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Neutrino flavor eigenstates Vi » f =elulIT produced in weak
Interactions are different from mass eigenstates V), i=1/2/3
=>»non-diagonal Unitary

mixing matrix: U, E<|/f Vi>:>vf>:iU’;i Vi
i=1

Canonical representation of Pontecorvo-Magi-Nakaga  wa-Sakata mixing matrix
IS done by ordered product of 12, 13 and 23 rotatio  ns, one CP phase & connected
to the smallest mixing angle 013 and two Majorana phases azi,2.

6,, [ 45° 6, L9
v.) (1 0 0 cos(d,) 0 sin(g,) "
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-sin(g,) cos(8,) O O €% 0}, Majorana phases
0 0 1) O 0 1) (v, aare
irrelevant for

g, 034° oscillations.
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If masses of mass eigenstates are different
then probabillities oscillate:

Lasttermis CP and T odd and itis  #0 only if:
- f#g

- all three mixing angles #0 and

- Imaginary part of exp(i )=Sin(d) #0
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Amplitude of oscillations = sin?(2  0),
oscillation length Is inversely proportional to Am2
L

,(L/E)=1-sin (28)3|n[

4hc E

L/ E =(77/ 2)4nc! Am?
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R, (L/E)

2 _T 1
ny,
@ sin*(29)
<+ L/E

(L/ E)1StMINIMUM = (]T/ 2)4hC/Am2

Two Amz differs app. by a factor of 30 = 0.5km/MeV =500 km/GeV

=» two very different oscillation lengths ~15km/ MeV =15000 km/ GeV
mZ —n¢ 02.3x107eV?

m; —nmy 07.6x10°eV?

15 km/M eV

0.5 km/MeV
15000 km/GeV

500 km/GeV

2

T, T ere (AN
¥, Ve - Ve
m; 1 = ouble Chooz/REN Sun v, (+matter efffect)

atm.

/LI = Vﬂ acc.
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Disappearance probabilty

B v (X) ﬂ‘Z‘WU fi 2

i<j
Disappearance probabilty for electron (anti)neutrino S:
For E=4 MeV the first minimum

2 oo ,2] Xm)
U, sin (1.267Amj ev ]E[MeV]j

F?/e_,ve (X) U p”ﬁlgm%z - is at ~2 km
s - o[ ,o1 Xm| e —

1-sin?(26,,)sin (1.267Amsl[ev ]E[MeV]j i

- cos*(8,,)sin?(26,,)sin? (1 267Arr121[eV2] [)(I\[/Irgll]) iy

0.4

0.2—

xm|
E[MeV]

P, (x) D1-sin?(26,,)sin? 1.267Am2 ev?]

Ve = Vg
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Mixing angle 613

Sin?( @13) is the fraction of electron neutrino in 2
mass eigenstate m3 m,

Two ways to measure 013
-To measure electron (anti)neutrino disappearance
-To measure electron (anti)neutrino appearance in mu  on (anti)neutrino beam

measurements has to be done at small values of LIE  ~0.5km/MeV = 500 km/GeV:
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If 01320 then CP and T violation in lepton sector
could be investigated with neutrino oscillations

- CPT
I CP V|oIat|on

[
O i
T violation:
P— - <T> _ O [
Va _’V,B V,B -V
P"u—"’e Pvu—we —28in(0) cos(0,,)sIin(260,,)sSn(26,,)sin(26,,)

2 2 2
Xs§in Am, L sin Am, L sin Am, L
4hc E ahc E 4hc E
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Nuclear reactors are powerful sources of electron antineutrinos

Out[79]=

out[80]=

130310 |-

Fission products are neutron rich.
The valley of stability is reached by series

of beta- decays.
In average app. 6 electron antineutrinos
are produced per fission.

T

1 235 139 A 1
Nt LU - Bat Kr +37n
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Detection of antineutrinos via Inverse Beta Decay (  IBD).
Coincidence of prompt signal from positron and dela yed
signal of neutron capture on Gd.

