Performance on CPV and MH
of near future accelerator projects

T. Nakadaira (KEK)

Many material in this talk is produced by MINOS+, NOvA and T2K collaboration.



Outline

* Current situation on ¥ oscillation
parameter measurements.

* QOverview of current and near future
LBL v-experiments by “super-beam".

* How to address MH & CPV by
‘running” LBL experiments?

* Prospects for MH & CPV.



* |2K:
“discovered’.
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Current situation

Daya

Precision measurement of

—lectron neutrino appearance Is

3ay,

Detible-CHOOZHR

13 IS well measured by Reactor experiments:

= NIER

13 IS ON-goINng.

* NOv A and MINOS+ are about to start.

P(vy—v.) are expected.

* Further precise measurements of P(vp—vy) &

* Next target: Mass Hierarchy and CPV In neutrino
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* J-PARC Neutrino beam
+ Super Kamiokande o N o T R N
(Water cherenkov : fiducial mass = 22.5kt ) : L=295km |

* Beam power: 220kW(now)—750kW (design)

* | atest report : Observation of ve appearance (7.50).

* Expected # of vy,—ve 0scillation assuming sin260:3=0.1,6cp=0
is 16.4 for 6.39x1020 PO
— ~193 events for T2K proposed POT
(750kWxb years ~7.8x1041)
=> Statistical error is ~14% at full POT.

* Systematic uncertainty in current analysis is ~10%.

* Expected precision of 0,3 measurement: 6(sin?2023)~0.01



NOvVA & I\/IINOS+

* NOvA: Upgraded FNAL-NuMI (700kW)
+ 14kt liquid scintillator
@ Ash Liver: L=810km

* [Expected # of events assuming

Sln2291320095’6CP:O _for by NOVA collaboration 3yri3 yr
beam=V V
6.39x 1020 POT NC 19 10
v,CC 5 <1
(3 years for v beam v.cC 8 5
E tot.BG 32 15
and 3 years for v beam) Vv, 68 32

*  MINOS+: MINOS with upgraded FNAL-NuMI (700kW) L= 785K

0.0026

* |mproved 6,3 measurement

0024

* NOvA and MINOS+ are about to
start operation in 201 3.

o \m’(ov’)o

0022

Cosinf2n 5
From MINOS+ proposal



Key observables in “current” LBL experiments

* Possible observable oscillation-mode by “super-beam”.

* P(vp—vy) & P(vp—ve) : Includes CPV term + matter effect

Am?2, L
T AL ) S (0082 613 sin® 203 + sin? G5 sin? 2013) (sin2 {31 ) Ap-

41F

~~ ~\~

Leading Next—to—leading

WA A 2a
4F Am3,

48 cos? 013 sin 015 sin 013 sin O3 (cos 012 cos B3 cos § — sin B4 sin 013 sin Oa3)

Am2, L Am2, L Am2, L
X COS 327 ¢ip 317 oin 2l

R )L — . cos? 015 sin® 615 sin® O3 sin

X [1 + (1 — 2sin” 913)]

4F 4F 4F
Am?2, L Am2,L alL
—8 cos? B3 sin? A13 sin® O3 cos TEQ sin Tgl ZE (1 — 2gin? 913)
Am2,L Am2, L Am2, L
I 2 : ! ! . : 32 : 31 : 21
8 cos” 013 cos 019 cos O3 sin B9 sin 613 sin O,3s1in 0 sin iE sin iE sin v,

+4 sin? 015 cos® O3 {COS2 015 cos? B3 + sin? A1 sin? O3 sin® O3
Am2, L
AE
* Pv,—w) & P(vpi—Vve) IT the data accumulated with v-mode beam.

—2 cos 015 cos? O3 sin 15 sin O3 sin? O3 cos 5} sin?

=
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MH & CPV In P(v u—ve)

*  Only picking up the maximum oscillation probability for demo.

P(vu—ve , L=295km, E=0.7GeV)
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How to obtain CPV In current LBL experiments

1 and 2 ¢ Contours for Starred Point
~ 009

NOvVA

* Direct comparison between T e S
L sln,( g,,)f 1.3
P(Vu__)ve) and P("u_’ve)- 0.07 ~ sin’(26,,) = 1.00
0.06 o
* |ndependent from the model oo | NS
of oscillation mechanism. o |
003
* Expected asymmetry is ~27%. S
0.01 —_ g;gﬂz
* Size of CPV ~ Measurement precision. o om o ose  oos
by NOvA collaboration P(v,)

* Comparison with the expectation based on the 3-flavor PNMS
mixing framework and the obtain the allowed parameter
region of 0 and sign of AmZ2is.

k

013 obtained by reactor experiments can be treated as "known
parameter’.

