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Neutrino mixing - 3 flavors x 3 mass case:

Canonical representation of Pontecorvo-Magi-Nakagawa-Sakata mixing matrix is done by ordered
product of 12, 13 and 23 rotations, one Dirac CP violating phase & connected to the smallest mixing
angle 013 and two Majorana phases a1,2:

v\ (1 0 0 ) cos(6;) O sin(f)-e™
v, |=10 cos(f,;) sin(b;) | 0 1 0
V. ) \0 —sin(6,;) cos(b,,), \—sin(913)-ei5 0 cos(6;)

(cos(8,) sin(6,) 0Ye*? 0 0) (v
—sin(8,,) cos(8,) O 0 €&** 0]-v,
L0 o 1f o 0o 1)\,

Majorana phases a are
irrelevant for oscillations.
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R/—)V (L / E) Mixing angles determines the
Le KH & 1 oscillation amplitude, mass

m> _ splitting is inversely
3 proportional to the oscillation

length.

AM? ~ Am§2 ~ Am321
=2,5-10"elV?* =(50meV)’

tmospheric, Accelerator, Reactor

un, Reactor .
Only reactor neutrino

experiments can measure
m2 oscillations governed by
2
both large and small mass

e mm M 2751076 <87 mev ) Dot
m, splitting.
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Electron (anti)neutrino disappearance does not depend on CP violating phase 6, nor mixing angle 0,; , matter effect is
negligible:

2 2 2 A
P’*_ =1-cos* 6,sin*(26,, )sin’ Amy, L sin®(26,, ) cos” 6,, sin’ Am;, L +sin’ @, sin’ Amy, L
4hic E 4hc E 4h

ve—ve
/

2 o
=1{cos* 6, sin>(26), )sin? 2721 & Sinz m;,
dhc E 4hc

Only one
Sub-percent contribution at the first . 4 v v
unknown

. 2
local minimum. my [
parameter 3

Electron (anti)neutrino

disappearance exPeriment Daya Bay can also measure the Ameze =
at the distance of 2 km is effective mass splitting Am321 cos> 912 +Am322 sin> 912
pure measurement of the :
mixing angle 6. Ol —

: . : 1 -
There are 3 reactor neutrino experiments at km distance: ___v —

Daya Bay, Double Chooz in France and RENO in Korea ﬂ
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Experimental layout

ki

Far detectors are placed at ~2km from
the cores. At this distance the largest
effect of oscillations is expected

Far Hall
1615 m from Ling Ao |
1985 m from Daya Bay §
350 m overburden

Ling Ao Near Hall
R 481 m from Ling Ao |
8l 526 m from Ling Ao |l
112 m overburden
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3 Underground

- " ;’,,Wr
Experimental Halls 7

DG W ~E, N o o Daya Bay experiment is
: - located in southern China.

S Near detectors monitor
W the flux of the cores.
-3 7 BT 2 Nuclear cores with total
thermal power of 17.4 GW
emit ~3.5 10%! electron

antineutrinos per second.

Ling Ao |l Cores
Ling Ao | Cores

Neutrinos are detected by
_ 8 identical detectors

m 8 operating detectors placed in two near halls (2
GRS RET MG FE in EH, 2 in EH2) and in
‘ 3 Daya Bay Cores one far (4 in EH3).

Hd

m 17.4 GWy, power

s



Anti-neutrino detectors

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

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

» Zones are separated by acrylic

Stainless Steel
Vessel (SSV)

vessels:
Zone Mass Liquid Purpose 192
Inner Gd-doped Anti- PMTs NN
acrylic 20t liquid neutrino '
vessel scintillator target
Gamma Mineral oil _|
Outer Liquid catcher — -
acrylic 22t —d (from Liquid Scint.
scintillator
vessel target
Zone) 20-t 6d-LS
Stainl 5m
aintess Mineral Radiation
steel 43t . -
Oil shielding
vessel
» Top and bottom reflectors are
used to increase light yield 4
A