Vet P - N+e . _a

T, C 25meV
T, £L10+40keV |, 0.1%Gd = | Tpppyre) 12815
a/' Y
Ve
Epmmlot = Tk’e+ +2m,
E, L Eprompt +0.8MeV
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Detection of antineutrinos:
Inverse Beta Decay (IBD)

_(myrmf-m m+m,+m,

E =
v, THR 2mp 2mp

=1.00096(m, - m, +m,)=1.83MeV

Only antineutrinos with energies
larger than 1.8 MeV interact.

Detected energy spectrum is the

Vet P - N+e€’

(m, -m, +m,)

product of

reactor neutrino spectrum and IBD cross
section and it reaches the maximum around
4 MeV -» the first oscillation minimum is at

0.5 km/MeV -2 km for 4MeV

13.9.2012
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Neutron capture on Gadollinium

'E, =8.048MeV
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Daya Bay
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Three runing experiments

Experiment | Power | Baseling(m) Detector(t) | Overburden | Design

(GW) | Near/Far Near/Far |(MWE) sensitivity
Near/Far (90%CL)

Double 8.5 400/1050 ~ /8.2 120/300 ~0.03

Chooz (8.2/8.2)

DayaBay |17.4 |470,576/1650 |40,20/60 |250,265/860 |~ 0.008

(40, 40/80)

RENO 16.5 |409/1444 16/16 120/450 ~0.02

The experiments are constructed following the concept of two

identical near/far detecors proposed by:

L.Mikaelyan and V.V.Sinev [Phys.Atom.Nucl.63:1002-1006 ,2000;

Yad.Fiz.63N6:1077-1081,2000]

13.9.2012
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Daya Bay, China

6 reactors: 3% 20 f0ns turgot Daya Bay: Powerful reactor by mountains

17.4 GW total
(thermal) power

mass at far site

A total of eight
functionally
identical and
moveable
detectors in three
detector halls. | Water hall

4

0 -\‘(\.

ooV

-

6 of the 8 detectors

have been taking 4 H -
physics data since Dec. | : :::g{{ ch i
2012

elgya

The remaining two
detectors will be | o
installed and Total Tunnel length
commissioned this ~3000 m

year.
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Daya Bay,

13

The Daya Bay Collaboration
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UC-Berkeley, UCLA, Univ. of Cincinnati, Nanjing Univ., Nankai Univ., NCEPU, Shandong Univ.,
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Double Chooz collaboration

Double Chooz, France gy LK __'
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RENO, South Korea ARENO

VAN fia

= Chonbuk National University

= Chonnam National University

* Chung-Ang University

= Dongshin University

= Gyeongsang National University
= Kyungpook National University

= Pusan National University

= Sejong University

= Seokyeong University

= Seoul National University YongGw
= Seoyeong University

= Sungkyunkwan University

Far Detector




Anti-neutrino detectors éaeay

¢ The Daya Bay anti-neutrino detectors (ADs) are “three- Calibration 13
Stainless Steel

zone” cylindrical modules. system
+* LS=LAB+PPO(3 g/1)+MSB(15 mg/l), Gd-LS=LS+0.103?Qd/ Vessel (SSV)

» Zones are separated by acrylic

vessels:
Zone Mass Liquid Purpose 192
Inner Gd-doped Anti- PMTs K
acrylic 20t liquid neutrino '
vessel scintillator target
Gamma Mineral oil _|
Outer Liquid catcher — -
acrylic 20t 4 (from Liquid Scint.
scintillator
vessel target
Zone) 20-t 6d-LS
Stainl om
ainiess Mineral Radiation
steel 40 t ) -
Oil shielding
vessel
» Top and bottom reflectors are
used to increase light yield 4
O WL

