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Neutrinos from Reactors
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Neutrinos Discovered at Reactors

Reines’ first attempt: during nuclear bomb
explosion through the reaction using liquid

scintillator:

v.+p—>e +n
Second attempt— Hanford experiment in
1953: backgrounds more than signals

Third attempt—Savannah River experiment
in 1956: successfully found neutrinos by
adding anti-coincidence veto detectors

Frederick Reines
1997 Nobel prize
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Neutrino Detection:
Inverse-f3 Decays in Liquid Scintillator

V.+p—>e +n

\ T~ 180 or 28 us(0.1% Gd)

n+p =2d +vy(2.2MeV)
n+Gd-> Gd*+y(8 MeV)

| Neutrino Event: coincidence in time,
P RRNNN okl sl MeV space and energy

Neutrino energy: Why LS:
Being both the target and detector

Proton rich material
E =T, +T +(M_—-M_)+m, .
Z e n n p e Good energy resolution
e s | & = .
Easy handling for large volume
Relatively Cheap

10-40 kev 1.8 MeV: Threshold
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Reactor Neutrino Spectrum

* Three ways to obtain reactor

neutrino spectrum:

— Direct measurement

— First principle calculation

— Sum up neutrino spectra.
235, 239py, 241py from their

measured [3 spectra,

238) from calculation (10%)

The v.energy spectrum

Y)

)
)

Observed spectrum
(interactions/MeV ton da

il 1 Lo h L
0 2 4 5 6 7 ) 9 10

’ E, (MeV)
2Netrinos with E<1.8 Mel/
are not detected

Calculated reactor
Vv, spectrum
(10-8 /s MeV GW,,)

Counts (MeV h)™

14
1.2
1.0

08
06

0.4

02

0.8
0.6
0.4

0.2

?.-.;"t 37.9m

1 2 3 4 5 8 7 79



Reactor Neutrinos: a Brief History

Oscillation:
= Early searches(70°s-90’s): —— : _
v Reines, ILL, Bugey, ... Palo Oscillation signal.
Verde, Chooz Nobs/Nexp <1
= Determination of 0,,(90°s-00’s):

v KamLAND Pi=

= Discovery of 6,5 (00°s-10’s):
v Daya Bay, Double Chooz,
RENO =
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= Mass hierarchy(10’s-20’s): 5 1
v JUNO, RENO-50 £ o06p & ek LA
Magnetic moments (90°s-now) o4 5 o g
= Texono, MUNU, GEMMA, ... | & Kmoowrk :
Sterile neutrinos(10’s): ol ¢ IKamLAll\ID
= Nucifer, Stereo, Solid ... 0 10 10 101

Distance to Reactor (m)
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Savannah River experiment —
“Observation of neutrino oscillation”

* 3He neutron detectors immersed in 268 kg
D,O tank placed 11.2m m from reactor :

_ n+n+et (ccd)
Ve +d<n +p+7, (ncd)

* Neutron signal:
n+3He = p + 3H + 764 keV
* Single/double neutron rate = ccd/ncd
* Observed R=reP ./ of I e
=0.40x0.22

F. Reines et al., PRL 45(1980) 1307
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Umbrella
I LL: FI rSt De bate % 7/////19\[:%’/////////
| I NNNEhNaa
 Baseline: 8.7 m 7 Velo N7
* 377/ liquid scintillator detector /Q , N7
* Neutrons: by 4 *He planes in TEZR:'\§§ ' Q/
between LS cells(t=150 ps) 3, ’_’%§j §/ .
* Techniques used until now: cremeers ;§ ' 5/
shielding, veto, background, on/off o  ¢sm /\\\\\\ \§/
Comparison, efficiency, spectrum, /////////////////y//
stability, etc. o
* Neutrino flux: P. Vogel I
PRC19(1979)2259 2 of
* NEXp/NtheO'= 0'89i COUNTgO N 2\2/2) 1.0
0.04(stat.)* Mo | T e ¢ e i
e d « D et al, calculation 0.5
0.14(syst.) 03} g1, T G coeten o
F. Boehm et al., PLB97(1980)310 S rE——— :.3 if b N
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Bugey: a new claim

clojlojojiCclO

/,% PhotaMultipliers

e Modules made of 98 SS cells, each of 0.85 m
long, 8.5 cm x8.5 cm in cross section, filled
with PC based liquid scintillator doped with
0.15% °Li, and viewed by two PMTs at both

ends

* Neutron signal (t =30 us):
n+oLi2>*He+3H+4.8MeV
E,.=0.53 MeV +

PSD Qdelayed/QtotaI
¢ Compare neutrino rate at

&m? (eV?)

14 and 18 m from reactors

0.8 -

J.F. Cavaignac et al, Phys. Lett. B 148(1984)387 T ime .
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Disapproved Again by F. Boehm: Goesgen

* Nearly the same Detector as ILL

 Baseline: 37.9, 45.9, 64.7

 Good agreement with expectation:
rate and spectrum

L Sté;istical. _
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A new era: Atmospheric neutrmo anomaly

Atmospheric neutrino results
stimulate new experiments

— If atmospheric v, 2 v,

— Baseline: ~*1km

F. Boehm: San Onofre =» Palo
Verde (early 90’s =2 00’s)

— From Goesgen

— Difficult stories (California

Gnatcatcher)

Chooz (early 90’s)
— From Bugey+Russians
— a successful story
New techniques:
larger detector,
Gd-LS, MC,
HEP software &
analysis method ...
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KamLAND

alibration Device

LS Balloon

(diam. 13 m)

Chimney

Liquid Sunullamr
{1 kton)

Containment ||
o Vessel
(digm, 18 m)

Ehina West Asia

South Korea

Phot
?nphers

4 l ++— Buffer Oil
*N Outer Detector mar
) , Quter Detector ¢
Lo PMT
] ‘b ’ frlam!w;]\[udhr&dﬂy Cemter 2t ANL, Merr 1959 0N

130°E 132°E 134°E 196°E 138°E 140°E HE'E 144°E ME'E

If solar neutrino problem is due to v, oscillation,
reactor v, can be used to look at it, if CPT is valid and
if LMA solution is correct = a very brave move

2017-8-25 12



KamLAND Results

e KamLAND data 1
— no oscillation

— best-fit oscillation
B accidental

B “Clo.n)" 0

0.8

Events/0.425MeV
(S
Survival Probability

e Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

—

+ -

.

