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Neutrino oscillation

Neutrino oscillation » * Non-zero neutrino mass
* mixing of mass eigenstates

Maki-Nakagawa-Sakata (MNS) matrix:

—io
_ S;;=sino;
io
V. 0 -5, c3\—s° 0 ¢ 0 0 1Av,

0,3:P(v,~>v,) by 0,3:P(ve>V,) by Reactor v 0,,: P(ve>V,) by
Atm. v & Acc. v 0,5& 8:P(v,>v,) by Acc. v Reactor v & solar v

Parameters for neutrino oscillation: Oscillation probability
: . 2 2 2 = ! —_ | S TAT
Mass difference: Am4, ,Am23 , Ams4 2 sin?26
mixing angle: 012,053,013 £ :
CP violation: ) 099 : [
Survival probability (2 flavors): 09<1/Am>y |
(127 x Am?[eV?] x L[m] sin“26 = 0.1
P(v, » v,) =1 —sin“20sin E[MeV] osAsmz =2.4x10°  E=3[MeV]
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Measurement of oscillation parameters

m2
Mass differences 1
— Am,,2 ~ 8x10° eV?

— |Amg,2| ~ |Am, 2| ~ 2.5x103 eV? m2l

Mixing angles

A

olar~7.6x10™5eV?

atmospheric
~2.5x10-3eV?

m2
s v e A
Vi
[ VT
I 1,
solar~7.6x10-2eV?
s 'y
atmospheric

S
] | Y LB

k

|

— 0,7~ 34° m,2|
—_ 923 ~ 450° mlz__
—@ <12°(5in20,, < 0.15) )

0

CP violation :unknown
Mass hierarchy : unknown
Absolute mass : unknown
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} Measurement of B 13is essential



Approaches to 0,

e Reactor experiment : Double Chooz, Daya Bay, RENO, ...

L 2
Plv. - v, ]z14 sin226?13sin2(AZl—gLJ+ 0(107)

* Information of pure 6.,

* Long baseline experiment : T2K, MINOS, ...

— _ 2 2 2
P[vﬂ v,) >V, (ve)]:sin2 20,5’ sinZEAT—EL |1 s;,iin* 26, sgz[Am—ﬂLjsin(Am3 LJ

2 2 (" Am?2 2
+2ﬁcosé Amg,L sin Am3JL sy sinél’ Amy,L sin’ AmsL
2E 2E | 2E 4E

2
+[c0s 26,,sin* 26, Is: (Lllza()()jsin2 Am—”"j

-

a(x) = w/iGFNe (x)

2
B 2 _a(X)Lr= _(lamZ]L . Am? L
J. = C8,C1815C 2550 = sin® 26, cos 26}4s>, sm[ 3 el sin® 20, —2

* Possible to measure 6, 6, mass hierarchy and 6.,
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P(v,— ve) (Accelerator)

0.1

0.08

0.06

0.04

0.02

Reactor v.s. Accelerator

Sin22923=0.95

 05>T/4 | O3<T4

|| AmZ,<0 ................ A
L=300km

S A7 sind amigguity

_ . =+0.025 (DC) .
| ! e i—— |

Degeneracy solved!

003 006 009 012 015
sin22045 (Reactor)
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Reactor experiments
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Reactor experiment

Survivable probability Systematic errors on
—_— 2 .
Plv, v, ;1—sm22@3sm{%j+0(103)  Neutrino flux
: 4E

= — . - Interaction x-sec
l? 1 L\ S |
%jo.ai SH /\f\/\ ; - # of target protons
= | | 1 . « .
£0-9 : | - Detection efficiency
fod 1Mo
< ) | isin’20,=0.] are largely canceled by

1 | IAM§1 =25x10"¢ two detectors technique.

5o

Far detector
<L> O(1km)

Near detector
<L>~ 0(100m)

Reactor cores

e ) @ Moriond Cosmology



Anti-neutrino detection

Prompt signal :

Inverse beta decay : o R
e Scintillation + ee-annihilation

Uetp—e’+n * E, = Eyig + 0.8 MeV
e Prompt signal Delayed signal:
e * neutron capture by Gd (8 MeV)
= /' Delayed signal Timing correlation:
0 e T~30us

¥ W Strongly suppress Background
T T 1T ‘ T T | T TT L Emltted Spectrum
----- Cross-section
| Detected spectrum

Delayed coincidence

(arbitrary units)

e Reaction threshold: 1.8 MeV

\I\\‘I\\\l\\\l\\ “I\\\ |
10 - 17 March, 2012@Moriond Cosm%logy3 4 S 6 7 8 9 9




Double Chooz experiment

Gravelines

,, e \\\P"q

( 1y N ~ B \ ‘ __
e
G o
=4 ' =¥ Near detector Far detector
eS| <1> 400m = | <L>1050m
construction 120m.w.e. — = 300m.w.e.

