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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: Uﬁ E<Vf Vi>:>Vf>:Ufi Vi>

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 813 and two Majorana phases au.2.
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Majorana phases a are
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If masses of mass eigenstates are different
then probabillities oscillate:

Lasttermis CP and T odd and itis  #0 only if:
- all three mixing angles #0 and
- Sin(d) #0 (imaginary part of exp(i ) #0)
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Amplitude of oscillations = sin3(2  0),
oscillation length is inversely proportional to Am2
L
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R, (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 ‘=15 km/ MeV. = 15000 km/ GeV.
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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

both measurements done at small values of L/IE~0.5km  /MeV = 500 km/GeV:

m, T
m? /1 .
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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
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T violation:
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Disappearance probabilty

B v (X) ﬂ‘Z‘WU fi

i<j
Disappearance probabilty for electron (anti)neutrino S:
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For Daya Bay the |¥IS’( term is <0.1%:
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Daya Bay Is one of three competing experiments

~ "~ RENO (Korea)
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Daya Bay Site Guangdong, China

Ling Ao NPP
2x2.9GW

Ling Ao Il NPP
2x2.9GW

6 reactors:
17.4 GW total (thermal) power
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Experimental Layout

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

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

6 of the 8 detectors
have been taking

physics data since Dec.
2012

ing Aol NPP
: ' P 2:.-2??"‘.. -
The remaining two - o Ry . F
detectors will be : | b |
installed and . Y ngmd Scintillator 111[1
commissioned later : S ':, eriggance
this year. . -/L:%— we

Tntal Ttmnel length |-
~ 3000 m
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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 in each fission.

T

1 235 139 A 1
Nt LU - Bat Kr +37n

210"V / s/ GW,,
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Detection of antineutrinos:

Interactions with protons via so called Inverse Bet a Decay

(IBD)

Vet p - n+e' Ve + p —> n+e+

(EV,THR +m, )2 - EVZ,THR = (mn + me)2

_(my+m)-mi _m +m,+m,

E =
v, THR zmp zmp

=1.00096(m, —m, +m,)=1.83MeV

(m, -m, +m,)

Only antineutrinos with energies
larger than 1.8 MeV interact.

Detected energy spectrum is the product of
original energy 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
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Detection of positron and neutron is done using Gd-

B doped Liquid scintillator
V.+p - e +n

T =28 Us(0.1% Gd)

n+Gd—> Gd*+y(8 MeV)
(n+p 2>d +Vy(2.2 MeV))

Neutrino Event: coincidence in time, space

and energy
“Prompt” “Delayed”
Eprompt :Tk,e’f + 2rne
E =Epom t (m, - m, = m)+T,, O Eom +0.8MeV Neutrino energy:
E|7 +Tn +(Mn _M p)+me+
\ ' | - D
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Neutron capture on Gadollinium

'E, =8.048MeV
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Anti-neutrino detectors

* The Daya Bay anti-neutrino detectors (ADs) are “three- Calibration

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

» Zones are separated by acrylic

Stainless Steel
Vessel (SSV)

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
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Detector calibration

*% Calibration is key to the reduction of the Trlfet ‘;a“':;ration Ll ||°er detector
detector-related systematic errors: el pliey A Clne el eIt e ) 4

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

R=1.7/75m R=0 R=1.35m

—

0 %8Ge (1.02MeV)

Energy calibration
0 90Co (2.5MeV) — (linearity, detector

response... etc
0 241Am-13C (8MmeV) P )

~ Timing, gain and
0 LED relative QE

—_—

, Automated Calibration
» Can also use spallation neutrons .
) . . . . Units
>s {uniformity, stability, calibration; are€t€)s seminar



The water Cerenkov detectors

/

% The detectors are immersed in an
instrumented water pool:

» Double purpose:

v Attenuates ambient neutrons as
well as gammas

v" Serves as a Cerenkov detector to
tag cosmic ray muons.

* The water pool is divided into two
optically decoupled detectors:

)

Inside of Outer Water Shield

v Allows for increased redundancy
and thus better tagging efficiency

L)

* The pools are covered with a
retractable RPC roof for further
cosmic ray tagging.