"'|"'|"#"|"'|"'

0.6
B 04
20
B 0.2
oL . >
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Prompt Energy (MeV)

20 30 40 50 60 70 80 90 100

Ly/E, (km/MeV)

R=0.658+0.044(stat) +£0.047(syst)

Excluded neutrino decay at 99.7% CL
Excluded decoherence at 94% CL
Firmly established neutrino oscillation
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Experiments for 0,

* Once 0,; and 0, established in 2003, interests mount on 0,

* No good reason(symmetry) for sin20,, =0

* Even if sin20,, =0 at tree level, sin220; will not vanish at low
energies with radiative corrections

* Theoretical models predict sin?260,5~ 0.1-10 %

1 prerprerr e e o .
0 .~ model prediction of sin220,; —
I —— Palo Verde (excluded) E
i = = CHOOZ (excluded) i s c
TR R S E— SK 90% CL (allowed) - - Experimentally
: = s allowed ST
_f £ at 3o level
EIO 1 i 3
T L :
< i 2—
B —— : ‘
0F w0 TTm——— E T~ 5 . I le_l
- \ I 0 10° 10* 1(11'3 107 405,
o 4 Allowed region 1 Anexperiment with a precision for

20180 02 03 00 B5e0t 07 #% % 1 sin?20,5 less than 1% is desired -



Why at reactors

* Clean signal, no cross talk with 8 and matter effects
* Relatively cheap compare to accelerator based

experiments
« Can be very quick

Reactor experiments:
P..~ 1—sin?20,;sin?(1.27Am?,L/E) —
cos*0,;sin?20,,sin?(1.27Am?,L/E)
Long baseline accelerator experiments:
P . = 5in?0,35in%20,3sin*(1.27Am?,L/E) +
cos20,;sin220,,sin%(1.27Am?2,L/E) —

A(p)ecos?0,;sin0,;esin(d)
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Reactor Experiment: comparing
observed/expected neutrinos:

Typical precision: 3-6 % Precision of past experiments:

14F /
T lx N « Reactor power: ~1%
1.0 e R T
3 T# #‘I’ * vspectrum: ~0.3%
o (0.8 o o
% 0.6 ; ISLaSannah River "-.' :*,'"‘. L] FISSIO“ rate: ~ 2%
Z? 1 o BUgey "._ ._: =
X  Rovno
04r- o (K}:(r)esgen : ¥
A asnoyar o
02F O PaloVerde * Backgrounds: ~1-3%
B Chooz ® Kam[LAND
0.0 - | | | | |
100 100 100 10t 10°

* Target mass: ~1-2%
* Efficiency: ~2-3%

Distance to Reactor (m)

We need a precision of ~ 0.4%
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PMT type EMI 9350 Diameter - 8 inches

Coverage - 20%, PMT Number - 842
bl d Tubes for filling and
I [ ] I

introducing radioactive
sources

* Krasnoyarsk underground reactor

Buffer

* Near-far cancellation
L.A. Mikaelyan et al., hep-ex/9908047

V. Martemyanov et al., hep-ex/0211070 | T

2017-8-25
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Diablo canyon
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Proposed Reactor Experiments

| Kmsnoyar'sk Russia

Braidwood, USA + KASKA J'qpqn

:T.\. "'.."):;i?; _' ¢ r ¥ . ‘-. "’:,‘- \‘.4:\;' ."i v \‘,r"' "'?}'«' 2 bjt"l ; .. “ .’l)[‘

e Y ] [ 7 SRt e Wi
. : RESTE E T et %, . Gao" Ll e
“ ., Lopnd i : ®. o

“i.. ~ 2 JAngra, Brazil

8 proposals, most in 2003
- Fundmental parameter
« Gateway to v-CPV and Mass Hierachy measurements
* Less expensive




How to Reach 0.5% Precision ?

* Increase statistics:
— Powerful nuclear reactors
— Larger target mass

* Reduce systematic uncertainties:

— Reactor-related:
e Optimize baseline for the best sensitivity
* Near and far detectors to minimize reactor-related errors
— Detector-related:
* Use “ldentical” pairs of detectors to do relative
measurement
 Comprehensive programs for the detector calibration
 Interchange near and far detectors (optional)
— Background-related
* Go deep to reduce cosmic-induced backgrounds

* Enough active and passive shielding
2017-8-25
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How to Design a Good Detector ?

L_essons from past:

CHOOZ:
= bad Gd-LS
= PMT in contact
with LS
Palo Verde:
= Bad shielding

= Segmented
detctor

KamLAND:

= Fiducial volume
cut introduce
uncertainties on
target mass

2017-8-25

Energy threshold less than 0.9 MeV
Homogeneous detector
Scintillator mass well determined

Target scintillator all from one batch,
mixing procedures well controlled

Not too large detector
Comprehensive calibration program

Background well controlled = good
shielding

Be able to measure everything(Veto
ineff., background, energy/position
bias, ...)

A lot of unforeseen effects will occur
when looking at 0.1% level

21



Layout of the Daya Bay Experiment

RPCs

e [

o, TR B comdl
R s
Near-Far relative mea. to cancel correlated syst. err.

— 2 near+1far

Multiple modules per site to reduce uncorrelated syst. err. and
cross check each other (1/sqrt(N))

— 2 at each near site and 4 at far site
Multiple muon veto detectors at each site to reach highest

possible eff. for reducing syst. err. due to backgrounds
24 layer of RPC + 2 layer of Cerenkov detector

Redundancy !
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0,5;: Three on-going experiments

Experiment | Power | Baseline(m) Detector(t) | Overburden | Designed

(GW) | Near/Far Near/Far |(MWE) Sensitivity
Near/Far (909%CL)

DayaBay |17.4 |470/576/1650 |40//40/80 |250/265/860 |~ 0.008

Double 8.5 400/1050 8.2/8.2 120/300 ~0.03
Chooz
Reno 16.5 409/1444 16/16 120/450 ~0.02

DayaBay Double Chooz | Reno

Near g
Detector 4 es” .

L=1050m
4 || 10m? target Far

300m.w.e.

S| | April 2011 ~ | Detect




Three experiments: Double Chooz

Chooz Reactors

4.27GW
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Near Detector

L=400m

10m?3 target
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Double Chooz detector

- i~
5 .".lj Outer Veto (Plastic scint.)
A » Identification of cosmic-ray u
& [nner Veto(90m? Liquid scint.&78 PMTs)

| *'-' » Detection of cosmic-ray w and fast
3 neutrons

Buffer (110m3 Mineral oil & 390 PMT’s)
« Reduction of fast neutron and
environmental y from outside

‘ll

_ :‘ Tx:“ N
l.':"'f’&
2T

3

3
RS

y-catcher (22.3m? Liquid scintillator)
» Measurement of y’s from n-capture
by Gd in target volume

< rAT B ¥
TSN SNNEmE Y /4
)

v-target
(10.3m3 Gd loaded (1g/!) liquid scint.)
 Target for neutrino signals

5 -—.
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¢
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N ¥ e — %
Construction @ DGCsfar lab.

PMT
ID: 10” x 390PMTs
(Hamamatsu R7081 MOD (low-BG for DC))

IV: 8" x 78PMTs
(Hamamatsu R14QS)

~catcher

- sglsl;n'gtaﬂ%d
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Inner Inner | Filled with | Mass
Diameter | Height (tons)
{cm) {cm)

Target 280 320 Gd(0.1%) 16.5
Vessel +LS

Gamma 400 440 LS 30.0

= Ch; 1 catcher

sl Buffer | 540 580 | Mineral | 644

\‘\ © o | tank oil

y \ Veto 840 880 water 352.6

N \ tank

I“\ "I\

\'® 1\ 90% CL Limits

“..‘ “,“‘ 5 T I LI I LI I LI I LI I LI I LI I LILEL |_

\“.‘ \ E

| o o |\ o.s%; .

\ |\ %Sk Lt B - -

¢ \ ~ 3.2% .

L‘-._‘ = SRS . NSNS D e S ]

\ ."\, - .

. PO J % .................. i -

Lw My Wl @ W M g1y = CTIoIICIICIIIIT
= 354 10” Inner PMTs : 14% surface & = N\ 5
coverage i .