April 2011%

\ _ Early 2013
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=527 Double Chooz detector

Outer Veto detector
* Plastic scintillator strip
* Far 44 /Near 68 modules x
64ch MAPMTs = 2816 (4352) channels

| Neutrino detector

°‘ - ;: Inner Veto (90m? liquid scintillator)
, 4 I« 78 PMTs (8 inch, Hamatsu R1408)

: : Inner detector

T : L Buffer (110m?3 mineral oil)
= A 1; * 390 PMTs (10 inch, Hamatsu R7081MOD)

| , « Capturey ray from target

f‘ 1]
\Ir v-target (10.3m?3 liquid scintillator with Gd)

o . ..
'l « Observe neutrinos via inverse beta decay

Iy
Iy
hy
Iy
Iy
1] I|
\"l' y-catcher (22.3m3 liquid scintillator) :I
|
Iy
Iy
hy
Iy
Iy
|
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Run time : 101.523 [day] (App. 13th to Sep. 13th)
Live time : 96.823 [day] (1ms p veto)



QuEE _ .
gice? Analysis results

Prompt energy spectrum with oscillation fit

; 700 [ T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T L
@ B N
= - —e— Data ]
g 600 - + -------- No Oscillation ]
= - K Best Fit: sin%(29,,) = 0.086 -
= 7 m 13 2 n
0 - @A mj; =2.4e-3 eV B
g 500— Summed Backgrounds (see inset) | —|
> B Lithium-9 _
w L Fast n and Stopping p —
400 — Accidentals ]

- s T -

B S 20- :

300 o ]
. E 10- |
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Best fit: sin226,, = 0.086+0.041(stat.) =0.030(syst.)
=) No oscillation excluded at 94.6%
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(o .
< Daya Bay experiment

* Daya Bay / Lingo Ao Nuclear Power Plants BCe ./ sutecwater sl
— Located at south of China ST
— Total power ~ 17.4 GW,,,

e Anti-neutrino Detectors (AD)

— 20tx2x2 (Near) /20t x4 (Far)
— Expected v [day]:
840(Daya Bay near), 740(Ling Ao near), 90(Far)

4 x 20 tons target Daya Bay: Powerful reactor by mountains
mass at far site ot

e

A L VN AN R Ty

- " ! o -
7 el e &
ing Ao-lINPP - = 2



: Latest results

13
By using 55 days data with 6 detectors (near:2+1, far:3) operation,
Rate analysis for 8,5 search was done.

Measured prompt energy spectrum Ratio of measured versus expected signal
> < 1.15 -
:En 800 —$— Far hall ‘C‘E i 35 ' -
g I —}— Near halls (weighted) Z% . :_ ;2; """""""" By g
g 600 I "*H_? B W 20%
O : L] S N - S
, 3 = 10
00T z 1.05F s
200} B
i I
—_ 0 I - L 3 :
,_2_ I T No oscillation 0.95 [
z—)f‘ 1.2 B _l_ — Best Fit B
3 09—
— : _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
E 0. 0 02 04 06 08 1 12 14 16 18 2
0 > Prompt ene},gy (MeV) Weighted Baseline [km]
: ] —
Ratio of measured and expected sin”20,; = 0.092+0.016(stat.) #0.005(syst.)
# of events at the far site: * X2/NDF =4.26/4.

R=0.940+0.011(stat.) £0.004(syst.) ° No-oscillation is excluded at 5.20

10 - 17 March, 2012@Moriond Cosmology 15




IRENO RENO experiment

Yong Gwang Nuclear Power Plant ,

» Located in the west coast of south Korea [ i _# Qééec;gf P
— 6 reactors are lined up ~1.3 km " n
— Total thermal power ~ 16.4 GW,,

RENO Detector

* 354 10-inch Inner PMTs
— 14% surface coverage

e 1.21x103° protons per target ~ 16 tons
— Expected neutrino rate [day]:

e Near:~800, Far:~85
290m 1,380m

&
<

& n
< >

5 Near Detector

Reactors
. /

100m 10 - 17 March, 2012@Moriond Cosmology 300m 16



http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg

IiRENO
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Neutrino candidate rate at near site

8,5 Sensitivity

Data taking status and sensitivity

14.6% decrease 0_03;_

A mZ, = 0.0025 eV?