» Energy resolution: 6 /E = 7.5%/VE+0.9% 5m
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Assembly of Anti-neutrino detectors

ADs are assembled in clean-room

Stainless Steel Vessel
(SSV) in assembly pit

nd

Install lower reflector

—
DA —
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Antineutrino detectors are
immersed in instrumented
water pools and covered
by RPC detectors from the
top

11.6.2016

. inner water shield
- outer water shield

Outer layer of water CerenkovReCs

detector (on sides and bottom)

is 1m thick, inner layer >1.5m. = "o

Water extends 2.5m above ADs
288 8” PMTs in each near hall
384 8” PMTs in Far Hall

4-layer RPC modules above pool
* 54 modules in each near hall
e 81 modules in Far Hall
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Near Hall (EH1) Installation

Data takmg started on 15 Aug 2011
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Detection of antineutrinos: Inverse Beta Decay (IBD) 1}/, p —>NnN+e

2 2
i (m, +m,) —mp_mn+mp+me( )
v,THR — - m, _mp +me
2m 2m

p p
~m,—m,+m,=183MeV

Arbitrary

Only antineutrinos with energies
larger than 1.8 MeV interact.

Detected energy spectrum is the product of
reactor neutrino Flux 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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From Bemporad, Gratta and Vogel

Observable v Spectrum




Detection of antineutrinos via Inverse Beta Decay (IBD) is performed by the
coincidence of prompt signal from positron and delayed signal of neutron
capture on Gd (or H).

Capture on Gd

Vet p—on+e' D B

0.1%Gd =5 (7, ) = 29115

v

n -
el+
.
!! \ Y
XEprompt — Tk,e+ + 2me
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E =E +0.8MeV

prompt



Neutron capture on Gadollinium

Entries/0.05MeV

300
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Prompt .vs. Delayed Signal
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In presented nGd analysis more than 1 milion
inverse beta decays have been detected in near halls

and more than 150 thousands inverse beta
decays have been detected in far hall

EHI EH2 EH3
ADI AD2 AD3 ADS AD4 AD5 AD6 AD7

IBD candidates 304 459 309 354 287098 190 046 40956 41203 40677 27419
DAQ live time 565.436 565.436 568.03 378.407 562451 562.451 562.451 372.685

(days)
e, (0.8248 0.8218 0.8575 0.8577 0.9811 09811 0.9808 0.9811
Sy 09744 0.9748 0.9758 0.9756 0.9756 0.9754 09751 0.9758
Accidentals 892+009 8941009 6.76+0.07 686+0.07 1.70+:0.02 1.59+0.02 1.57+0.02 1.26 £0.01

(per day)
Fast neutron 0.78 £ 0.12 054 +0.19 0.05 £ 0.01

(per AD per day)
9Li/®He 28+ 1.5 1.7+ 09 0.27 £0.14

(per AD per day)
Am-C correlated 027012 Q2540101 027+0.12 0.22+£0.10 0.21 £0.10 0.21 £0.09

6-AD (per day)
Am-C correlated
8-AD (per day)

0.20+£0.09 0.21£0.10 0.18£0.08 022+0.10

0.06 £0.03 0.04£0.02 0.04+£0.02 0.07£0.03

3C(a, n)'°0 0.08 :0.04 0.07=0.04 005x0.03 007x0.04 005003 0.05£0.03 0.05+0.03 0.05+£0.03
Bh e CESTIB £ 194 670.14 + 1.95 594.78 + 1.46 590.81 ETI6T3.90 £ 0.41 74.49 £ 0.41 73.58 £ 040 75.15 £ 049
(per day)
Daily rate is ~2500 IBD events in near halls and ~300 IBD events in far hall.
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IBD Rate (/day/AD) IBD Rate (/day/AD)

IBD Rate (/day/AD)

IBD event rates follow reactor powers.
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4072013

Due to oscillations measured
rates in the FAR hall (EH3) are
lower than expected.