= 67 10” Outer PMTs oot 0015 002 0025 g(;:’é )0.035 004 00& 005
sin“(20,,



sin“ 2043 discovery reach

Race to Measure 0,

P. Huber et al., JHEP 0911:044,2009

sin’ 2643 discovery potential (NH, 30 CL)

sin’ 2643 sensitivity limit (NH, 90% CL)

107 ~ GLoBES 2009
102 |
=
o i . eessssmsssas
& | sases=eee=s
e R P i
:é‘ l“ _-_--"'"'-- -.':'::-_
-_é c' o"'-.
i : -~
107" Double Chooz | 5 : et Double Chooz
w ,
| RE 210t s ) eeee- T2K
[ 4
RENO S A A RENO
Daya Bay @ ':' Daya Bay
- NOvA: v+v 'c' — NOVA: v+7
=== NOvA:vonly H CHOOZ+ === NOvA:vonly
10° | ‘ Current bpund (3c) . ‘ ] o° _ Solar excluded ‘ ‘ ]
2010 2012 2014 2016 2018 2010 2012 2014 2016 2018
Year Year
* Proposals from Russia, Japan, US and Brazil not approved
29
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Anti-neutrino Detector (AD)

Three zones modular structure:
|. target: Gd-loaded scintillator

II. y-catcher: normal scintillator ' .
[11. buffer shielding: oil
192 8” PMTs/module \\
Two optical reflectors at the top

and the bottom, Photocathode
coverage increased from 5.6% to 12% &

' eAdl (15 00

g 10k oAD2 \E..(MeV)

20

2 e - 163 PE/MeV

2 | T :20t, 1.6
o n H-capture arget: f, 1.om

. (spallation)

y-catcher: 20t, 45cm
Buffer: 40t, 45cm
n Gd-capture

2 (AmC, IBD, spallation) Total weight: ~110 t

G'.|....|....|....|....|....|....|....|..
1 2 3 4 5 6 7 8
2017-8-25 Energy (MeV)



PMT Coverage
DayaBay 192 8" ~6%
RENO 354 10" ~15%

Double 390 10" ~16%
Chooz

~
L\J_I.l U v

Comprision with other detectors

Double Chooz

pe yield MO
163 pe/MeVv 50 cm
230 pe/MeVv 70cm
200 pe/MeV 105cm

Acc. Bkag. AB/B
1.4%/4.0% 1.0%/1.4%

0.56%/0.93% 1.4%/4.4%
0.6% 0.8%



Gd-Loaded Liquid Scintillator: a challenge

¢ Issue: transparency, aging, ...

Currently produced Gd-loaded liquid scintillators

Groups Solvent Complexant for Gd Quantity(t)
compound
Chooz IPB alcohol 5
Palo Verde PC+MO EHA 12
Double Chooz PXE+dodecane Beta-Dikotonates 8
Reno LAB TMHA 40
Daya Bay LAB TMHA 185
GdClI3 TMHA PPO, bis-MSB

Gd LS production Equipment
and the process by Daya Bay

PR

Gd (TMHA)3

P

\/

Gd-LAB . /

0.1% Gd-LS



Neutron background vs
water shielding thickness

Water Buffer & VETO i

2.5 m water buffer to shield 5 2.5 m water
backgrounds from neutrons and y’s 3
from lab walls *
Cosmic-muon VETO Requirement: o }

— Inefficiency < 0.5% L

— known to <0.25% e e thadimass m)”

RPCs

Solution: multiple detectors

— cross check each other to control
uncertainties

Design:
— 4 layers of RPC at TOP +
— 2 layers of water detector

RPC over scintillator: insensitive to y backgrounds

2017-8-25



Background Estimate

* Uncorrelated backgrounds: U/Th/K/Rn/neutron g 0.2
Single gamma rate @ 0.9MeV < 50Hz :;0'35 EZ’)?S.‘“;ZI'Z‘T;“ b
Single neutron rate < 1000/day 5 o ~ ;f,; Accz,:eo,:,;fslz(,o/)g)
2m water + 50 cm oil shielding 0%
* Correlated backgrounds: n cc E %7 A
Neutrons: >100 MWE + 2m water "
0.1
Y.F. Wang et al., PRD64(2001)0013012
0.05
8He/°Li: > 250 MWE(near), >1000 MWE(far) L G _
T. Hagner et al., Astroparticle. Phys. 14(2000) 33 0o 7 5d 5 6 7 E" ‘ (Zev}°
Daya Bay Near Ling Ao Near Far Hall
Baseline (m) 363 481 from Ling Ao | 1985 from Daya Bay
526 from Ling Ao II | 1615 from Ling Ao’s
Overburden (m) 98 112 350
Radioactivity (Hz) <50 <50 <50
Muon rate (Hz) 36 22 1.2
Antineutrino Signal (events/day) 930 760 90
Accidental Background/Signal (%) <0.2 <0.2 <0.1
Fast neutron Background/Signal (%) 0.1 0.1 01
8He+°1'1 Background/Signal (%) 0.3 0.2 02




Reactor Neutrino Flux

S(E,) = — (f ) i (E,)
» (fl) lz F

Isotope | Ey;, MeV /fission

Energy release per fission e; (database) T T 20195 £ 046

Thermal Power W,, (Provided by NPP) U | 20552096
"Pu 209.99 £ 0.60

Neutrino spectra of Isotopes 20py | 213.60 + 0.65
Kopeikin et al, Physics of Atomic

(ILL+Vogel, Huber+Mueller, Vogel, Ao tion

Fallot, etc.) (2004)

Fission Fraction (f/F) (Provided by

NPP or independent core simulation) °°

150 |

Small corrections
Correlation among uncertainties.

¢ (890 m

1999 Outage2 (890 m)

1998 Outage (890 m)
2000 Outag

1999 Outagel (750 m)

Bl L 1 1 ! 1
=500 400  -300  -200 -100 0 100
Time since 1-Jan-2000 (day)
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Neutrino Spectra of Isotopes

Ab initio: Nuclear database, X fragments, X chains, X branches 2 10%
uncertainty (e.g. Vogel et al., PRC24, 1543 (1981)).

Conversion: ILL measured the B-spectra = convert to neutrino spectra

= ILL spectra: Use spectra of 30 virtual (allowed) decays, fit amplitude and
endpoints (ILL-Vogel spectra)

=  Mueller: 90% ab initio + 10% fit - rate anomaly

Huber: fit w/ improved nuclear effects (Huber-Mueller spectra)
= 1.34% at 3 MeV t0 9.2% at 8 MeV.

