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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 U“U V2
912! 923, 0135 T 1l 72 73 3

and CP phase d
All 3 mixing angles have been measured

+KamLAND (reactor) ﬂ-’eﬂ_ ,Am3, =8x10°eV?

solar

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

DCHOOZ+Daya ———"0..=7/20

Bay+Reno (reactors),

T2K+MINOS+Nova "



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

allowed
TC/4'023 and 8 m% \v __m%
::iormal —mj

ierarchy

Inverted
Hierarchy

. L m3
Proposed experiments __mé ng

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

 DUNE (US, FNAL-->Homestake, SD), L=1300km, E~2GeV
=) (= ("")
V V + V — Ve

These experiments are expected to measure
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Future plan: T2HK

® Phase 2
0.75MW v beam
(50 times K2K)

@® Extension of T2K

@® Measurement of CP phase §

L —————— =S o _

= Hyperkamiokande
(10 times SK)




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

e N _
Seo@JPS |~
B mtg, S per-K
— 17/3/12017 = <M
_'ﬂ"g
: g
< o : “ .| 2.5 deg. off axis
2.5 deg. off axis | . N =T o

The J-PARC v beam comes to Korea.

. - [ JPARC
'_:._:....-:::- — )
N e PP . 3PN
A Ll YT
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
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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
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e Tension between Am?,4(solar) &

Am?2,,(KamLAND)
SK 1| -1V b' d NoW201
- combpine NOW2016
0.034)
4 2 - Amm = 7. 04+8 %g
o s s ain2 O — () 337+0.027
'.'é’; ;in'”(ﬂn”}:ﬂ 0219+0.0014 Hl“ H = 0.337 —0.023
o 18 SK favors LMA solutiof > 3¢ Am2 )[ . _ﬁ-{ll 4”
~ 1 - . . . 2 .
= 1i v ~20 tension with Ka ?@,ﬂxﬁm 21 | “hal 917 _ J)(}—F:: :;I)‘?)}
oou +0.19
E 12 SK Amzl = 7.500 17 |
10 sk+KamLAN / - | _The u:xg gf%anzm
& KamLAND e\ [z 1R
6 PRDSS, 3,033001 (2013 Voo | :/,/ 20 tension
4 - IN_
) sin2613=0.0219+0.0014 - __.;-——J ' i

8B flux is constraint by SNO NC data

0.1 0.2

sinz(

0.4 0.5 24682

12)

L.l1a 20 3
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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(Ey, Eo, E3) U + A Cus  Cym Epr Py

dt

Vr €re €r i Err

A=vV2GyN. N. = electron density NP e



Observation of matter effect needs large L

v oscillation in matter (in two flavor toy case)

: _
P(Vu %Ve):(%j sin®20 sin{%} AE EAmZ/ZE
AE=[(AE cos2 0 -A)2+(AE sin20)2]"* A=+2Gen,(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 =
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® 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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e NSI for solar v: Eap VS (€D, EN) Gonzalez-Garcia, Maltoni,
JHEP 1309 (2013) 152

In solar v analysis, Am342 -> infinity, H -> Heff

et _ Am3, [ —cos26y, sin 26y,
AF sin 2615 cos 2645
f f
¢, A 0 D ENn
(BN ) (w9
f=eu,d * ,-"~.-' D
2
E{) — (13‘?13RC’ [ dcp (Sggfgy + r_?ggfi’;,)] — (1 + STB) CQSSQSRG lEﬂT]
2 2 2 2
€13 523 T S13C23 —
5 (e —el) + P72 (L —€l)  f=e,uord
N = i3 (t?::zzfi# — SQSEE{T) + s13€7 0" lﬁgz*‘fﬂfr — g€l + Co3503 ( el — Eﬂ#)}

Sfee, IafeT , Sfm have to be solved from (SfD, SfN)
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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/

