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An exciting time is just around the corner ....

Huber et al., heo-ph/0907.1896
sin 2643 sensitivity limit (NH, 90% CL)
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What reactor experiments could do next?
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Issues for v oscillation & solving methods

(1) sin®26,,
. | | (2)Mass Hierarchy
4 still (3)6,, degeneracy
unknowns (4) CP violating 0

(1) v,=>v, (accelerator)

(2) T/M=>T/€ (accelerator) Construction($$$)
Available | (3) Matter effect (accelerator) | [ 41=$$

information (4) v,=>v, (accelerator)
(5) v,=>v, (reactor) }

(6) Solar, Atmospheric

—

Reactor v experiments are cost-effective way

to get important information.
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‘ Physics of v Oscillation (a different view) \

2 2
. . m, —m; |L
Oscillation Formula: | P(v, —v,)=sin’26sin’A,; A, = ( 2 1)
4E
Neutrino MleIlg {} Time evolution of mass eigenstate

Vv, cosf sin0\(v,
v, ~|-sin@ cos6 v,

. . d (Vo) [t Ac)Ve & 2
v Equation of Motion: ZE(VM)= ( A, u, )(Vu) N0
Uyt
Flavor Transitions: {} Transition Amplitudes
v, . v, v, . v, v, . v,
e H, Ape
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‘Wha‘r we measure by v Oscilla’rion\

2

v, v, P(v, = v,)=sin’ 260sin’ Am’L

X

U,

2A

v, v, tan20 = aad

® — < < ALLH, - Au“e

u

’ Am’ = (u, +M6)J(MM —u,) +44,
VM ® Ve
A

Existence of v Oscillation is an evidence of finite A ,

Transition amplitudes can be determined together with absolute mass.
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Purpose of v Oscillation experiment

Physics of v oscillation is to measure the flavor transition
amplitudes (<= experimentalist) and think of its origin (<= theorist).

Now we know
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3 Flavors case

v, o Vey v, o Vip v, o Vi
Transitions u, u, U,
v, 8 Vey. v, 8 Ve  Vu 8 Vi
Aue Are Aur
4‘/ u ® Ve 4‘/ T ® Ve 4‘/ u ® VT
A*, A*T\CPVPMSC A,

v (1 0 0\ ¢, O 5,)c, s, O\v

Ve Uel UeZ Ue3
—id
V. U, U, U;\v, 0 =55 Ccpu\-s5€ 0 ¢ 0 0 1Av,

~~

Oscillati P\v,—vV i AW _ # *\qi
scillation PEVG - Vi) = 8, - 42 RC(UaiUﬁanjUﬁj)Slnz A, T 22 Im(Ua,-U sU,U ﬁj)sm2AiJ.

i>j i>j

090923 F.Suekane@ERICEQ09 8



Our Current Knowledge

‘mi - mi‘ ~2.6x107eV?, (m22 - mlz) ~8x107eV’

(08 05 s,
Ugps ~|-04 06 0.7 | |sis[<02
\ 04 -0.6 0.7
Vv, Vv, v \ \
O —O ©
u,~3meV 1 ~30meV u~30meV
Vv, o v, Vv, o v, o \
A,,~(30s,3¢"+3)meV A, ~(30s5¢-3)meV A ,~20meV
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B-decays of fission products.

v are produced in

‘ Reactor neutrino \

The v,energy spectrum

Reactor v, spectrum (a.u.)

Observed spectrum (a.u.)
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‘ Accessible Oscillations by Reactor v

E-L Relation of Oscillation Experiments

100.000 * Up to now * Future Reactor Prospect
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Both Oscillations can be accessible




Reactor Neutrino Spectrum

Reactor Neutrino | KamLAND
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Physics @ 1st Am?,; Maximum (L~1.5km) . 6,

I Reactor Neutrino Oscillation
1.2
1 — & It
L N
208 av

H Py(v, = v,)=1-sin’26,;sin’ A,

L(km)

Future v experiments strongly depends on 6, ;
Precise measurement of 6,5 is very important.