4

12
u . v Klapdor et al.
1

data/MC

09
0.8

o..
°3e
o
]

S, (counts MeV™ fiss™)

0 1 2 3 4 S5 6 717 8 9 B

E, (MeV)

K. Schreckenbach et al. PLB118, 162 (1985) - ~ positron energy (MeV)
A.A. Hahn et al. PLB160, 325 (1985) Shape verified by Bugey-3 data
Normalization by Bugey-4, 1.6%




Fission Fraction

Initial 4.45% U235, Others:U238 and O

U238 — n Captu re —> PU239 238U EBQPU%EELGPU fissile fission%s
—2X n capture - Pu241 pai e
Four major fission isotopes : 15% a% p%
= U235, Pu239, Pu241 202, ——>

= U238 fission w/ fast n F
Burnup: MW-day/ton U
A g9
100 "‘“—‘—0——0—-4'—-—0——0—0—_0__4 1%
R S el B - |_._.__‘_"_:"_.jﬁ —+-1235 ﬁ
B
10 l P a—— —— P ——— —=PU23 84% Am
hok ok —k—k—k -__;J;_;_e__)‘(,_i_—k—%— A — &
g P I —y243 85% 244 245 85%
-;é 1 —PU241 1% 3% CmM 139 4% CM g1 om
§ ——T1236
0.1 g — ——PTU240
WWW‘*
.W’”_'.__H _____ I . —a PU238
0. 01 3‘9&_*_*_7,__._- = "'*____ Jj_ i stt b | o U4
" 1 PU242
0. 001
0 5000 10000 15000 20000

#A%E (MWD/TU)



Sensitivity to Sin%20,,

W

N/-\ - \ .

% 45 — Chooz sources Uncertainty

"-’° n: Daya Bay Reactor 0.087% (4 cores)

Ng \s i_ neutrino flux 0.13% (6 cores)
= - Detector 0.38% (baseline)
<]

(per module) 0.18% (goal)

Backgrounds 0.32% (Daya Bay near)
0.22% (Ling Ao near)
0.22% (far)

Signal statistics | 0.2%

0.5 lIlIIIl | | IIIII| | -

10 10"

« 2
sin 2613
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Tunnel and Underground Lab

A total of ~ 3000
blasting right next
reactors. No one
exceeds safety limit
set by National
Nuclear Safety
Agency (0.007g)
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Detector Installation

PMT frame & Tyvek & Completed pool




Three ADs installed in Hall 3
Physics Data Taking Started on Dec.24, 2011
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Pre-selection
= Reject Flashers
= Reject Triggers within (-2 us, 200 ps) to

Neutrino event selection
= Multiplicity cut

4 03

Neutrino Event Selection

Data reduction

DayaBay Preliminary
ADIT all triggers

Events | MeV

= Aliter AD non-shower muon vets
After shower muon veto

a tagged water pool muon

10?

v Prompt-delayed pairs within a time
Interval of 200 ps | | |

v No triggers(E > 0.7MeV) before the ' T ey ey
prompt signal and after the delayed

signal by 200 ps Sl \ 3
Muon veto AL {10
v 1s after an AD shower muon g MY, i
v 1ms after an AD muon 3T "’
v 0.6ms after an WP muon R <1
0.7MeV < Eomp: < 12.0MeV 12§
6.0MeV < Eggpayeq < 12.0MeV e | .
1ps < At,.., <200ps Gews ol s AR

11 1 II 111 111 111 11l 111 I 1 I.I
2 4 6 8 10 12 14 16 18 20 1
Delayed energy (MeV) 43



Events/0.25 MeV
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Events/2 us
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Selected Slgnal Events

—- Data, DYB-ADI

— MC

OOIII\

2 4 6 £ 10 12
Prompt energy (MeV)

" Time between prompt-delayed

— Data, DYB-AD1

do| | [l
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Time interval (us)

Events/0.05 MeV

Events/0.03 m

|
1500} —
I — Data, DYB-ADI |
1000 —MC -
500 .
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Delayed energy (MeV)
S000F )
- *» Distance between prompt-delayed
I i
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Signal+Backgound Spectrum

10000

Entries / 0.25MeV

5000

EH1

— Signal

B Accidentals
Lithium-9
Hiam-c

Fast n

E(a.n)

EH1

138835 signal
candidates

Lo el

2 4 6 8 10 12
Prompt energy (MeV)

[
=
=
=

Entries / 0.25MeV

o

=

=
-||||T||||T||||T||||'|_

1000

500

EH3 —4 Signal

B Accidentals
Lithium-9
Wiam Be

Fastn

B (o, n)

EH3

28909 signal
candidates

=

2017-8-25

T S T N N N N i - N 1 N M
2 4 6 8 10 12
Prompt energy (MeV)

4000

Entries / 0.25MeV

2000

—4— Signal
Accidentals
Lithium-9
Ham-C
Fastn
=[CR)

EH2

66473 signal
candidates

L.l |

Accidentals

Fast neutrons

8He/SLi
Am-C
a-Nn
Sum

L I L
8 10

Prompt energy (l\fle‘v’l}2
B/S @EH1/2 B/S @EH3
~1.4% ~4.5%
~0.1% ~0.06%
~0.4% ~0.2%
~0.03% ~0.3%
~0.01% ~0.04%
~20/ ~5%
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Backgrounds

Fully understood all backgrounds. No unknown

com ponents.
BT - o
Rate Fraction 515000 =~
(/day/AD) g - — AmCn
AmC neutron 271+-10 26.3+-1.0 E I — "8
T : —
12g f12 478+-13 46.4+-1.3% -
Brml : L% S0k —
8Li/B 216+-18 21.0+-1.8% - o
°C 40+-16 3.8+-1.6% - -~
91 /8 i -0 29 a +_._ —¢
Be 7+-4 0.7+-0.4% =
IBD e* (n captured on H) 14+-1 1.4+-0.1% -
S 1030+-29  100.0+-2.9% | ——
. 6 10 11 12
All singles 1030+7 - Energy [MeV]
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Energy Calibration

¢ LED (PMT gain, timing)
¢ Ge68 (positron threshold 1.022 MeV)
¢ Co60 (2.506 MeV) + Am-C (neutron)

1.04 [ -+—Spdlallmnemmn +MU-ACo |
102 | +ucacu-a —+—mu¢.ae 125_ * ADM ACUA = AD1 ACU-B 4 ADM ACUC
F 4 “E o AD2 ACUWA O aD2 ACUS A ADR ACUE
R=1.7725m I i i 5 1sE
R=0 Lo T Ty S OME et
R=1.35m = R I s YMEW.tt*o N
T 096 [ T E*I.ﬂs;—u" ® '“'-.._-“a
: l oes £ ° LI
ID.QR:— = I I I I I Ll
P S I I AT I A I 1 }
4150 100 -50 0 50 100 150 1.06 -
- o AD1ACU-A = AD1ACU-B 4 AD1ACU-C
1.0a- o AD2 ACU-A o AD2 ACU-B 4 AD2ACU-C
S 1.02- R
% B LV Ol S 2 = 3 &
= o o § ! . : a
ﬁ: 1'— . [. § 5 8 o a ‘ . : .
3 - ® g s g @ 8 g o
w | . ®
| - "=
098 °©
- -
0.96 —
|

Ge68: 15Hz  Am-C:  Co60: 100 Hz R N R IR
0.511x2 MeV ~ 0.5Hz  1.173 + 1.332 MeV



Functional Identical Detectors

Why systematics is so small? c.f. Anetal. NIM. A 685 (2012) 78

= ldea of "identical detectors™ throughout the procedures of design /
fabrication / assembly / filling.

