® NSI for solar v: Eap VS (€D, EN)  Gonzalez-Garcia, Maltoni,
JHEP 1309 (2013) 152

In solar v analysis, Am342 - , H — Heff

To a good approximation, the oscillation
probability is described by 2 mass eigenstates:

L\mgl — cos 2615 sin 26,9
sin 2010 cos 265

f f
| ciaA U Z _fn €N
f=eu.d ~ "*- -

f_ . tdCp 2 o
o = cassizhe [F 5236 + t«?ﬁfifr — (1 + s73) cozsa3Re E.JiI:T
iz 9%3 — 513033
3 (ele — ) + el —el, f=e,uord
Fo_ o [ 2 0
T s ( Ca3€ey — 52360 ) Tsime l" 360 — Ca3€py + C23523 (Ef:,r - 55#)}

30133



Tension between solar v & KamLAND can be
solved by NS| Gonzalez-Garcia, Maltoni, JHEP 1309 (2013) 152

T—-I [ [ | vt ||||||||||||||||||||||||||
: r"'f-'“"“«& f:d
. [ 7

0.5 b || N\ /]

e e \ " & 1| A
L g, T T " ¢ R e e
ki -'\-_ ) =F 5 -
A%t , Ly e
=5 3 e of LF
L o L oo oe
e e e . - W am e T
a'et T - L el Tl LA
K . ' M
L '

—
e
-—

oy

ST

T T I T T N T AN T T N S N B _04_020{12040608

0.8 -0.4 0 0.4 0.8 1.2 €p
f

€p

Iy A

I

] £
F,

S

= L=

_ Best fit value of global fit
ST VEID CF SElElnd (€%, e%) = (—0.140, —0.030)

(b, et) = (—0.22, —0.30) :
(e}, €%) = (—=0.12, —-0.16)

(ed,¢d) = (—0.145, —0.036)
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T2HKK:Appearance probability at L=1050km

Neutrnno Anti-neutrino

=295 km ——
L=1100 km
OA 1.3

—_ ]
0.16 . OA15 ---- 1
P QA 20 :
1 s OA25 ---- |
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Site Height Baseline Off-axds angle Elements of rock
; (1) (ki) (degree)
Mt. Bisul 1084 10X8 1.3 Granite porphyry,
Andesitic breccia
Mt. Hwangmae 1113 1140 1.8° Flake granite,
Porphyritic gneiss
Mt. Sambong 1186 1180 1.9° Porphyritic granite,
o Biotite gneiss
| Mt. Bohyun 1124 1040 o B Granite, Volcanic rocks,
Volcanic breceia
NMt. Minjuji 1242 1140 s Granite, Biotite gneiss
\ Mt. Unjang 1125 1190 o2 Rhvolite, Granite porphyvry.
; Quartz porphyry
#. kL FIT i TN T G 1w T i

Intae Yu @ 1st w/s on 2nd HK Detector in Korea, Nov 21, 2016

ro Pl s T RN

-

-

?
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Fixed: marginalization

SenSitiVity to (8eev | 8e’ltl) over Am?,, & Am?,, is
at 3o is enlarged by skipped
varying €.; to some — [NH 2\{ Fixed| _
extent S| Amizy Marg - = -
T —|[ Am“,, Marg ------ :
Marginalization over 15 T2HK .

Am?Z;, & Am?,, gives

. . : T2HKK OA 1.5° 3¢
little contribution. -._

B el B R A~ S A AR A S ~
@ ' NH 30 1530a — S
W oes| _ - B . RN
— "7 8o = [€ed? (1+€ee) | 05 [\ N
0.4l = . ' N N \;'-\,
¢

| :: \ )
o:- . i\?j% “ 2 11...11...|;T.J.|,...|...

4 3 39 0o 1z "3 "a £
ee

€ee 4-32-101234

Ghosh, OY, to appear 40/33




Dependence of allowed region in (0, (31) at 90%CL
on the systematic error (T2HKK OA 1.5°)

3% -> 1% improves the sensitivity in some case

€1t free Ghosh, OY, to appear
:BBG [ NH ™ G' — T — _ 360 [ NH — G. —— T _ 360 | : I
B  B23=45 ] - B23=45 : | @92?45
— 049 | u 1240 + 1240 |
5| I @ @ 1
120 } 1120 | 1120 -
o F 1= | 0] |
l‘] L || L ] D T ] l‘] - 1 \ | I T T R T T
0 120 240 36 O 120 240 3€ 0 120 240 360
OCP(Test) OCP(Test) OCP(Test)
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T2HKK, OA 1.5, 3¢ T2HKK, OA 1.5, 3¢ Ghosh, OY, to appear

1 ARALIRSARELERLERRLED LARE) RALES RAREY ALY 1 RALIRALAE LERRI RALRE RLRE) RARLE RLRLEYN LAY i ARALN RRLRR LRI RRLRE LRI LLLE RS LERLY

— 06 F

F o ] ]
L 8p = 270° 397, ] [ §mp = 270° 39/, ]
DB :_ng': 41 ? - EFD.-"IIc-_: DB ;ng:: 45D - EFD.-"IIQ_:
F ] [ = 7% ]

7% 1

432101 2 3 4 432101 2 3 4 A4-3-21 01 2 3 4
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