Parameter Measurement Method

Ocp [PA(VH — ve) - PA(VM — Ve)] ~0.1sin20,, sin &

A23

Py(V, = V.),,,, ~0.5sin” 26, £0.055in26,,sin &

@A

0, degeneracy [PA(VM —v,)+P,(V, = ‘7@)]@ ~ 2sin’ 0, sin’20,

A23

Mass Hierarchy [PA(VM —v,L)+P (v, = ve;L’)]@A ~ sign(Am223)(L’ — L)sin’ 26,

23

P(v, =, ~1-0.5sin’ 24913(sin2 A,, +tan’ 0, sin’ A32)

Jas,
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DoubleChooz, Dayabay, RENO

Double Chooz Daya Bay RENO

Tunnel for
Near Detector

NN
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Double Chooz Dayabay
Power(GWth) 8.6GW 11.6GWth
(17.4GW>2011)
Detector(ton) 8+8 20x4+2(20x2) 16+2
Baseline(km) 1.05 1.8 14
sin?26,; Sensitivity ~0.03 ~0.01 ~0.02
Operation start 2010/2011 2011 2010

Results: within 2~5years
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Complementarity of Reactor-Accelerator

0,. measurement

0,5 degeneracy
0.50+0.11

P.(v,—v,)= sin®20,; =0.045sin26,,5ind
iclvu =) (130.00017L[km])" )
/ N - Y,
Matter effec §in220,,=0.95 5 dependece
0.1 | '

0;>T/4  03<T/4

Am3,<0 _______________ O :

0.08

I

L=300km
0.06 —by'Yasuda;'-' S

Accelerator
Measurement

P(vyu— ve) (Accelerator)

0 0.03 0.06 0. 0.12 0.15 0.18

Reactor
Measurement
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Settlement of 6,; Degeneracy

Py, v,
K lealde et al PRD73 093008(2006)
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H 3rd Generation. More Precise HI}J

For higher statistics, 6,; cam be measured by
energy spectrum distortion and 6sin’26,,<0.01 is possible

Luminosity Scaling
003 i H H —r T v v —————r—
Reactor-1 | Reactor-1I I
002 P.Hauber et al. hrp-ph/0303232
0.5% bin-to-bin
= /7
£ ;
e
= 001 ¢}
-
-
# 0005
0.004
0.003
Inteprated lunminosity £ [tGW-y]
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Quick Access to O¢

0.1 : : ‘ Ocp=-1t/2
™
O
= 008 Scp=0
©
[7] , ' _
O 006 i H B —— NP ol TSw— (SCP—TC/Z
(&) : : s
<
~ 0.04
-
T
i_ 002 bl K Jd |
o 5

0 . —l’ -~ %5sin22013?0.005 .

0 003 008 009 012 015 0.18
sin220,5 (Reactor)

If 6,; degeneracy and Mass Hierarchy are solved, only 6 remains to be solved.

Combination of high precision Reactor-0,; and Accelerator v, appearance

may determine non-0 0 before anti-neutrino mode operation.
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‘Parameter region to determine non-0 0 \

Accelerator Reactor
CL(1dof) 10° GW,, tyr —— 10ton x 20GW x Syear
Am3, >0

4MW 540kt 2yr 10° GW,, tyr —— 100ton x 20GW x Syear

0.16
0.14

- l o Determine
0.12 | Determine ”:/_f -
1] Yy, j—l > .
0.08 } /\ -

o=

I N -
0.06 R4 /v\ )
008 / -
002 f

0 . ,_H.Sugiyama hep-ph/0411209v1

04 0.2 0 0.2 04

abest/
If sin“26,,>0.05 there is a possibility to determine non-0 8

sin220gst

090923 F.Suekane @ERICEQ9 19



Physics @ Am2,; 2" Maximum (L~5km)
Am? .| measurement

NH IH

Ramector Neutrino Oscillation
— m3 —5— m?2
1.2
. ml
: [~ \\/V\\
< 08 \n, TARY Ay Ayl | Ay
A 0.6 W\, w, \ '
E?} 0.4 {‘ \ I m?2
0 N W \ Y ml m3
0
1 10 100 1000 2 2 2 2
k) ‘Am31 >‘Am23‘ ‘Am31‘<‘Am23‘

Py(v, = v,)=1-sin’26,;sin’ A, \ /

In principle, Mass Hierarchy is accessible

5‘Am§1‘ 6‘Am§3‘ ‘Amlzz‘

However, accurcy of ,
‘Amg I ‘ ‘Amé ‘ ‘Amé ‘

~139%| are necessary.