= For example: Inner Acrylic Vessel, designed D=3120+5 mm
e Variation of D by geometry survey=1.7mm, Var. of volume: 0.17%
e Target mass var. by load cell measurement during filling: 0.19%

Surveyed(mm) 3123.12 3121.71 3121.77 3119.65 3125.11 3121.56
Variation (mm) 1.3 2.0 2.3 1.8 1.5 2.3

= "Same batch" of liquid scintillator
5x40 t Gd-LS, circulated

| — o
i 2 i
Aoy LIstey »
AR AT e bt v
‘\\““““ Ny
Z]\

) . _ e | \;
4-m AV in pairs Assembly in pairs 200 tLS, circulated M 48



8

Daily Neutrino Rate

Three halls taking data synchronously allows near-far
cancellation of reactor related uncertainties

Rate changes reflect the reactor on/off.

Predictions are absolute,
multiplied by a
normalization factor from
the fitting

i_ Da+Ya Bay NeallgHaII N _i Prediction:

= f t = .

E E Baseline ( 3.5cm,

= | e et 4| ~0.002%)

— — Best Fit =

g_. I L I I e S S S .: P _E Target mass (3kg’

g_Ling Ao Near Hall _; 0015%)

= ' IE Reactor neutrino flux
I

Dec Jan Feb Mar
2011 2012 2012 2012 2012 2012 2012 2012

201 -0-eu Run Time 49

1 I 1 1 I 1 1 1 I
Apr

May Jun Jul




Uncertainties

Detector
Efficiency Correlated Uncorrelated Side-by-side Comparison
Target Protons 0.47% 0.03%
Flasher cut 00.98%  0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Promptenergy cut 99.88%  0.10% 0.01%
Multiplicity cut 0.02% < 0.01%
Capture ttme cut  98.6% 0.12% 0.01%
Gd capture ratio  83.8% 0.8% <0.1%
Spill-in 105.0%  1.5% 0.02%
Livetime 100.0%  0.002% <0.01% Expectation:
Combined 718.8% C1.9% O C02% D R(AD1/AD?) = 0.982
Reacto| Design: (0.18 - 0.38) % Measurement:
C:ﬂrrelated Uncornalat_ed 0.981+ 0.004
Energy/fission 0.2% Power 0.5%
77 </ f1ss10nN 3% Fission fraction 0.6%
Spent fuel 0.3%
Combined 3% Combined 0.8%

2017-8-25 50



v? Analysis

%107

. EH3
g sl
(M, = T,1+e+Yola, +e,)+n,F 2 Sy _
2 r r d d s ; T e e B0 12
Y=2 T, Xt Z(_2+_2)* e
d=1 d d r Ir 4=1\9¢ Up E’M - | T e
=
0.2 gLi?:;cC |
2 0.0 tro
3 equivalent »2 function: e —
equivalent 2 function: <t : |
D:c()'zl%.; 2 4 6 8 10 12

» K parameter fitting, where K
IS number of correlated errors.

> K XK matrix inversion

> NXN matrix inversion, where
N Is number of data points

J. Pumplin et. al. PRD65,014011(2001)
2017-8-25




A New Type of Oscillation Discovered

Electron anti-neutrino disappearance:
announced on
R =0.940 =0.011 (Stat) +0.004 (SySt) Mar. 8, 2012

>
2 [ = 1.15
E 800 - —4— Far hall & -
o —}— Near halls (weighted) a3 -
~ [~ Z f—
& 600 <11
b - 5
= 2 C

400 Z 105+ 5

- % 005 o1 0is
200 .../ - N
0 [ 7y : EH1 EHE HHE"H—.._\_\_H

9 | 0.95— T~
g S No oscillation ~ T
o 1.2 — Best Fit - e H-
g |-o- ~ B EH3 %ﬁ
= | 09—
g 1__ _III|III|IIIIIIIIIII|III|III|III|III|III
z ! 0 02 04 06 08 1 12 14 16 18 2
= 08 Weighted Baseline [km]
[

10
Prompt energy (MeV)

Sin220,;=0.092 £ 0.016(stat) + 0.005(syst) | F.P. Anetal., Phys. Rev. Lett. 108,

¥2/NDF = 4.26/4, 5.2 ¢ for non-zero 0,, (2012) 171803
2017-8-25 52




Another Lucky Story

It is big !
Everybody can see it
Easy for future experiments: mass hierarchy, CP phase, etc.

1:lllllllllllllllllllllllllllllllllllllllllllll lllll
- I
[ ‘% —— Palo Verde (excluded)
i 1' { — — CHOOZ (excluded)
wE & t 0 e SK 90% CL (allowed) -
o % ]
S <=z
U .2 2
. O A :
E L .
< .
_3'-".,_ _u..-.-.:- ...........
10 :_ \ ______________ -
4 Allowed region
10 lllllllllllllll llllllll Illllllllllllllllllllllll
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sin220;5



01/21/2010 17:52

Data taking started on Aug. 11, 2011

First physics results based on 228 days data taking(up to Mar. 25, 2012)
released on April 3, 2012, revised on April 8, 2012, published on May 11,

2012:

2017-8-25

Sin220,,=0.113+0.013(Stat)+0.019(Syst), 4. 96 for non-zero 6,

o4



Construction @ DGsfar lab.

2017-8-25

Double Chooz

Far detector starts data taking at the beginning of 2011
First results based on 85.6 days of data taking reported in Nov. 2011
Sin?20,,=0.086+0.041(Stat)£0.030(Syst), 1.7¢ for non-zero 0,

Updated results based on 228 days of data taking reported on June 4,
2012 at Neutrino 2012

Sin?20,,=0.109+0.030(Stat)+0.025(Syst), 3.16 for non-zero 0,
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Spectral Information

Rate-only Analysis:

Ema.:{:
Nfa;fr . Nprotons,far L?Q';,eq,r €Efar .]‘E,m,m dE PS”TU(E? LfaT;913ﬂAmge) J(E) (I)(E)

Nﬂﬁa?‘ Bl NPT‘UWHSMEGT Lzar €near IEE;Z?:E dE Psuru (Ea Lnear; 913a Amge) J(E) (I)(E)

Advantages: Fewer systematic uncertainties
Disadvantages: Less sensitive, Unable to constrain Am2,

Rate + Spectrum Analysis:

d o7
i:;—j{:_; o Nprotﬂns,fa'r L-rz],ea,-r €far Psufr'u(E:Lfﬂ,r;913:Amge)J(E) (I)(E)

— 5 .
dj\(;TjEeaT Nprﬂtﬂﬂ.s,nﬁar L ar Enea,-r PS'U.'.'T'U (E, L'H.E‘.(Ir'?"! 913, Amge J(E) (I)(E)

Advantages: Each energy bin is an independent oscillation measurement, Am?2,
Disadvantages: Requires detailed understanding of detector energy response.