L)

(in commissioning; not used for
first analysis)
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inner water shield
/ outer water shield

e Quter 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

e 4-layer RPC modules above
pool

e 54 modules in each near
hall

e 81 modules in Far Hall

AD support stand Soieretis /
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Assembly of Anti-neutrino detectors

ADs are assembled in clean-room

Stainless Steel Vessel
(SSV) in assembly pit

Install lower reflector |

i ~. L2
My, \‘Q“‘.,\l

InstzaEI'IS)&%lrzylic Vessels
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Near Hall (EH1) Installation g 30 e

ADE 5 Ling Ao NPP

.......................

Daya Bay NPP

s
g F 4

"'1°Place

S

- 1m



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 LAP




Automatic Calibration system

e Three Z axis:

— One at the center

* For time evolution, energy scale, non-
linearity...

— One at the edge
* For efficiency, space response
— One in the y-catcher
* For efficiency, space response
e 3 sources for each z axis: R-L7Sm R0 Relim
 for T,, gain and relative QE
— %8Ge (2%0.511 MeV Y's)
e for positron threshold & non-linearity...
— 221Am-13C + ®°Co (1.17+1.33 MeV Y’s)
* For neutron capture time, ...
* For energy scale, response function, ...
 Once every week:

— 3 axis, 5 points in Z, 3 sources
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800
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400
200

2Coll 1 L — 2ONi” [ - 2 Ni

(Ey =1173.2 +1332.5 = 2505.7MeV)

Energy (MeV)

Figure 15: The energy spectrum of the °®Ge source.
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25.5.2012

Resolution (%)

Y
M

Y
o

ENERGY RESOLUTION

- *ADL 75 o9

0 AD> \/ E (MeV)

Ge

n H-capture
(spallation)

]

.
n Gd-capture

(AmC, IBD, spallation)

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

Figure 25: Resolution of reconstructed energy.
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Detailed comparison of AD1 and AD2
arXiv:1202.6181

~ 4000
m o
= -
« - S —e— AD1
S soooh : * .
= 3000} 4 + —5— AD2
2 i
] B -e- o
& i T
2000 - =
B cm=
: = iln
I .
1000 - -
R v .-
. -
L .!’.-.
= | A Emam s S
Q _
< n
5 12— R = 0.987 = 0.008(stat.)
<L : +‘+ I—F—-—
1_=-:-.-_r 2 .T 1 RN
0.8—
L . ————
0 5 10
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Antineutrino (IBD) Event Selection

e |IBD Selection

— Prompt positron: <E,<
— Delayed neutron: 6.0 MeV <E ;< 12 MeV
— Capture Time: < At=tdelayed-tprompt <

* 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
e Multiplicity

— No other signal > 0.7 MeV within £200 ps of IBD

Prompt positron + delayed neutron correlated signal is
signature for IBD events
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IBD Selection

— Prompt positron:

— Delayed neutron: 6.0 MeV <E ;< 12 MeV

— Capture Time:

25.5.2012

< Ep <
< At<
— 20—
Ew: ' I
- [ -__11 .
= B LY ]
S 16 . "'4- =410
s b . : :
o 14t £ -
L —.'_-. Y
S 12f R
o - ‘ ]
e -
8L | : = 10°
6 | ™=
al- al 10
T I LTI
[ |III|III III III.IIII|III|III 1
2 4 6 8

s

1‘.'] 12 14 16 18 20
Delayed energy (MeV)
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FIG. 3. Daily average measured IBD rates per AD in the three ex-
perimental halls as a function of time. Data between the two ver-
tical dashed lines are used in this analysis. The black curves are
no-oscillation predictions based on reactor flux analyses and detec-
tor simulation for comparison. The predictions hae been corrected

: 5.5.2012 . i . ARP Annecy seminar
with tlee %Est—ht normalization parameters in determining Sllliegé]lg,
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Daya Bay NPP