3o discovery

1
1
1
1
400 :
@1 reactor off (Reactor# 2) E E

200 TE b 90% cLlimit
1
0 I I11-‘I:I8.f29I I11-'I:I9.f28I I11-‘10.‘28I I11-‘11!2'."I I11-‘1|2.f2'.lrI I1 ZJDHZBI I - —_ E

Date [y/mi/d] oot Lo e b b L L
Time (Yrs)
* Taking data with near & far detectors since August 2011
Oscillation analysis is in progress
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Long baseline experiments
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MINOS (Main Injector Neutrino

Oscillation Search) experiment

e 320 kW NuMI neutrino beam from 120
GeV Main Injector-accelerated protons

* Neutrino energy is measured with
two iron-scintillator tracking calorimeters

* Near detector at Fermilab
— 1kton mass (27 ton fiducial)

.. Fermilab

 Far detector in the Soudan mine
— 735 km away
— 5.4 kton mass (4.0ton fiducial)

10°
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v, Appearance Results

2.0 ————————————— -

Am?> 0
- Based on ND data, expect: o INOS Boat i
49.6 x 7.0(stat) & 2.7(syst) = oy
« Observe: 62 events in the FD S o CHOOZ 90% CL R
2sin",,=1 for CHOOZ -
Assuming 6., = 0,0, = /4 .
|Am?,,| = 2.32 X 1073 eV? &% N :
and normal (inverted) hierarchy | Am2<ol :
* sin?(26,3) < 0.12 (0.19) . :
at 90%C.L. s -
0 8.2x10%° POT

¢ sin?(2603) =0 h
disfavored at 89%C.L. pRETNOS v ]
0.09 0.1 O B X R—
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.I_Zk\ T2K(Tokai-to-Kamioka) experiment

Neutrino flux |

o
n

3000[ " — 00,=00.
— — 6,,=2.0
3> £ >
= 2000 ) O04=2:5
= o 804730
3
& 1000 hh”h—b
L]
1.0 I o
Oscillation probability
>
vvvvvv = 2 =3 2,4
= Amy, =2.4x107[eV7/e’]
©
o
<)
2
o

% 10 Iﬁteraction cr;:lss-section
g CCQE
" {i o E CCln
» = o R o os| ——— NCIn
Y 2741 " LA ey 2
* Search tor 6., by detecting v_ appearance P et nergyiGeV
13 e

— Neutrino beam : J-PARC proton injector (30GeV proton)
 2.5° off axis beam (~0.6 GeV)

* Achieved Total # of POT until March 2011 :
1.4 x 10%°~ 2% of planned data

— Near detector : located ~280m from the proton target

S

— Far detector : Super-KAg295km away from proton target
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12K\ Far detector Super-K

 Water Cherenkov detector in Kamioka-mine (295km away from J-PARC)
 Record all the hit PMTs within 500 usec from the beam arrival time

* e/u can be separated by Cherenkov ring pattern and opening angle

Outer Detector(OD)
- 50kton

- 1185 PMTs

Inner Detector(ID)
-11129 PMTs

Fiducial Volume(FV)
- 2m from ID wall
A o - 22.5kton

e-like ring

10 - 17 March, 2012 d Clcyslrgology 22




T2k v, Appearance Results

Reconstructed v, energy

< ——4— Data
s 1 Osc.v,CC
3F ] v,+v, CC
i [ v, CC
B NC
(MC W/ sin®26,,=0.1)

Number of events /(250 MeV)

0
0 1000 2000 3000
Reconstructed v energy (MeV)

* Observed : 6 events
 Expected: 1.5 £0.3 events BG

0,5 =0 disfavored at 99.3% C.L.

68%/90% CL region
L S W R AR e
n Al 50 2
/2 — =i
- Normal 1
=B - 9
g M -
- Best fiit to T2K data ]
-1t/2 - 68% CL 4]
E B oo%cL E
L | | L A .J
n T T
Am§3< 0
/2
Inverted

-Tt/2

lIIIIIIIIlIlIIl!(Il

T2K
1.43x10% p.o.t.