8/25/2017 56



1

éam Energy Response Model

Mapping the true energy
E. .. to the reconstructed
kinetic energy E_.:

Build models taking into account:

Electronics non-linearity: time-
dependent charge collection
efficiency

Scintillator non-linearity: Quench
effect & Cerenkov radiation

Complicated e*,e, y’s interactions
INLS, from simulation

Constraint parameters by a fit to all
calibration data

Model difference =» systematic errors
<1%

2017-8-25

o
©
o

¢ Multiple gamma source
—— Best fit model

f— Erec L Erec Evis
Etrue E\;is Etrue
Electronics non-linearity _ 1 ‘[
Scintillator non-linearity y
- 11—
= =
5 n
(5 1.0 %o ss
- n-"*Fe
@ — 2
S n
=
= i—
=] N
g — Gamma ray data
L L Sn ¢ Single gamma source
S
0
>

S
©

T 7T P
— o
g

o

w

_.
R
I

Data / best fit

Effective gamma energy (MeV)

PRD 95, 072006 (2017)
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Latest Result: Rate + Spectral Analysis

% 15 = =
.,2-, 10000~ —— Signal S 10%— \ / —f
a 5 Accidentals < s E- \\ // =
7 =7 Lithium-9 I A L I L
.E 241Am_13c - 99.7% C.L.
4 {7 Fastn i 95.5% C.L. 1
I =ICEN) o 3 683%CL T
5000__ EHI mﬁ - e Best fit
i 22.5: X
i = of
S e N T R i
Prompt energy (MeV) - Daya Bay: 621 days L R (T Y
1% 0.05 0.1 0.15 5 10 15
Sin’26,, Ay
1_ _______________________________________________________________________
i s EH1
T;E‘: v EH2
! ool = sin220,, = 0.0841 + 0.0033
o est fi
s + NH: AM2,,=(2.45 £ 0.08)x10°3 eV?
0s[-1230 days IH: AM?,,=(-2.55 £ 0.08)x10-3 eV?
y L L | L |

0 02 04 08 08
Lys / (E.) [km/MeV]

PRD 95, 072006(2017)
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Latest Results on Sin420,,

(EPS2017)
sin®2g,, =0.0841+0.0027(star.) £0.0019(syst.) Daya Bay (+3.9%)
=0.086+0.006(stat.) £0.005(sysz.) RENO (39.1%)
=0.119+0.016(stat.+syst.) Double Chooz (#3.4%)
Preliminary RENO DC
n*r s | IRENOI 1500 dlays B j*g 1.3 ::I:Z:.auzn
ol N g S ::::tis‘ln .29‘:'=o,119 '
m]—_ i —“ 5 I [I suppressed systematic uncertainty
- I | E 1.1:—
T = e, Bl S —
' B ] % 0.9:_
L :} —: % 0.8: Far + Near (818.18 and 257.959 live days)
4 2 3 PrompthncrgyS(McV) ¢ ' 8%3 0.7 | DOUTIEC"WT Pre"mjnaw | 1

Prompt energy (MeV)

new results presented at

using data collected up to EPS2017 (up to Sep. 2015)

July 2015 (1230 days, >2.5
million IBDs)

(PhysRevD.95.072006)

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

not yet publication with
near+far detectors (near
detector since beginning of

2015)
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Latest Results on Am?_,

PRD 95, 072006 (2017) Preliminary
EEEERS 2 A . 6 — Rate+Spectrum —
R 4AE ---Rate-only =
< 2E =
- — P ——— T
N o Rate+Spectrum
~ 30 + Rate-only E
% E [099.7% C.L. ]
& - 9 95.5% C.L. ]
S 2.5 . I 68.3% C.L. —
g 2f gi
R - ]
155 RENO 1500 days g
D o s o e s s s g e s Taaa leea by by
A T 0 005 01 0I5 2 4 6
0,:382 009 0. 5 =z $in“26), ; Ax?
sin” 26
, N . ‘ D’ | =[2.617 1o (stat.) s oo (syst.)]x 107 eV ?
‘Dmee‘ =[2.50+0.06(stat.) £0.06(syst.)] x 10 2eV’ 70,
+3.4%
D, =[2.45+0.06(sat.) +0.06(syst.)] x10*eV* for NH systematic error ~ statistical error

=[- 2.56+0.06(stat.) = 0.06(syst.)] x 10 2eV? for IH

(=2.5249.04 from all experiments, NH)
2017-8-25



/ : -
T Jointly Determine CP
_ TZK. . LD 3.52<10% poT-equiv. N O VA sirfo,. =050

_— 1_ 1 L "I”"l""r"'- 2-‘{ III II1 T 1T T LI L
E _ - [ il | [ Mormal ordering
U B =
o 0.5 — - n| --eees Best fit ]
- . <1 - 68% C.L.
B A . — 0% C.L.
ok Ami~0 & ol : [] Reactor 88% C.L.
- 68% CL . “
- -~ 90% CL = -t
-0.5 — Best fit -] 5
[ PDG2012 lorange. L
— TE - 2 A -+
= - ;
i ‘ Inverted ordering
&, L
ﬁj [ In| I'I
0.5 2 [ .
0f S x|
- AmZ,<0 . ‘
0.5 32 - g ]
_1-illlllll:.illlll I.IlIIII-.II'II.JlIIIIlllil.il- D- -Jlll‘.i‘I |||r‘;l|. Ll 1 1
0 005 0.1 0.15 0.2 0.25 0.3 035 04 0 0.1 0.2 . 0.4 0.5
sinEEEH S 2hhs

CP phase is ~ -90° at ~ 2c level !



Future Prospects: Daya Bay

Data taking for 0,5 until 2020

Precision can reach A(sin?20,;) ~
3%0:; the best for the foreseeable

future
Other physics topics:

= Cosmogenic isotope production

= Supernova neutrinos
= Correlated cosmic-ray events

o

68.3% C.L.

—— Rate Only 6->8AD

------ Installation

—— Rate+Shape

—— stat. only
@ PRL 108171803
@ CPC 37011001
@ PRL 112061801
4= Current 8+8 AD

\

OAIH|\II‘III|III|III|I\I‘\H|III

L1 | | I | L1 ‘ L1l | L1l | | I ‘ L1 ‘ L1l | | I | L1
200 400 600 800 1000 1200 1400 1600 1800 2000
Time(Days)

Errorof A m
ee

0.15

0.1

68.3% C.L.

— Rate+Shape
— statistics only
@& PRL 112 061801
4 Current 6+8 AD

] ||
A
0.05 MINOS 1-con 4Am?
0 1 Il | 1 Il 1 | Il 1 1 ‘ 1 1 1 | 1 1 1 | 1 Il 1 | Il 1 1 ‘ 1 1 Il | 1 1 1 | 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time(Days)
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Future Prospects: Other Experiments

* Double Chooz
 end of data taking: ~end of 2017
« RENO
 end of data taking: end of 2018
* possible extension up to 2021
* goal: reach 6% precision on 04,

DC Sensitivity Double Chooz Preliminary
o 0.020 J ] J T ’ [ ' ! !

ﬁ . — DC-IV @ CERN Configuration

o This 3 years ?

o running: Improved Proton# Uncertainty

- - Dec. 2017

0.016

0.014

E Driven by proton

0.012 : :
; number uncertainty

0.010

e
8
@

]Illllll[|lll||||||||

g

G]If[l[l[f[[lfll[lllll

P B B R B ST R TR R
2 4 6 8 10
Time since MD data-taking start (years)




Reactor Flux and Spectrum

Daya Bay measured the flux and energy spectrum:
=  Absolute flux

= Absolute e* energy spectrum

= Unfolded absolute v energy spectrum

= Evolution of neutrino flux

Reactor anomaly ? Sterile neutrinos ?

All three experiments, Daya Bay, Double Chooz and RENO,
observed a “bump” at ~5 MeV

= No effect to 0,; if near-far configuration applied(Daya Bay & RENO)
= Under control even if only far detector is used(Double Chooz)
= Not large enough to explain the reactor anomaly

2017-8-25 64



Reactor Neutrino Anomaly

By a new flux calculation, there may exist a reactor neutrino
flux deficit: 0.94310.023. A 3¢ effect ?
Later confirm by other calculations

Oscillation with sterile neutrinos ?
— Other experimental “hints”: LSND, MiniBooNE, Gallex...