> Energy resolution: 0./E = 7.5%/VE+0.9% 5m
13.9.2012 PIC2012, Strbské Pleso



Outer layer of water
Cerenkov detector (on sides
and bottom) is 1m thick,
inner layer >1.5m. Water
extends 2.5m above ADs

e 288 8" PMTs in each near
hall

e 384 8" PMTs in Far Hall

4-layer RPC modules above
pool

e 54 modules in each near
hall

e 81 modules in Far Hall

13.9.2012

AD support stand
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inner water shield

outer water shield

concrete /




ATR AL AR LT TN TOS TR, AR S AN
= 354 ID +67 OD 10" PMTs

» Target: 16.5 ton Gd-LS, R=1.4m, H=3.2m

= Gamma Catcher: 30ton LS, R=2.0m, H=4.4m
= Buffer : 65 ton mineral oil, R=2.7m, H=5.8m

= Veto : 350 ton water, R=4.2m, H=8.8m

13.9.2012 PIC2012, Strbské Pleso




DOLJB_LA' '7
Double Chooz detector @

BT Outer V_El:ﬂ: Pla§tic scintillator strips
15 8 .i Identify cosmic p

Steel shield (15cm thick)

v-target: |

Gd loaded (1g/l1) liquid scint. (10m?)
Target of neutrino interaction

Neutrons captured on Gd
Acrylicvesse] -cecescrsnscsnnsnnansas

| y-catcher: Liquid scintillator (22m?)

Measure y's escaped from v-target

| Acrylicvessel -ccecccnncccnnrsnnanaa

Buffer:

Mineral oil (110m?) & 390 10-inch PMT
Reduction of environmental y’s

 Steel tank

Inner Veto:

Liquid scintillator (90m3) & 78 8-inch PMT
Identify cosmic p &reduction neutrons

.,
%

- Clm;ﬁ'fﬂFu
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bayasay | boublechoo: | neno [ Detector calibration

CS’ 662 keV R=1.775m R=0 R=1.35m
Ge, 2x511 keV Ge, 2x511 keV
Co60 2.5 MeV Co60 2.5 MeV Co60 2.5 MeV
Cf252 Cf252

Am241-C13

» Three sources + LED in each
calibration unit, on a turn-table:

68
0 *°Ge (1.02MeV) Energy calibration

0 90Co (2.5MeV) _ (linearity, detector
response... etc)

241 13 : :
O “"AM-C (8Mev)] ; Automated Calibration
o LED Timing, gain an Uni D B
> relative QE nits ( aya ay)
» Canalso use spallation neutrons Three calibration units per detector
(Uniformity, Stab|l|ty, Ca|ibr‘ati0n, etC). that deploy sources a|0ng Z-axis
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Energy (MeV)
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800
600
400
200

®CQU [} L1, — SNi* [ - 2Ni

1173.2 + 1332.5 = 2505.7MeV)

Energy (MeV)

Figure 15: The energy spectrum of the °®Ge source.
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Calibration

Energy calibration Y000 s riemn
1. PMT and electronics gain "
non-linearity calibration

» LED light injection system

2. Correction for position

dependence & stability
« Spallation neutron captures 3 I T .
on H and Gd § 0 we i

3. Energy scale

EGCD

* Radioactive sources deployed at bottom

into v-target and y-catcher

Neutron detection efficiency
Energy & time window, Gd fraction, spill in/out effects

252Cf source deployed into v-target and y-catcher

11
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[ Energy Distribution(Cs) |

| Energy Distribution{Ge) |

IRENO

10000~ 10000 B\ VAaVAVAVAVAID IE
ol Cs 137 -Near Detector o ﬁ Ge 68
| (662 kev) | | | or Detector i (1,022 keV)
6000 60001
Amn:— 4nm_—
2000 zum:— / |
“u_' B Y S TR T EFEEETY Uﬂ_' T R - 2 25 3
Me\/ MeV
[ Energy Distribution(Co) | | Energy Distribution{Cf) |
amu;_ 3500
o00f- GO 60 n Cf 252
sl (2,506 keV) - (2.2/7.8 MeV)
- 2500
ﬁm“f_ 2000
4000}
- 1500
3000:—
zmni— 1000
1mﬂ§— 500
.,D:....u_us....; 5 2 25 ""355”;\‘4 L N S S N N T 1l‘l'lw
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ENERGY RESOLUTION