Inverse Beta Decay Events Selection (nGd)

Arbitrary

From Bemporad, Gratta and Vogel

Observable V. Spectrum

6 < Eppea <12MeV

Entries/0.05MeV

0.7<E <12MeV

prompt

|
9 95 10

E . - 1 a1
65 7 75 8 8.5

Energy (MeV)

No signal > 0.7 MeV

> > € >
200 s 1 < At <200us 200 s

Prompt-delayed coincidence:
— Prompt positron: 0.7 MeV < E; < 12 MeV Delayed neutron: 6.0 MeV < E; < 12 MeV

Capture Time: 1 us < At< 200 us

Multiplicity:

No signal 200 ps around IBD

Muon Veto:
Pool muon (muon detected in water pool): veto following 0.6 ms

Muon signal (> 20 MeV) detected in AD: veto following 1 ms
High energy muon signal (AD shower muon >2.5 GeV): veto following 1 s (that is >5 T,,, of °Li / 8He isotopes)

11.6.2016
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Backgrounds ’f

-Accidental

coincidencies of neutrons
produced by cosmic muons
and natural radioactivity

Fast neutrons \
Recoiled protons mimic b p

the prompt signal

H \
9Li and 8He |sotope§\ |
Beta decays with neutron emission ‘

Workshop Capri, 11-13 May




Li and 8He isotopes background
These isotopes are products of photonuclear interactions of cosmic muons on C nuclei

39Ll T,,,=178ms 50% >fBe _|_ ;e _@ QO =13.607 MeV  Electron produces prompt signal.

Due to lare Q value it spans whole
spectrum. Together with released
neutron it fully mimic the signature
of antineutrino signal.

Be > a+a

97 . T, ,,=178ms 50%
Ll 1/2 L

\9 . 1)

8 T,,=119ms16% (771 - - =10.651 MeV
Ho— Tty Gy, Q10651 M

SHe—102=0m2% 515" +e” +v.
SLi —>iLi +0.98MeVy

87 = 1,,,=840 8 -
JLi —2—= > 'Be+e +V.

Be > a+a
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Measurement / Prediction

RATE ANALYS'S Rate analysis measures only 613

, = Measured near detector rate is
::Sc’fc(;zredlct rates in FAR 51 d Predicted rate in FAR hall:
ays | = - |
008 I Ngn3 = aNgy; + PNgns
: NEH3
0.96 — = =
- —4— nH data NEH3
0.94 B --- nH best fit . Rates measured in FAR detectors
' - + nGd data are lower than predicted due to
— - —-- nGd best fit oscillations
0.92 — == nH+nGd result
09 B [ T N N N NN N SN N NN NN SAN N SN N S S N
0 0.5 1 1.5 2

Weighted baseline [km]
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SPECTRAL ANALYSIS spectral analysis measures 813 and Amee? and provides unambiguous proof of oscillati
1.1

™

18

Predicted rate in each energy bin 1.05

16
14

12 Measured rate in

SRRNLLEAN LA

10 each energy bin. 0.85

—+— Far site data
== Weighted near site data (best fit)

—— Weighted near site data (no oscillation)

flll|llllIIIIIIIIIIIIHIIIIII]I
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=
©
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Spectral analysis requires detailed knowledge of detecor energy response

Reconstructed Energy / True Energy

1.04

1.02

0.98

0.96

0.94

0.92

o
0
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16
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Events/day (bkg. subtracted)

—+— Far site data
== Weighted near site data (best fit)

—— Weighted near site data (no oscillation)

Scintilator Non-Linearity

1.08

1.04
1.02

Gamma calibration data: y? = 2.16 / 12 peaks

1.9¢

106}

0.96

1 I 1 1 1 l 1 1 1 ] 1

Nominal response + 68.3% C.L.
-————-—--- Cross-validation

1 1 l 1 1

o}
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True Positron Energy [MeV]

OLUl VWUIRDIIUY, Ldpll, L1-1D Ividy
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4 5 4 9