0 o1 D2 03

0.4

sin22913
* 0.03 <sin?208,, < 0.28 (normal)
* 0.04 <sin?20,5 < 0.34 (inverted)
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Combined analysis
(Double Chooz+MINOS+T2K+(CHOOZ))
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Summary

Measurement of 6,5 is a important task in neutrino physics

Reactor experiments and long baseline accelerator experiments
are currently accumulating the data.

— Reactor experiments
* Double Chooz: First results presented.
— sin%20,; = 0.086+0.041(stat.) =0.030(syst.)
* Daya Bay: 6 detectors (near:2+1, far:3) was operated for 55days
— sin%20,; = 0.092+0.016(stat.) =0.005(syst.)
* RENO: Near & Far running since Aug. 2011
— Long baseline accelerator experiments
* MINOS :sin?(20,5) < 0.12 (0.19)
— 0,5 = 0 disfavored at 89% C.L.
* T2K: 6 v, events observed against 1.5 +/- 0.3 expected BG
— 0,5;=0 disfavored at 99.3% C.L.



Back up
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sin%20,; sensitivity

Double Chooz - sensitivity, no oscillations
QT T T 1] |u| T 7 Z| ] I|IVI|y —— II |I ) I — Amzatm=2.5X10'3 eV2
014l | =090 % sensitivity{ (20% uncert. by MINOS)

| e
012H - ' ..... e Lo R P U C
0L T2Kbestfit N.H. (0.11)

190% C.L.

* CHOOZ limit:
sin?20,, < 0.15

DC ébestéfit ((?.086)  T2K result (N.H.):

....... I_: O.O3<Sin22613<0.28
FAR detector  C

o only:
N * DC result:

0.001 < sin226,, < 0.169

0.06

~ FAR+NEAR detectors

0.04

||||i!|i|i|i|i|i|i|i|i|i|
0.0
S0 g0 B (16 16 1 1
?\Q(. )’6(\' 3\)\ 3’6(\‘ 5\)\ yb(\‘ 3\)\ Ba(\‘ 5\)\ )3(\‘ 5\)\ )0‘\'
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Systematic Uncertainties

Source Uncertainty w.r.t. signal
Statistics 1.6%
Bugey4 measurement 1.4%
Fuel Composition 0.9%
Thermal Power 0.5%
Reactor Reference Spectra 0.5% 1.8%
Energy per Fission 0.2%
IBD x-sec 0.2%
Baseline 0.2%
Energy response 1.7%
Epelayed CONtainment 0.6%
Gd fraction 0.6%
Detector At 0.5% 2.1%
Spill in/out 0.4%
Trigger efficiency 0.4%
Target H 0.3%
Accidental <0.1%
Backgrounds Fast neutron 0.9% 3.0%
i 2.8%
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Locations for reactor experiments

923 m.w.e.

DayaBay Double Chooz

120 m.w.e.
Kz Iso-ratio curve
400m O
‘ 1050m 300 m.w.e.
4.27GWy, v-target
10t x2

v-target

20t x8 O

Detector
230 m.w.e. RENO
) 5GwW, = ‘ Reactor
m
v-target

20t x2
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Idea: Combining reactor results

Comparing reactor experiments with different baseline
=> possibility to obtain 8,5 v.s. Am?_,

assuming neutrino flux : 1%

DayaBay+DoubleChooz
— 0.005
-1
— 0.004
Double- i
Ch —+— Dayab
00z ayabay 0.003
0.002
0.001
Pp=0.055+0.01, L=1.05km
P,5=0.082+0.01, L=1 8km 0

0 0.05 0.1 0.15

s1n-2 6‘1 3
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DayaBay+RENO

RENO

Pgy=0.074+0.01,L=1 4km
P,;=0.082+0.01,L=1 8km

0.05 0.1 0.15

)
sin 26’13

0.2
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Data taking and sensitivity

Prompt Energy Spectrum
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Sensitivity v.s. running time

0.05 ! A !' ! T
0.04f —
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U . . H H
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= v
@ 0.02f Y .
f_\m _25><1c1"““v2
0.01} RS Witk - YO ".‘ s ey ST -
0'08.9 ﬁl.5 Il.ﬂ 1[5 219 215 319 315

Running time [years]

* First two detectors are operating at Daya Bay near site since

September 23, 2011.

* Full experiment will start running in summer 2012
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