— Global fit of all “hints”: severe tensions T.A. Mueller et al.,
— Cosmological bounds: not so favored PRC83:054615,2011
P. Huber et al.,
PRC84:024617,2011.
1"IIII| I IIIIIII| T T TTT] [T TTTTT] [ T TTTTT1 I IIIIIII| [ CZhangetaI
1 arXiv: 1303.0900
E 09 -—
E .5 New Oscilatio 1]
£ || |to sterile v? Atmospheric
£ T Oscilation
E 0.7
o
B 06
§ — D. Lhuiller@Neutrino 2012 Solar
0.5 G. Mention et al., PRD83(2011)073006 Oscilation T
2017_8_25_4]”'1 L ”””1'0 L |||||1|‘L] | |||||"|J|m | |||||||c||t||un = NN i 65
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Reactor anomaly = Sterile Neutrinos ?

* Radioactive source exp.:
— CeLAND(*#*Ce in KamLAND), SoX(°'Cr in Borexino),...

* Accelerator exp.:
— IsoDAR, Icarus/Nessie, nuSTORM...

* Reactor exp.:
— Nucifer, Stereo, Solid, Prospect, SCARR, ...

e Backgrounds near reactors
* Precision better than 1%
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Absolute Flux and Spectrum

* Absolute Flux
— Data/(Huber+Mueller): 0.94610.022
— Data/(ILL+Vogel): 0.991 + 0.023
— Consistent with others

* Absolute v spectrum:
— After non-linearity correction

— Unfolding the e+ spectrum

e Between 1.5 and 7MeV: 1.0%
at 3.5 MeV, 6.7% at 7 MeV

 Above 7 MeV it is larger than
10%

* New prediction from direct

measurement for future
experiments

e Aim at 1% for JUNO

2017-8-25

Data / Prediction

PRL 116, 061801(2016)
1.2
T e
ISP TT e I ) I B 1) PP S Llrliilllii
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Precision Spectrum with Gas TPC

How to reach 1% spectrum uncertainty?
Improving Daya Bay
= Electronics non-linearity
192 channels Flash ADC for AD1. Data taking completed.
= Liquid scintillator non-linearity
Replaced LS in AD1 for JUNO R&D
—> Consequence: Daya Bay from 8 AD to 7 AD since Dec. 2016

Testing detector responses with 13 different LS configurations
(PPO from 0.5g/L to 4g/L, bis-MSB from 0.1-15 mg/L)

—> Building precision Monte Carlo
= Relative meas. to cancel non-linearity btwn Daya Bay and JUNO
Other experiments, like PROSPECT (4.5% energy resolution)
Gas TPC detector at ~20 m from a reactor (Prototyping at IHEP)
= v-g scattering
= High energy resolution (1%/sqrt(E), Daya Bay 8%, JUNO 3%)

=  Other motivations: Ow, abnormal magnetic moment (to 10-1%) .



Fuel Evolution

> correlations between fuel
evolution and changes in the
reactor antineutrino flux and

energy spectrum., 5.5
» Combined fit for major fission
Isotopes 23U and 2*°Pu

A Daya Bay

50 —e— Huber model w/ 68% C.L.

/ fission]

> 6235 is (7.8+2.7)% lower than + *° 24
Huber-Mueller model 3 4.0
> 6239 is consistent with the 335 8-
prediction (6% meas. S e 1T fomniy el
- 3.0 7201 = (6.04 £ 0.60) x 107 B
uncertainty) N 52 56 60 64 68 7.2
» 2.8c disfavor equal deficit (H- o, [10-4 cm? / fission]

M model & sterile hypothesis)
PRL118, 251801 (2017)
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Search for Sterile Neutrinos

Precise reactor neutrino spectrum
from Daya Bay near site can test the
sterile neutrino hypothesis

But ~400 m baseline is not ideal for
the reactor anomaly

In addition to accelerator and
radioactive source experiment for
sterile neutrinos, we also need
experiments very close to the reactor
for sterile neutrinos AND JUNO

type of experiments:
High precision reactor spectrum
measurement(statistics ~ 1-10 M events,
energy resolution ~ 1-2%, event vertex ~
10 cm, ...)

2017-8-25

P(ve — e) ~1 — cos? 0,4 sin? 20,5 sin® (
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Daya Bay: arXiv:14OZJ_259

&mEEL)
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1

7 DayaBayas® C.L.
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Excess in [4,6] MeV Reglon

Significance ~4 ¢

Events are reactor power related
& time independent

Events are IBD-like:
= Disfavors unexpected backgrounds

A single B-branch or mono-
energetic line cannot simulate the
bump

Possible explanations:

= Decays of prominent fission
daughter isotopes (~ 42% rate from
%Y 92Rp, 142Cs, 97Y 9BRp, 100N,
14OCS, 958r)
PRL112: 2021501; PRL114:012502

= Energy non-linearity calibration

2017-8-25 arXiv: 1705.09434

Data/Prediction
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Still a Lot of Unknowns

Neutrino oscillation:

= Neutrino mass hierarchy ?

Unitarity of neutrino mixing matrix ?

®,;is maximized ?

CP violation in the neutrino mixing matrix as in the case of

qguarks ? Large enough for the matter-antimatter asymmetry in
the Universe ?

What is the absolute neutrino mass ?
Neutrinos are Dirac or Majorana ?
Are there sterile neutrinos?

Do neutrinos have magnetic moments ?
Can we detect relic neutrinos ?

4 4 7
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The JUNO Experiment

Status Operational Planned Planned Under construction  Under construction
Power 17.4 GW 174 GW 17.4GW 17.4 GW 18.4 GW

Daya Bay

Nes u Site

60 km
JUNO

Far Sltc

o JUane ] l 2 x
Guang Zhou) g
" ; ; ‘L\s

1?

Savannah River
Bugey

Rovno
Goesgen
Krasnoyark
Palo Verde
Chooz ® KamLAND

10° 10° 10*

Distance to Reactor (m)

BOD> e XOXMP

[ -1
o.—-

Talk by YFW at ICFA seminar 2008, Neutel
2011; by J. Cao at NuTurn 2012 ;

Paper by L. Zhan, YFW, J. Cao, L.J. Wen,
PRD78:111103,2008; PRD79:073007,2009




Arbitrary unit

Mass Hierarchy at Reactors

"Normal" hierarchy

"Inverted" hierarchy

ol
|

o ) ([
Am232 Am,, {&u [l
(atm.) or
Am, 2
A2 (I . :
12 G (T
(solar)
6 —_
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- ; Inverted hierarchy
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02F
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L. Zhan et al., PRD78:111103,2008;
PRD79:073007,2009



How to Get Enough Photons ?

KamLAND JUNO Needed gain
Light yield | 250 p.e./MeV | 1200 p.e./MeV 5
Photocathode
34% 75% 2.2
coverage
Light yield 1.5g/1 PPO 3-5¢/1 PPO 1.5
Attenuation
15 m/16m 25m/35m ~0.8
length/R
PMT QE*CE 20%*60% 25-30% ~ 2

Where to get all these factors ?