Am2,4 by KamLAND
—21-

T | | T | T T T | T |
0.7 B Super-K 1
L SNO
L . .
- - ¢ Borexino (pep) Borexino ('E)
0.6 — Borexino ( Be) —
_—, C
O r
? 0.5 —
2.
0.4 _—
0.3 —
= -0.22 -0.30
B -———- 032 7.35 -0.12 -0.16
| | —— 0.31 745 -0.14 -0.04
0.2 — -——- 0.31 7.40 -0.14 -0.04
i 1 | 1 1 | 1 1 1 I 1 1 1 | 1 | 1 1 | 1 | 1 | 1 |
0.2 0.3 04 0.6 1 1.4 6

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

.I|-_| | | [ "0 T I|III|III|III|III|III|III|

vvvvvvvvvvvvvvvvv

.,
S
A
n

= e

o T
()
P

||||||||
vvvvvvvv
.............

------------------
|||||||||||||
vvvvvvvvvvvvv

1 k :Hi.'#‘ 1 04 B f SR
| -: I- | ¢ ¢ | ISIprl Loy | ::-::‘f : | | L 11 | L1 1 | II8I p 1 | L 11 | L1 1 |
08 -04 0 0.4 0.8 1.2 -04 -02 0 02 04 06 0.8

Best fit value of solar-KL Best fit value of global fit
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(¢d e} = (—0.12, —0.16) (¢h,e%) = (—0.145, —0.036)

€h. €N
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3. Sensitivity to NSI of propagation at T2ZHKK

3.0 Motivation of our work

All the works on the

sensitivity to NSI was
expressed in terms of €,p
typically in (gp, gN)-plane

-> Whether the LBL
experiments have

sensitivity to the region
suggested by the solar

tension is not clear.

-> Sensitivity given in
(ep, €N)-plane is desired.

Fukasawa,Ghosh,0Y, PRD95

— (“17) 055005; Ghosh,OY, to

2 gppear
o —— .
DL e = [eedf2 [(146ee) — |
o6l & .. free ]
i Sensitivity
[ of T2ZHKK
04 ]
i to (Seell,: |3
ob N M Ceg
-4 2 3 4
Ghosh, OY, PRD96 (2017) 013001
—[NH 7o, Depende
Q 39, Nce on

59/ systemati
7oL, C errors




3.1 Outline of our Analysis

Strategy of our analysis:
® We assume gqp(true) = 0 and minimize
2 (efD(test), efN(test)) by varying other g,p(test).

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

"\ 10km<L<13000km
L=1100km | L=1300km
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Relation between €,p & (Ep, EN)

We treat €., |8feT|, ef . as dependent variables:

1 . - -
_ . . (—F sinocp + G cosocp)
C13C23 Hlll('f)lS T f}CP)
)
: _ . . (F'sin ¢13 + G cos ¢13)
S13 1N 2693 sin(¢13 + ocp)

-~ f . i e
F — {'_J\'T — (C13Co3 ‘{-g‘#‘ COS @19

— .%'13|E£T| {aig cos(¢a3 — dgp) — €55 cOS(Paz + nt)};p)}
G = —(C13C923 |{-'£#_‘ Sin D12

— .‘;}'13|E£T| {‘-}i:; Hill(@gg — {ECP) - !’%3 Hill(fjgg T {Scjp)}

012 =arg(efen), 013 =arg(efe:), ¢23 =arg(efy.)
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‘ > 823 sin 26,3/ .| cos(Ocp + d12)
13

+ ? sin 2913|EET| cos(dcp + #13)

— (1 + 8%3) 623823|E£T| COS(¢523)
2 2 2

_ E£+323 2313‘32341_}

AR T TCTERD

012 —arg(a eu) <|>13 —arg(a fe)s (23 —arg(a pe)

-l'bl'l

— i - ] S - :
- 28 .
- l".ln—-—' :
] *'-'- |Fﬂt 1 B
J..l._-lﬁ = __"'Ir [
k

. o




In principle we could take into account &', but
contribution from &, turns out to be small, so we
put £f,, =0 for simplicity