Backgrounds

ADI AD2 AD3 AD4 ADS5 AD6
IBD candidates 280935 28975 22466 3528 3436 3452
DAQ live time (day) 49,5530 49.4971 48.9473
Muon veto time (day) 8.7418 8.9109 7.0389 0.8785 0.8800 0.8952
T 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538
Accidentals (/day) 9.824+0.06 9.88+0.06 | 7.67+0.05 | 3.29 +£0.03 3.33 +0.03 3.12 +0.03
Fast neutron (/day) 0.844+0.28  0.84+0.28 | 0.744+0.44 | 0.04+0.04 0.04+0.04 0.04+0.04
“Li/*He (/day) 3.1£1.6 1.8+1.1 0.1640.11
Am-C correlated (/day) 0.210.2
¥ C(a, n)'°0 background (/day)| 0.0440.02  0.0440.02 | 0.035+£0.02 | 0.03+0.02 0.03£0.02 0.03+0.02
IBD rate (/day) 714.17+4.58 717.86+ 4.60|532.2943.82|71.78 + 1.29 69.80+1.28 70.39+1.28

TABLE II. Signal and backgrounds summary. The background and IBD rates are corrected for the ¢, - €., efficiency.

z F -, 2000
.,E., 4000 — EH1 —4— Signal E Sienal E -
2 - 7 Accidentals & & & o s EH3 — Signal
= T = A.a:]‘dentals s [E5 Accidentals
3 Lithium-9 = 1500 Lithium-9 - {75 Lithium-9
= — 2 K} .2 % £ o B -
E 3000 YAm.C E Mam-C £ 600 Mam-"C
5 [ Fastn il 2] Fast n 5 r £ Fastn
2000 : S 1000~ S i Eoun)
2000 - . : 400 |- e
: or9t signal 22466 signal : 10416 signal
wooE- candidates sl candidates ol candidates
(]- 1y . L ﬂ-. |‘.H.!“‘I.-4. L l'l- e e e L — Lovgs
0 2 = [ 8 10 12 0 8 10 12 0 2 4 6 8 10 12
Prompt energy (MeV) Prompt energy (MeV) Prompt energy (MeV)
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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

Muon VETO:
1s after an AD shower muon
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Results of large overburden and strict showering
muons veto cut is that Daya Bay Li/He background
is suppressed and the background is dominated by
accidental coincidencies and is concentrated

at low neutrino energies.

Entries / 0.25MeV

In Double Chooz and RENO the background is st|II dominated by decays of Li/He isotopes

< 700 T T T
2 C —— Double Chooz Data ]
I FEoo o N | No Oscillation 5
g *j“ Best Fit: sin’(20,,) = 0.086 ]
% = T for Amd, = 2.4-107 ev? J
S 500 i ] Summed Backgrounds (see inset) | 7|
w Lithium-8 1
[ ]"Rast nand Stopping 1
400 [— 771 Acdidentals —
: T T AN
= = 20~
300 v M : -
£ s 3 - ]
C 3 w0 .
200 i
F 3 ]

2 4 6 8 10 12
EnergyMev] ]

RNk

Enargy deviation [%]
bbb
i

(Data - Predictedy(0.5 MeV)

é 16 12
Energy [MeV] A
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Systematic Uncertainties

Detector For oscillation analysis,
Efficiency Correlated Uncorrelated Only uncorrel ated
Target Protons 0.47% 0.03% . .
Flasher cut__ 99 98% 001 0.01% uncertainties are used.
< Delayed energy cut 90.9% 0.6% 0.12% >

Prompt energy cut 99.8806  O.10% 0.01% La rgest systematic

Multiplicity cut 0.02% <0.01% uncertainties:

Capture time cut ___ OR A%, 0126, 0.01% o Delayed energy cut

Gd capture ratio  83.8% 0.8% <0.1% e Gd capture =

Spill-in 105.0%  1.5% 0.02%

Livetime 100.0%  0.002% <0.01% * Smaller than far site

Combined 78.8%  1.9% 0.2% statistical uncertainty
Reactor (1%)

Correlated II Uncorrelated
Energy/fission  0.2% | Power 0.5% Influence of uncorrelated
v /fission 3% Fission fraction 0.6% reactor systematics (0.8%) is
Spent fuel 0.3% only 0.04% on oscillation
Combined 3% < Combined U.ED analysis.
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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
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10° Bt A

EH3 AD3
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2 Ao ik
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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:

P 2(m)’, ™ 2KT
— =17 |lveX =Dmp. v= |~ [ - 2200m/s
dv ﬂ(kT) —mp \/; bt

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®

)= mg;med = 28.345
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Entries / 4us
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o
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Asymmetry
o
ha
1
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Figure 14: The neutron capture time on Gd from the Am-°C source

at the detector center.
25.5.2012 LAPP Annecy seminar



L3
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[—
Ju—
h

E B e |4
2 - AD3 Ling Ao-1I NPP
- EH2 o L1
— 11 EH3 ® |2
9 B AD6 :
2 R AD4 Ling Ao NPP
: L o
3 R ADS5
Z 1.05 —
i AD1 AD2
1F NO-OSCILL
[ PREDICTED " kL
[ — Daya Bay NPP
0.95
09 |
B | I | I L1 I | | |

0O 02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]

_ Farweasured _ My + Ms + Mg

R

Fﬂrt’.l’_ﬂr‘t‘fﬁ’ﬂ' E?z_;{ﬁjfﬂﬁ -+ fﬁg] + ﬁ;‘ M_ﬂ
M_ : measured rates in each detector.

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

no oscillations assumed.

R =0.940 £ 0.011 (stat) + 0.004 (syst)

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

\/

% Determine 0,; using measured

Uses standard x? approach:
(x2/NDF=4.26/4)

. Z“: [Mg—Ta (1 4+ e+ X, wiar +24) +1m4)”
X M,

Far vs. near relative measurement.
[Absolute rate is not constrained.]

Consistent results obtained by
independent analyses, different
reactor flux models.

rates in each detector:

= 1.15

C

expect

—
—

—
<
n

N detected /N

1

0.95

0.9

C’_|||||||||||

02 04 06 08 1

sin®20,;, = 0.092 £ 0.016 (stat) + 0.005 (syst)
sin?20,; = 0 excluded at 5.20

12 14 16 18 2
Weighted Baseline [km]

4. [18.8° The smallest lepton mixing angle is comparable to largest (Cabibbo)
13 "

uark mixing angle.
25.5.2012 q g g
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% 800 | —4— Far hall

The disagreement of the S —— Near halls (scaled)
spectra in far and near hall £ °°F

provides further evidence = 4003_

of neutrino oscillation. i

The ratio of the spectra is 200

consistent with the best-fit

oscillation solution of OF e

o, B I ‘ ----- No oscillation

sin226,, = 0.092 1.2f — Best Fi

obtained from the rate-only
analysis.

Currently the result is only
from rate analysis!
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Global situation of 0,

Daya Bay
sin220,, = 0.092 * 0.016 (stat) * 0.005 (syst)
Phys.Rev.Lett. 108 (2012) 171803

B Recent results from RENO
Previous results suggest d

> % = “ast neutroon
non-zero 0, . SN S
q 305 Bk E59°Li/ He
= ~— =
<1000 220¢ .
T2K 31 E D = \
‘ = e /ﬁ:}_\\ \\.'\\\1
0.03(0.04)< sin? 26,3 < 0.28(0.34) é e—————
PRL 107, 041801 (2011) 00 Prompt energy [MeV]
MINOS i Nk g
2sin®(f23) sin” (2613) = 0.04170°051
PRL. 107, 181802 (2011) 0 o .
8 i T
Double Chooz $ b Nodkdimahisn® Ofdatal
sin2(2 0,,)=0.086 + 0.041(stat) + 0.030(syst) = I:ﬂ-r---{‘%;----‘ Ty ) |
SRS ST LICL L RLFT 34 0008
Y. Abe et al. PRL 108 131801 (2012) osp Tt vy

Prompt enerlgﬂy [MeV]
sin?20,; = 0.113 + 0.013 (stat) * 0.019 (syst)
(http://arxiv.org/pdf/1204.0626v2.pdf)
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CONCLUSIONS

-Daya Bay experiment has started to take data with 3 far and 3
near detectors on December 24, 2011

-Daya Bay has the highest sensitivity to 6,; among all the other
experiments that are currently in operation or under construction

-With 43 ktons x GW x day exposure in 55 days,
the (6.0 +- 1.1(stat) +- 0.4(syst)) % deficit of neutrino flux in far
detectors has been measured

-This result implies the value of
sin220,,=0.092 +- 0.016(stat) +- 0.005(syst)
with a significance of 5.2 o
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