Although this method is model-dependent CPV search, It is
useful to address MH & CPV in current LBL experiment.



How to obtain the hint of CPV/MH

* Very lucky case: Hint may be obtained by single LBL experiment (+Reactor).
* Case A: P(vy—ve)islarge : NH & (T < 0< 21)

* Case B: P(vpi—ve)issmall:IH & (0< 0 < m)

P(vu—ve , L=295km, E=0.7GeV) (@ 1st max.
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How to obtain the hint of CPV/MH

* Usual case: The combination of LBL with different baseline may give the hint.
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Allowed region of MH and CPV is
not determined uniquely from
single experiment.

But, the corresponding
expectations for another
experiment is different between NH
and IH assumptions.

The observation by another
experiment may reject one of the

MH assumptions. -



But, In reality.

Due to ”chagf
* Precise measurement of the mixing angle is quite important. degymv
* PDG2013: sin?013= 0.0251+£0.0034(REACTOR), sin203= 0.4210-08 4 o3
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* This effect increases the uncertainty of

k

Degeneracy for 6 23

0 23 is dominantly determined by the
Vv u disappearance.

* Purin(vp—vy) ~ 1 - c0s2 0 135IN22 6 23

0 23 dependence for Ve appearance Is
a function of sinZ 9 23.

* Poax(vi—Vve) ~ SiN? B 235iN22 O 13

* |f B23is not 45 degree (= Maximal
mixing), there are two solution.

V e appearance expectation.

Oh the other hand, if veappearance is
measured with good precision, the
octant degeneracy can be solved.

| Determined by v disappearance

g 0.2

03 004 0045 005 005 006 065

If the v disappearance is not

sin o,Jsmgg;

maximal, there are two possible ve

appearance expectation.

12



How to address octant degeneracy?
* Using anti-neutrino

P(vu—ve , L 295

cm, E=0.7GeV)
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run Is one method.

In this case, octant degeneracy Is

not solved only by v-mode.

But, the corresponding
expectations for v-mode are
different between two octant
assumptions.

By combining v-mode and v-mode
run, the octant degeneracy may be

untangled. 13



Expected precision
2K + Reactor 013
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Case studies for MH & CPV : T2K

*  90% C.L. allowed regions ( Solid: statistical error only, Dashed: Stat. + Syst. )

7.8 x 1021 POT 100%v-mode 7. 8 1()21 POT 50%v-mode + SO%V mode
. e 2 -

OOU 1502_ \ ‘i.mpti,?.ns _; UOU 150:_ W.Analysis MH assumptions—:
100f- N\ NH - 100} NH -
s0/- M s0f- [H -
a
.50} < 50/ =
100} -100f- =
150F- . . - 150 \ Lucky case -

0 005 01 005 02 025 0 005 01 b.ls 02 025
sin22€)13 sin 2913

7 8 x 1()21 POT 100%v-m0de + Reactor 7.8 x 1021 POT 100%v-mode + Reactor

OOU 150 ‘\,-' Analys1s MH assumptlons l‘i 008 150 | I Anallysis MH aslsumptions I‘
100} NH - 100} NH -
sof- [H - SOF [H -
o - of- -
.50; ~ -502* “

100} -100f- E
5ok Lucky case 150E- E
0 005 01 005 02 02 0 005 0.15 02 02
sin*20 sm22913

13

19



Case studies for MH & CPV: NOv A

* Solid: 1 o allowed region, Dashed 20

hxamplc NOVA 16 and 26 contours, 3+3 yr (V4V)
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ensitivity for CPV

* NOvVA (3y v+3y V)

* T2K + Reactor 613

Ay
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Sensitivity for MH

* NOVA % NOVAHTEZK

NOVA hierarchy resolution. 343 yr (V+V) by NOvA collaboration NQ\'A aierarchy s olution; 3 yr (VAY) by NOvA COllabﬁration
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Summary

* Concept of the method to address MH & CPV by “running” LBL
experiments Is explained.

* The hints of MH & CPV may be obtained by comparing the

measured P(v u.— ve) and the expectation assuming the 3-flavor
PNMS mixing.

* Precise measurements of 613 (by reactor) and 6 23 by
P(V u— V) IS key.

* |f the P(v u— v u) Is not maximum, the solving the octant
degeneracy is important to reduce the uncertainty of the 6 2s.

* Synergy among the experiments are important to expand the
sensitive area.

* T2K and NOv A can address MH and CP phase with >1 o
significance.

* Detailed discussion in WG parallel session is interesting! 9