Effective gamma energy [MeV]

B12 spectrum: ¥ = 69.6 / 55 bins

3200 E—— & ot
- o ¢ Data
3000 p—
= Best Fit Model
2500 — [ Total
E ceesTig
- - "N:2.7%
1500 F—
00—
so0f—
12 1 ‘
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Result of spectral analyses is simultaneous fit of (almost uncorrelated) values
of 013 and mass splitting Am?2ee

in2260,; = 0.084 + 0.005

1
15 f - —
2 10E- \ / = e
< E X Fi = T o095
5 = == I>°
E \p-/ ; = T
n 1 I |} L L] L T 1 L Ll L l Ll T | ] —.-‘Illfllllrlllllllg
R 11 99.7% C.L. i ' 0.9
A 955%CL
0 0.2 0.4 0.6 0.8
C\; 3 I 68.3% C.L 1 Leﬂ/ <Ev) [km/MeV)
@ - e PBest fit T
- i 1
o 3 1
= 25
s |
S [
2
| Daya Bay: 621 days 1 mr
1. 1 1 1 1 1 1 1 L 1 1 1 1 1 L 1 1 L1l Liil Lill L1
50 0.05 0.1 0.15 5 12 15
sin°26,, Ay
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Dec 2011 Major milestones of the Daya Bay experiment

Start of the Summary results with 6AD
data taking March 2012 ) .
Proposal with NEAR+FAR observation First meas First meas of 013

Dec 2006 of theta1320 of Amee  in nH capture

Aug 2011
/ Data taking Results with 6AD + full 8AD

with NEAR det.
2011 2012 2013 2014 2015 2016

nH ‘
! |

0.15

0.1

sin® 20, .

0.05

e P

Near detectors

- -

JE—— |
Far detectors | ;[
6 AD 8 AD — full config. >2 more years of data |
3 NEAR + 3 FAR 4 NEAR + 4 FAR not yet published
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PRL 108, 171803 (2012) P l-llggellécj:iforRaEv\j’e]wg)\:/m Tg'lll'\'ls"gk S 27w§c}¥R‘I:Edi2%gl 2 DAYA B AY n G d R ES U LTS

§in®20;3 = 0.092 * 0.016(stat.) = 0.005(syst.) Observation - 18% precision

Chinese Physics C  Vol. 37, No. 1 (2013) 011001

Improved measurement of electron antineutrino
disappearance at Daya Bay"

sin?2013=0.080-+0.010(stat.)=0.005(syst.)

week endin,

PRL 112, 061801 (2014) PHYSICAL REVIEW LETTERS 14 FEBRUARY 20141

£

Spectral Measurement of Electron Antineutrino Oscillation Amplitude and Frequency
at Daya Bay

sin? 20,3 = 0.0907 0005 |Am2,| = (2.59731%) x 1073 eV?

week endin

PRL 115, 111802 (2015) PHYSICAL REVIEW LETTERS 11 SEPTEMBER 201

£

New Measurement of Antineutrino Oscillation with
the Full Detector Configuration at Daya Bay

in226,; = 0.084 £ 0.005 Am?2,| = (242 £ 0.11) x 1073 eV?

11.6.2016 6% precision 6th Workshop, Capri, 11-13 May 4.5% precision




PHYSICAL REVIEW D 90, 071101(R) (2014) DAYA BAY n H R ES U LTS

Independent measurement of the neutrino mixing angle #,; via neutron
capture on hydrogen at Daya Bay

§in220,, = 0.083 + 0.018

PHYSICAL REVIEW D 93, 072011 (2016)

5

New measurement of #,3 via neutron capture on hydrogen at Daya Bay

Sin?' 20]3 — 007 1 =001 || 15.5% precision This results has the same precision as recently published

updates measurement of RENO Experiment.