%  RENO
5.9%

/E[MeV]

+1.1%

—~ 12
~° |
< [ 7.5%
s 10} A +0.9% Daya Bay
2 o AD2 J E[ MEV]
ﬂ _
(14 8-_ Ge
: n H-capture
6 B 9 (spallation)
-
: n Gd-capture
2 (AmC, IBD, spallation)
O-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1 2 3 4 5 6 7 8
Energy (MeV)

Figure 25: Resolution of reconstructed energy.
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Assembly of Anti-neutrino detectors ém,,

ADs are assembled in clean-room

lr“""——"———-q

Stainless Steel Vessel
(SSV) in assembly pit

Install lower reflector '

"EIL \\,‘\\ \
g -

BB Install PMT ladders
3 —i ?""
Instaﬁ PAcryllc Vessels

PIC2012, Strbské PI i 7
rbske Pleso g Install calibration unlts :



L3
[ ]
e L4
AD3 Ling Ao-11 NPP
EH2 o L
EH3 e |2
AD6 1y Ling Ao NPP

Daya Bay NPP

. e | 3
§ Data taking started on 15 Aug 2011
e B SO | T 3

- e



Detailed comparison of AD1 and AD2 eaymy

13
- 4000
m -
= B -
] i b —e— ADI
o R -
% 3000[ + - D2
8 - < *
= - - _
w i . s
2000 il -

B cm=

: =a= miln

i as

1000 N -

L vigs -

L ===

= .**
o — I R e S
a -
< -
= 12—  R=0.987 0.008(stat)
S ]

=L eShJUNN
C lr-r 1 'T' .
0.8
og——— . . . .
0 5

10
Prompt energy (MeV)
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Ling Ao (EH2) and Far (EH3) Halls

L3
@
e L4
Ling Ao-11 NPP
e LI
® 12
Ling Ao NPP

AD1 AD2

e DI
200m *m

Daya Bay NPP

EH2 (Ling Ao Near Hall):
Began operation on 5 Nov 2011

EH3 (Far Hall):
Started data-taking on
24 Dec 2011

» Remaining two ADs will be installed in
2012 PIC2




Inverse Beta Decay Selection
6 < Ejaeq <12MeV

0.7< Ep,rompt <12MeV
No signal > 0.7 MeV No signal > 0.7 MeV
< > € > € >
20015 1< At <2005 2004

* Prompt-delayed coincidence:
— Prompt positron: 0.7 MeV < E; <12 MeV (DYB, RENO), 12.2 MeV (Double
Chooz)
— Delayed neutron: 6.0 MeV < E; < 12 MeV (DYB, RENO, Double Chooz)

— Capture Time: 1 pus < At< 200 ps (DYB), 2 pus < At< 100 ps (Double Chooz,RENO)

 Multiplicity:
— No signal 200 ps (Daya Bay), 100 ps (Double Chooz, RENO) around IBD)

13.9.2012 PIC2012, Strbské Pleso



* Muon Veto
— Pool muon: veto following 0.6 ms
— AD muon (> 20 MeV): veto following 1 ms

— AD shower muon (>2.5 GeV): veto following 1 s
that is >5 T1/2 of Li9/He8 isotopes

— Muon>600 MeV veto 0.5 s (Double Chooz)
— Muon>1.5GeV veto 0.01 s (RENO)

13.9.2012 P1C2012, Strbské Pleso



Prompt energy (MeV)