2

€ee ‘EET | Err 6{?}3 6'23 al‘g(ﬁef) |E,LLT | arg('f,wr) |EEI}'_L‘ arg(fe,u,) X
0.846(0.123(-0.021| -90 | 47 0 0 0 0 0 25.46
1.128 [0.108] 0.511 | -90 | 45 30 0.15 90 0 0 17.54
0.917(0.146| 0.114 | -90 | 47 0 0 0 0.03 30 24.61
o5,—— — o056 —
E- Standard ] : Standard :
0.125 Withoutey: — 1 0 o4 Without €1 — -
o 0.1 flux — 1 a7 g3 flux — °
0.075 : M Anti-neutrino
0.05 ; 0.02 z
0.025¢ Neutrino 0.01 :'“ -
. I B R I S a—
E (GeV) E (GeV)




-> Independent variables to be marginalized over:
Am?235, 023, 8, [€f 2], P13

2 : A2 E : -2 N2
X = 1 Xstat T Eﬁﬁﬂ + X[:rrim‘
k

. \ test
2 o E : ATtest pTtrue prtrue 1 “ Vg
=0

i

Pull variables for .
. ;\,-*fc-eﬁt- _
systematic errors i =

1+ Z (i‘{k) 3’? est
k

2 2
. 2 _ 2 T; |EE:U + 2 i |Ef-1'7—‘
Xprior — -0\ 175 “\ 015

ef 1<0.05, |ef | <0.05 ens=3e,
e LL [Ten . a3
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3.2 Results 6(true) -9(0° Ghosh & OY, arXiv:1709.08264

' ' ' Excl
0.3 -SfN = T2HKKNH — c uded
opl “~ u global 3¢ region by LBL
2 — u global 90%CL I - -
‘o d global 30 is outside of
01 ¢ 2, ~od global gﬂ%CL 1 the curve
of \ Q,i—-Q
0.1 + ' B
Y | =S 4
0.2 L ~— =7 T2HKK 90%CL ——
s T2HKK 99%CL ——
PR . T2HKK36 —— ||
' f T2HKK 46 —— _ T2HKK IH
_0.4 L L L L 8 D L TZHKK SUI 1 e “ u gIObEI 30
04 -03 02 -04 0 01 02 03 04 [ ORI
01 O L S\ d global 90%CL
= 0r x
-0.1 I ll o~ - .
02 et ,"/ T2HKK 90%CL ——
T2HKK 99%CL ——
03l O . T2HKK 36 ——
' NS T2HKK 46 ——
04 ~ T2HKK 56 ——

0.4 -03 -0.2 -0.1 0 01 02 03 04



Gh

' osh & OY, arXiv:1709.08264
0.3 1gfy -~~~ DUNENH :
N, TN uglobal 3¢ —— -
02} ,/ | u global 90%CL ———- . _ o
{ ’ N d global 3¢ ———- 8(true) =-90
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. - Ha——d_—‘ha {—__—:_-3 g m [
ol | . C ) ) || Sensitivity of
~— i
> Sl DUNE is
-0.1 g ) T - .
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02| | / DUNE 90%CL —— |
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031 . DUNE 36 —— |
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- €D DUNE 56 —— || DUNEIH
-0.4 | | | | ' | ' | uglobal 3¢ —— -
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l : d global 36 ———-
0.1+ ~_ »_dglobal 90%CL
Wz 0 ? D
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02 | | -t DUNE 90%CL ——
DUNE 99%CL ——
03 | . DUNE 36 ——
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N | | - DUNE 56 ——
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Sensitivity of v, at HK : Real €N OY@nufact2016

HK 4438 days(NH)