T2K & Nova expected 6‘Am223‘ / ‘Am;‘ ~ 4% > Need to improve

0,5 is necessary to evaluate §Amy;| (KamLAND case; 8lAm,|/|Am,|~2.6% )

090923 F.Suekane@ERICEQ09 20



1%

PhYSiCS @ 1st Amzlz MGXimum(L~50km)
(Very Precise 6;, & Mass Hierarchy)

Example of Japan case

1.2

Reactor Neutrino Osci

tion

\/f\k /\A

1~ 08
S

N 0.6

S
= 04
0.2

10

L(km)

1000

090923

F.Suekane @ERICEQ9

21




Physics @ 1st* Am?,, Maximum

- cos’ 6,,sin’ 20, sin* A,
PR(Ve%Ve =1_ ) 2 .2 2 )
+sin” 20,5 cos 912(s1n A, +tan” 0, sin A32)
Reactor Neutrino Spectrum
/\\ L=50km
/ —— Large Deficit .
g : < —> Rrecise 0,,
= / sin*26,, \ |
—
L/
Mass Hierarchy
sin” A, +tan” 6,,sin” A,
0 2 4 6 8
Evis (MeV)
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‘ Precise 0] 7 \ P(Ve — Ve) ~ cos’ 613(1 —sin’ 20, sin’ A21)

. 1 f.(E)sin® A, ,dE
8sin®20,, « ——, A= Deficit probability; A(L)= f ( ) ’!
A(L) [ £.(E)dE
A(50km)~ 0.8
( ) = §sin’ 20, ~ l(6sin2 2012)
A(l 80km) ~ 0.4 (KamLAND) 2 KamLAND
9 rakata, hep-phi07- 1070 & Low geo neutrino BKG
1 ¢ allowed reg: . :
T 500 10GW K (high v flux)
- SADO 20GthtyT |
S0 N SADO GOk lkton x25GW x2 .5y
I VK _ dsin’ 0, 5 49%(1
S - - 2, ~24%(10)
= i, % ' S Y
o - % \ n”; -
= 7 T aanan -
Db SHK3yr+Bel_t5% Current Global fit
[ —— +[p-pl, . 3% ] . 2
- +[p-pl, . + 1% _ 5?”; % ~6.3%(10)
6 [N TN TN TR NN TN TN NN SN NN SN TN N S1n 812
03 04 05 06
090923 5 73
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Determination of Mass Hierarchy @50km
/

Principle

Petcov et al., Phys. Lett. B 533, 94 (2002)
S.Choubey et al., Phys. Rev. D 68,113006 (2003)
J. Learned et al., hep-ex/062022

L.Zhan et al., hep-ex/0807.3203

M .Batygov et al., hep-ex/0810.2508

2 4 6

Ripple « sin” 2(913(sin2 A, +tan’ 6, sin’ A32)

It is essential that 6,, is not maximum (tan’6,,~0.4)

2
, ‘Am32‘

Fourier Analysis => Power Spectrum Peaks at @ = \Amil
The smaller peak is |Am;, and larger peak is |Am;,

bl

Am3 | >|Am.,| : Normal Hierarchy

A31
w =
>
A, .
m . = Am.,|<|/Am,,| :Inverted Hierarchy
>




J Learned et al. arXive-0612022

Inyerted Hierarg Normal Hierarchy
" on
= IO.I ;‘ o8
2 £
;2 N & oa +
é L)
a
[ 00z
e e e e FIG. 3: Neutrino mass hierarchy (normal=solid;
Bmie inverted=dashed) is determined by the position
FIG. 2: Fourier power spectrum with modulation of the small shoulder on the main peak.

in units of eV” and power in arbitrary units on
the logarithmic scale. The peak due to A; with
sin’(26,3)=0.1 is prominent.

Simulation of power spectrum

If sin?26,,=0.05, 3kton x24GW x5yr ,
Mass Hierarchy can be determined with 10 significance.

L.Zhan et al.=> Mass Hierarchy could be determined if sin’26,,>0.005.
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‘ Merit & Issues of this method. \

* Need not to know absolute ‘m;‘ so precisely.
It 1s enough only to separate two peak positions.

sk ) ) 3% .
However, a good energy resolution; < 1S necessary.
E .JE(MeV)
Borexino case O ~ 3% Typical Spectral Response Characteristics
E E (MeV) (R7600U-100/-200 Series)

improvement of light yield:
x1.5 more PMT
x1.8 with UltraBialkali Photocathode

TUM EFFICIENCY] (%)

OF 3%

_ oL _ .
£ E( MeV) can be achieved

* Energy smearing due to recoil neutron energy
& baseline difference may degrade performance.