13.9.2012
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Zzz  Antineutrino Rate vs. Time
Detected rate strongly
:;2 200 - correlated with reactor
T F flux expectations.
R S Predicted (sin’26,, = 0)
8 F —— Predicted (sin26,, = 0.089) -
400 :_ —— Measured ! IBD
g0 candidates/day
8 -
£ 600 —
2 Daya Bay 662+671(EH1)  78+75+77
s 613 (EH2)
5100 |-
2 wof Double Chooz ~40
-
3 | | | | RENO 779 73
Dec27  Jan26 Feb25  Mar26  Apr25
Run time
— 1 7N Neutrino rate
5 E O Neat Detector g W
< 900 I/ ; | : §
5 E .y ;
g 8005_ : ,—g 2 reactors
M 700 Yt < on (~60%)
PR =P . B | : | b . -
N E i E [ il
3 1001 l g | g Bt Petector Ll o=
8 m o I:‘ :gl 'i: .ﬁ': M |:" T I" b T 1 reactor
g i [ T ’ "I |='| ql .H bl it :: |-|!|-|| H ] II 1' “ i iE :-i :' on (~40%)
2 osop Il" E | %”
IAugl 39 . OCI:IZS : D'ec: 77 — Fet') 2'5 : * No ?Li reduction and OV veto S ——
201 _ % * Background not subtracted off (~1 day)
Run time

13.9.2012

» Neutrino rate consistent with expectation
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Systematics

Corr. Uncorr. Corr. Uncorr. Corr/Uncorr.
Target proton 0.47%  0.03% 0.5% 0.3%
Flasher cut 0.01% 0.01% 0.1% 0.01% -

Delayed energy cut  0.6% 0.5% 0.7%

Prompt ener gy cut 0.1% 0.01% 0.1% 0.01% -

Energy response - - - - 0.3%
Trigger efficiency <0.1%
Multiplicity cut 0.02%  <0.01% 0.06% 0.04% -
Capturetime cut 0.12% 0.01% 0.5% 0.01% 0.5%
Gd captureratio 0.8% 0.7% 0.3%
Spill-in 1.5% 0.02% 1.0% 0.03% 0.3%
livetime 0.002% <0.01% -
Muon veto cut - - 0.06% 0.04% -

Total 1.9% 0:2%5trbske plksb%0 0.2% 1.0%



DELAYED ENERGY CUT

>

£ a —-EH1 AD1
S 5

O 1 0* £3 ~}-EH1 AD2
o LI — 7o == EH2 AD1
= & - N

= e . : EH3 AD1
L] M = # 3

—-EH3 AD2

10° Bt A

EH3 AD3
s, A

2 Ao ik

10° & "f?""]t'
i,
1
10
1

0 2 4 (:! 8 10 12
Energy (MeV)
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Gd content is monitored by measurement
of the time of neutron capture on Gd

1
ﬁﬁmwmw

Very simplified estimation using Maxwell Boltzmann distribution of neutron velocities,
app. cross section and Gd concentration gives:

2

dP 2(mY 2 T 2KT
— = 7 |veX =mp. v= |/ [ - 2200m/ s
dv ﬂ(kT) = mp \/; ot

N, =0.103% b0 N4 =0,00103M0.86g/ cn® 0 0-022/ MO

Ao 157.25g/ mol
(o) =(0.148[60900 + 0.1565 [254000) 10 *cm? = 4.876 10 *cm?

=3.2910% /cm®

= 28.315

PIC2012, Strbské Pleso
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Daya Bay,
E (A3

Entries / 4us

=5
=
[

102

=28.70+0.15us
= 28.60 + 0.15 us

TaD1

TaD2
10

o
I
III

Asymmetry
o
ha
1
—r
—

o ’”'*“ﬂ**“ﬁ**ﬁﬁ}?’ri%f{IJf{‘F [
-0.2 | |T |
of o

0 50 100 150 200
Neutron capture time (us)

Figure 14: The neutron capture time on Gd from the Am-°C source

at the detector center. .
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Reactor flux estimate
~ DajaBay Reno  DoubleChooz

Corr. Uncorr. Corr. Uncorr. Corr./Uncorr.
Thermal power 0.5% 0.5% 0.5%
Fission fraction/Fuel 0.6% 0.7% 0.9%
composition
Fission cross section 1.9% 1.4%
/Bugey 4 measurement
Reference spectra St 0.5% 0.5%
| BD cross section 0.2% 0.2%
Energy per fission 0.2% 0.2% 0.2%
Baseline 0.02% - 0.2%
Spent fudl 0.3%

Total 3% 0.8% 2.0% 0.9% 1.8%

2012-9-13 42



Backgrounds .