11.6.2016 6th Workshop, Capri, 11-13 May



Measurement / Prediction

Combination of nGd and nH results

1 e T
= Daya Bay: 621 days
0.98 N
0.96 | :
L _4 nHdata } sin?260,; = 0.071 = 0.011 —
[ - —_ nH best fit Nl T 4.9% precision
0.94 = _4 nGd data
- --- nGd best fit
0.92 — == nH+nGd result -
= sin26,; = 0.084 4 0.005
0.9 - 1 1 1 1 l 1 1 | 1 l L 1 1 1 l 1 1 1 1
0 0.5 1 1.5 2
Weighted baseline [km]
nGd result

4.5% precision

11.6.2016
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Importance of precise measurement of 613

=sin’ 6, =(2.09+0.10)%

1. We know precisely the electron neutrino content ‘U
in the m3 mass eigenstate:

2. 013 is also measured via an appearance of electron (anti)neutrinos in muon (anti)neutrino beams in T2K, MINOS and
NOVA. Measured appearance probability in these experiments is the function of 813 but also of yet unknown CP violating
phase, neutrino mass hierarchy and the octant of 623. Comparison of reactor and accelerator measurements will shed a
light on yet unknown variables of neutrino mixing.

sin® 20,,"7"  sin>26,,"(5, NH /IH, 0,, <45°/0,, > 45°)

3. The effect of CP violation in neutrino oscillations is proportional to 613: COS ((913) sSin (26’13) ~ (.28
P (L/E)-P (L/E) =2sin(0)cos(6,,)sin(20,,)sin(20,,)sin(20,,)

v,u—)ve vu —
2
X sin Amy L sin Am;, L sin Amy, L
4hc E 4hc E 4hc E

11.6.2016 6th Workshop, Capri, 11-13 May



CP and T violation in lepton sector can be investigated with neutrino

oscillations
CPT:

-
]
CP violation:
CcP Icp - D
O -
T violation:
I)_ _  —— P O - O

T — —
Va—=>Vp VE—>Va

With current experiments we can probe CP P- — (L / E) — P (L / E)

symmetry: ViU —> ve vu —> ve

To measure T violation, sources of electron P (L / E) _p (L / E)

neutrinos with GeV energies will be needed. Vi — ve ve —> v

11.6.2016 6th Workshop, Capri, 11-13 May



Importance of Am2__. measurement
g o Ami,(NH)=(2.37%0.11)-10" el

Am2,(IH) =—(2.47+0.11)-10 e}

Uncertainties are compatible to those measured by muon neutrinos disappearance
experiments MINOS and T2K.

This year we will celebrate 60 years from the discovery of neutrino. Even after 60 years
we still do not know absolute values of neutrino masses. Results of neutrino
oscillation experiments provide lower limits of neutrino masses.

Normal hierarchy:

m1=0, m2 =~8.7 meV, m3 =~50 meV =2 mve =~3 meV; Zmi =~60meV

Inverse hierarchy:
m3=0, m1,m3 =~50 meV =2 mve =~50 meV; 2mi =~100meV

11.6.2016 6th Workshop, Capri, 11-13 May



Searches for light sterile neutrinos.

Fourth neutrino mass eigenstate imply three additional mixing angles 6,,, 6,, and 8, (cij = Cos(8 ij), sij = Sin(0 ij)) and two
additional CP violating Dirac phases:

1 1 cl4 s14 Ujlx3 Uj;3 Uj;3
gvi_| ! c24 5247 1 Uy uy Uy
¢34 §34. %3 1 1 v ouxy vy

— 5§34 .79 ¢34 — 5§34 .79 c24 —sl4 cl4 1

Electron (anti) neutrino disappearance measurement is described by the Uei terms of the
mixing matrix and is sensitive only to 1-4 mixing

UMt =cl4-U" N
1 p44 ~ 2 1_ p3*3 .2 4e
Ut =gy —p 1R Eeos 6. N1-P2") U ane E

4x4 3x3
ULt =cl4-U3; R R e s .
4 x4 m4e - 3x3 2 3x3 2 3x3 2 - m41
U =514 | + o] +|u
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week ending