0.3+ ”
o1 (%, ) = (—0.140, —0.030)
K Best fit point of glolal analysis
0.1} for f=u: significance:5c
2 el el - Y
ool b . _____ 90%. EE , | | Best fit ppin? of glolal analysis
;, for f=d: significance:5c
-. -| -u 1 L L 1 L] d d L N A ¢ -~ -
%43.3 0.2-0.1 EnD 0.1 0.2 0.3 0.4 ( €5, x) — (_(_),12_ _(_)'16)
Best fit point of solar & KamLAND
(FD ‘:E‘i ) _ (_022_ _030) for f=d: significance:11c

Best fit point of solar & KamLAND
for f=u: significance:38c
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o)
\
N
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® Comparison of sensitivity T2ZHKK, DUNE, vam@HK

0.1

0.05

-

-0.05 *

Ghosh & OY, arXiv:1709.08264

. uglobal 36 - " T2HKK 26 —
~ u global 90%CL ---- "NH °  T2HKK 3¢ —
d global 3¢ -~ - | DUNE 26 —
d global 90%CL DUNE 30 —
! : . atm HK 20 ——
i . atmHK 36 ——
In the case
. of NH,
I Vatm@HK iS
the best

A

-0.4 -0.3 -0.2 - \
8D

Best fit point of glolal
analysis for f=u

Best fit point of glolal
analysis for f=d

0 0.1 0.2 0.3

(€%, €% ) = (—0.140, —0.030)

(¢4, €%) = (—0.145, —0.036)
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@ Comparison of sensitivity T2ZHKK, DUNE, v.m@HK
Ghosh & OY, arXiv:1709.08264

0.1 . . .. - . .
. u global 3¢ - . T2HKK 26 —
u global 90%CL - IH - T2HKK 36 —
d.global 36 - ' DUNE 26 —
d global 90%CL | DUNE 36 —
0.05 | - e P . atmHK 26 —-
- | / s . atm HK 30 —-
S Z
W . In the case
. of IH,
DUNE is
the best
-0.05 | ]
-0.4 -0.3 0.3
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®Dependence of T2HKK on 0,5(true) & 5(true)

0.4

0.2 . . .
T2HKK NH 30 6,,=41°
0.1
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w
|J L
] 3=000° —
01 5=090°
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04 02 0gf 02
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0.1
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w
u |
-0.1
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0.4

0.2
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0.2

Ghosh & OY, arXiv:1709.08264
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®Dependence of DUNE on 0,5(true) & 5(true)

0.2 : . : 0.2 . : . 0.2 . : .
DUNE NH 3¢ 6,5=41° DUNE NH 30 6,,=45° DUNE NH 30 6,,=49°
0.1
i
~ D w
/ﬁ? ) o
a = S
§=000° 01kt 8=000°
5=090° — ' $=090° —
5=180° — 5=180° —
, 8=270° — 02 , 8=270° —
0.2 ”Ef[;. 0.2 0.4 04 -0.2 “EfD 0.2 04
0.2 : 0.2 : : . 0.2 . . .
DUNE H 30 6,,=41° DUNE IH 3¢ 6,,=45° DUNE IH 3¢ 6,,=49°
0.1 0.1 0.1

) ~5=000° — ] a4l 5=000° | aaql
0.1 =000, — 0.1 =000 0.1 |
5=180° — 6=1Bﬂz —

0.2 02270, — | 0.2 0=270°, — 0.2

DEE 0.2 04 -04 -0.2

Ghosh & OY, arXiv:1709.08264
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4. Conclusions

® T2HKK and DUNE have sensitivity to NSl and
they cover some of the allowed region in the (8fD,

afN)-pIane suggested by the solar v tension for
o(true) = -90°.

® Sensitivity of DUNE is slightly better than that
of T2ZHKK because DUNE uses information of

wide E,, spectrum.

® Dependence of T2HKK on 0,3(true) & 5(true)
was found and if 5(true) = 180°, then significance
of the best-fit point becomes lower.
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T2HKK:Appearance probability at L=1050km

Neutrnno Anti-neutrino
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