-Accidental

coincidencies of neutrons
produced by cosmic muons
and natural radioactivity

LI9 and He8 isotopes

13.9.2012 PIC2012, Strbskg



Li9 and He8 background

These isotopes are products of photonuclear interactions of cosmic muons on C
8 0 7y 7
HeO B"BIF . [Li He )+ve )
SHeO T - JLi" +e& +ve
8 - % 8 .
;LI - LI +0.98MeVy
8 0¥ %Be+e +ve
Be - a+a
9 : 0 8 O
SLi O 7B - 2Be+@)+ve €n)
Be - a+a
OLi O 9P, *Be+ e +ve




Backgrounds & uncertainties

Near Far Near Far Far

Accidentals (B/S) 1.4% 40%  056% 0.93% 0.6%
Uncertainty(AB/B) 1.0% 1.4% 1.4% 4.4% 0.8%
Fast neutrons(B/S) 0.1% 0.06% 064% 1.3%
Uncertainty(AB/B) 31% 40% 2.6% 6.2%
8He/PLi (B/S) 0.4% 0.3% 1.6% 3.6%
Uncertainty (AB/B) 92% 95% 48% 29%
a-n(B/S) 0.01%  0.05% - - -
Uncertainty(AB/B) 50% 50% - - -
Am-C(B/S) 0.03% 0.3% - - -
Uncertainty (AB/B) 100% 100% - - -
Total backgrounds(B/S) 1.9% 4.7% 2.8% 5.8% 5.0%
Total Uncertainties (A(B/S)) 0.2% 0.35% 0.8% 1.1% 1.5%
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at low neutrino energies.

In Double Chooz and RENO the background is still dominated by decays of Li/He isotopes
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M_ : measured rates in each detector.

Weights a,,B,; : determined from baselines and reactor fluxes,

no oscillations assumed.

R =0.944 £ 0.007 (stat) + 0.003 (syst)

» Unambiguous observation of antineutrino deficit at the far site!
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Rate-only analysis

o
*%

Uses standard x? approach (x?/NDF=4.26/4)

[Ma’ - Td(l T 8 Zwﬁar £ 8(!) + na']z
r

6
:Z M, + B,

+ Z—+ Z( d 4+ )
Ty d=1

[Absolute rate is not constrained.]

Consistent results obtained by independent

analyses, different reactor flux models.
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» Determine 0,5 using measured rates in each detector: 13
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sin®20,, = 0.089 £ 0.010 (stat) + 0.005 (syst)

sin?20,; = 0 excluded at 7.70

6. [18.7° The smallest lepton mixing angle is comparable to largest (Cabibbo)
13

guark mixing angle.
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The disagreement of the

spectra in far and near hall

provides further evidence

of neutrino oscillation.

The ratio of the spectra is

consistent with the best-fit

oscillation solution of
sin?28,, = 0.089

obtained from the rate-only

analysis.

Currently the result is only
from rate analysis!
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CONCLUSIONS

-A non zero, surprisingly large value of the third mixing angle theta 13 has been measured in 2012.
The result is important as it opens future searches for violation of CP in lepton sector.

-After 2011 hints for non zero value of thetal3 from accelerator experiments, combined data and
Double Chooz it is important that today we have:

- convincing results from Daya Bay with the significance of 7.7 sigma reported at Neutrino 2012 (
the discovery of non zero value with significance exceeding 5 sigma was announced in March and
published)

-observation paper published from RENO (significance close to 5 sigma announced in April and
published) and

-latest results from Double Chooz (3 sigma significance reported at Neutrino2012 is now on arXiv).

-One can expect improvements in near future:

- reduction of statistical errors and systematic uncertainties with more data
- shape analyses

- completion of Daya Bay setup (2012)

- near detector at Double Chooz experiment (2013)

Already now the three experiments collected several hundred thousands antineutrino interactions
and | am convinced that new, interesting analyses will be performed using such unique set of data.