PRL 113, 141802 (2014) PHYSICAL REVIEW LETTERS 3 OCTOBER 2014
S
Search for a Light Sterile Neutrino at Daya Bay Effect on measured spectra:
i 12 g2 ——Data  []Unc. of 3v prediction
10" b = 11E NEAR DETECTOR
= LI " S ¥ + e
- T 1
B £ 18 ; -+
B e = 2 2 2 *
— » = = - Am4 = 4x10 " V7 Am =4x10 eV
> 10 — sin'268 _01Dassumed
e T e
s W 1.2 g
E i - = FAR DETECTOR je
< | \'gﬂfz\»
== DayaBay 95% C.L. = = - i’ ge L g
3 a 1 [t . I
10 . % E'? ilce -n
[ — o, (()] -l ' > ° - E W assssannan '-. T
- DayaBay 95% CLs g 0.9 i |
[ === Bugey 90% C.L. (40m/15m) 0'8:,_.....;..,...........1..............
i 1 2 3 4 5 6 F 3
10‘4 Ll Ll L1 11 Promptenergy (MEV)
10° 10” 10" 1
sin’ze“ Daya Bay result yields world most stringent limits on 614

for Am?,, below 0.1 eV2.
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Precise measurement of the reactor neutrino flux

week endin,

PRL 116, 061801 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

B

Measurement of the Reactor Antineutrino Flux and Spectrum at Daya Bay

i1 g
% 3 + Daya Bay (stat.) ea - 1 1 .
E i & Daya Bay w fission-! fraction corr. (stat.) . = I B D yl e I d a n d tOta I n e Utrl n O fl ux ¢
7 | ——— Daya Bay near site combined (syst.) 7] L]
% g Huber—Mueller Jeoz &
o~ i ~ ILL-Vogel 1 %
ng 1.6 Il IBD Yield
s | b a H g0 2 Y (cm? GW-! day™!) (1.55 +0.04) x 10-!8
Xk o { ‘}' H 1 & o (cm*fission™") (592 +0.14) x 10743

ozl 1 . 1 . 1 - Data/Prediction

~ AD1 AD2 AD3  AD4 AD5  AD6  Model R (Huber-Mueller) 0946 £0.022 >

1.2 R (ILL-Vogel) 0.991 +£0.023
: L
o 7 A A A o/ A R
o / 7 / ,/T/ﬁ:r ,]_/jz_u LA A AL ///%,,,, /I;a‘j /7
E - SR 11 _ Daya Bay measurement confirm ~5% deficit of reactor
2 o8l ] " DBy neutrino flux wrt contemporary models.
o = . Global average

L 1-0 Experiments Unc.
n 1-0 Model Unc.

Dagt——cd S ==
10 10? 10 ,
11.6.2016 Distance (m) 6th Workshop, Capri, 11-13 May



cm? fission! MeV-1x 10™%

Data/Prediction

‘Unfolded antineutrino spectrum

App 4 sigma discrepancy around antineutrino
energies of 6 MeV is observed.

That is consistent with RENO and Double Chooz
observation.

Ratio of antineutrino spectrum
to Huber-Mueller model
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Summary

The Daya Bay reactor neutrino oscillation experiment measures the value of sin?26,; with
6% precision (via nGd). Measurement via nH capture provide an independent measurement
with 15.5% precision. The combined result has 5% precision.

The precision of [Am2,| is 4.5 % and it is comparable to the results from accelerator
experiments T2K & MINOS.

Daya Bay provides the most stringent constraints on the content of electron neutrino in
hypothetical fourth neutrino mass eigenstate in the region of mass splitting:

1073 eV? < |4mZ,| < 0.1 eV?

Measured total flux of reactor neutrinos confirmed the reactor neutrino anomaly. Spectrum of
neutrinos exhibit an excess up to 4¢ around neutrino energies of 6 MeV.

Further improvement of the results is expected.