QUAN

=> Need more studies for specific sites
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L~50km experiment may be a
natural extension of current
Reactor-6,; Experiments

* 6,5 detectors can be used as near detector
* Small background from other reactors.

F.Suekane @ ERICEQ9 27



Physics @ Am2,, 2" Maximum(L~150km)

Reactor Neutrino Oscillation
If SK detector is filled with LS,
1 L~
< 08 1T /\n\ . . :
Y oo YA \\ I >20 times more statistics
=0 'T”( | than KamLLAND
’ 1 10 100 1000 : ® Data - BG - Geovc
i(im_) : 1 -~ —— Expectation based on osci. parameters
e N ) n determined by KamI AND
= .7 \ ] ; *
= \ 2
| o 2
: [
d 3 ; Qh. l
| | B3seneass
| jRcs: ;secaes
Seoge! } | S EEE P N EUS U FEU FETS P
20 30 40 50 60 70 80 9 100
I_O/Ev‘ (km/MeV)
' Am?, = 7.58ﬁ8:}§(stat)tgjz(syst) = 7.58f8:8§(stat)igjz(syst)
tan’ 6, = O.56f8jég(stat)tg:éz(Syst) = 0.56f8:§14(stat)ig:(l)z(syst)
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fE)x 0, 0 (E)

E ........ 1 —— KamLAND data
Electron Antineutrino Event Rate 250 e F o 05{?“‘8}{9"
at Kamioka : ? | = accidental
1E+4 200 - ’ "Cla.n)'®0
I T C ! v/ best-fit Geo ¥,
«— Inverse beta decay threshold| : Ly o o can CBG
1E+3 I — 150 - i + best-fit Geo v,
||Reactor v . . "1
e =+ e
1E+2 ] : |
—~ | 50 i
> 1E+1 ~Geo-v | \ KamLAND .
g T Solar v ,(0.01%) IS:I‘;:'RKI {f;r 5 -
-~
1E-1
E -1 No Backgrounds >8MeV
Q 12
< / ()k! e o .
O 1.3 LY from | RamLAng KamLAND detects any v, with
§ / Past Super Novae E>1.8MeV
— 1E-4
= 1
2 ks
= Atmospheric v it 20K ton KamLAND pushes the
1E-6
limit 20 times better and may
1E-7
7 . —
o reach Relic SN v,
1E+0 1E+1 1E+2
Antineutrino Energy (MeV)
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| Summary |

= Current =
0,;: DoubleChooz, RENO, Dayabay are going to start in 2010.
dsin?26,,=0.01~0.03 in a few years.

= Future =

* L~1.8km, High Precision 6,5;
M~100ton x 24GW,, => §sin?26,,<0.01
=>» 0,; Degeneracy with accelerator
=>» early sind detection with accelerator

* L=50km, M~3Kton x 24GW,
=>»High Precision 6,,;
=» Mass hierarchy determination

*L=180km 20Kton KamLAND???

It 1s important to discuss about the future strategy taking into account the

reactor-accelerator complementarity after the 1% phase 6,; measurements.
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Relation of mass, mixing & transition amplitudes

S5

v, % f
& € 1 2 N
m1=—(uu+ue—\/(uy—ue) +4Aﬁe) A
Aue J 2 &f\, 2AM€
1 2
v, v, / m, =—(MM+M6+\/(MM—M6) +4A,fe) 06
® - 72 Y-
2A
v v tan20 = K
u R ¢ w,—u,
A |

A = (s, + 0 (1, — 11, ) +4A2
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PAccel(V —V )(-DPAccel( — Ve) @PReactor(Ve — Ve)

Reactor 6,5 helps to pin down parameters

L = 130 km, E = 2680 MeV

4.0

35 ¢

30 ¢

25t

20 ¢

CP{P(v)] (%)
>

CPs, sln.N o = 0.055 (upper)
CPs, slnze = 0.05 (Jower)
—-———=CP-, sln’29 o = 0.0585 (upper)
—_— CP- san‘zo -omaauu)

o.o i I
00 05 10 15 2.0 25 30 35 40
P(v) (%)
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