Are the estimate of these factors reasonable ?




Optimum baseline for MH

* Optimum at the oscillation maximum of 0,,

* Multiple reactors may cancel the oscillation structure

— Baseline difference cannot be more than 500 m

""""""" | Cores YJ-Cl YIJ-C2 YJ-C3 YIJ-C4 YIJ-C5 YIJ-C6

| Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline (km) 5275 5284 5242 5251 5212 52.21

o Cores TS-ClI TS-C2 TS-C3 TS-C4 DYB HZ

. Power (GW) 4.6 4.6 4.6 4.6 174 174
Baseline (km) 52.76 5263 5232 5220 215 265

Ideal distribution

maximum

= [x2in (N) = ¥2: (D],

‘Huizhou

\2(.52Li'eidl,""""'

PRD 88, 013008 (2013) 6 years
i L =52 km i

E_res=3%




MC Study: Energy Scale & Resolution

energy resolution vs rec_energy

Resolution: based on DYB with: o

= JUNO Geometry '£ | | energy reconseruction
= 80% photocathode coverage 3\ with an ideal vertex
= PMT QE from 25% 9 35% N s
= Attenuation length of 20 m = TN 70 Traeny
v abs. 60 m + Rayleigh scatt. 30m 2 -
Energy scale : . i 25
= By introduce a self-calibration USSPV FUPOS TS PUUVE FPUTE EVIL PO Y
(based on AM?,, periodic peaks), recenera/ el
effects can be corrected and T S N
sensitivity is un-affected 3 —— Bpowilmion
: - 3 - Inverted hierarchy
Y.F. Lietal., arXiv:1303.6733 0.4
=  Application of this method: osb
Relatively insensitive to continuous
backgrounds, non-periodic 0::_
structures 0
10 15 20 25 30

L/E (km/MeV)



Signals & Backgrounds

LS without Gd-loading for T~ 200 ps

=  Better attenuation length =» better resolution
= Lower irreducible accidental backgrounds from LS, important for a

larger detector: Overburden 700m:
v With Gd: ~ 10 -1?g/g = 50,000 Hz | E,~211GeV,R,~ 38 Hz
v Without Gd: ~10-g/g =>»5Hz ?H]gt!e [Satesd:sH o
i z and 5Hz
IBD Signal and Backgrounds muon efficiency ~ 99.5%
Selection IBD efficiency | IBD | Geo-vs | Accidental | °Li/®He | Fast n | (a.n)
- - 83 1.5 | ~5.7 x 10 84 - -
Fiducial volume 91.8% 76 1.4 7 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8

/8




Physics Reach: Mass hierarchy

Sin220,, = 0.09
For 6 years, JUNO can Detector size: 20kt LS

determine the mass hierarchy: Energy resolution: 3%/\E
Thermal power: 36 GW

Relative | @Use absolute
Meas. Am?2 2
Normal true MH
Ideal case 4o 5o 20|
(b)Realistic 3o 4o o® ol
case 5
- 10

(@ |f accelerator experiments(NOVA, g [ D
T2K and ICECUBE) can measure raimte 1%
AMZHH tO ~1% Ievel 234 I .'EISE I .'Eiliﬂ I 2-IIII.’J I 2-|42 I 244 I 245 I 248 I 2.50

2
() Taking into account multiple reactor [AMZee| (X107 eV)

cores, uncertainties from energy non-

Iinearity etc Y.F. Lietal., PRD 88, 013008 (2013)

arXiv:1303.6733
79



Race for the Mass Hierarchy

M Blennow et al., JHEP 1403 (2014) 028

7 TmeNO 7"
6 ﬁ}
B T |
phaEly vy 5t
I gy
g4 5%
Ea ............................... .EE:_
g 7
o 2} ] 5 20
A NOVA, LBNE: § &~
JUNO: 3%-3.5% ;

O %15 2020 2025 2030 0

Date

JUNO is competitive for measuring MH using reactor neutrinos
— Independent of the yet-unknown CP phase, matter effects and 0,
 Many other science goals:

» Precision measurement of Am,,2%, 0,,, Am,,?

> GEO-, solar, supernova, ..., neutrinos
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Precision Measurement of Mixing Parameters

Fundamental to the Standard Model and beyond

Probing the unitarity of Upy,\s t0 ~1% level !

= Uncertainty from other oscillation parameters and systematic
errors, mainly energy scale, are included

10 —————1— L e T e e
|| — — - 10% Abs |
Current JUNO | J B |
Am?,, 3% 0.6% J— ]
Am2,, 3% 0.6% = | -
sin%0,, 4% 0.7% T %
5in20,, 11% N/A 2|
Sin2913 10% - ob— . T PP I I S
0.8 0.9 1.0 1.1 1.2

|Nea|*#|Nez| “+|Nes|

More precise than CKM matrix elements !




Supernova Neutrinos

e Basic facts:
— Energy:

* Gravitational binding energy:
E, ~ 3x10%erg
* 99% Neutrinos

* 1% Kinetic energy of explosion (1% of this
into cosmic rays)

* 0.01% Photons, outshine host galaxy
— Neutrino Energy: 1-50 MeV

* Very good for Supernova study, neutrino
mass measurement, and many others

* Frequency: ~ 1/galaxy/100 years

Within our galaxy(~10 kpc), a supernova explosion can happen at
any time from now

2017-8-25 82



1987A Supernova Neutrinos
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Time after first event [s]

On Feb. 23, 1987A Supernova
exploded, two weeks after the
completion of the Kamiokande
upgrade.

Distance: 50 kpc

No. of neutrino events seen:
— Kamiokande: 12/3000t

— IMB: 8/8000t

— Baksan: 5/ 200t

Within clock uncertainties,
signals are contemporaneous

Lesson learned:

Large mass
Low energy threshold
Always on
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Supernova neutrinos in Giant LS detector

e ~ 20 events observed so far

* JUNO can do alot:

v mass: < 0.831£0.24 eV at 95% CL
(arXiv:1412.7418)

Locating the SN: ~9°

Pre-SN v (> 1 day)

SN Nucleosynthesis via v, spectra
Collective v oscillation

Mass hierarchy

10°

f—
=
D2

—
=

dN/dE, [MeV™']

1

0.1

....................................
..............
______

L= L

0 NC, EM'= 15.1 MeV

'''''

.....

.....
-,

=
e}

|

Eq [MeV]

10

Estimated numbers of neutrino events in JUNO (preliminary)

Events for different (E},) values

Distance: 10 kpc
Energy: 3x10°3 erg

Channel Type 12 MeV 14 MeV 16 MeV
UVe+p— et +nm CcC 4.3 x 10° 5.0 x 10° 5.7 x 10°
v+p—uv+p NC 6.0 x 102 1.2 x 103 2.0 x 10°
v+e—vte NC 3.6 x 102 3.6 x 102 3.6 x 102
v+ 12C > v 4 12C* NC 1.7 x 102 3.2 x 102 5.2 x 102
ve+ 2C—oe + 2N CC 4.7 x 10! 9.4 x 10! 1.6 x 102
7.+ 2C—oet+ 2B CC 6.0 x 10! 1.1 x 102 1.6 x 102

Measure energy spectra & fluxes of almost all types of neutrinos
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Diffused Supernova Neutrinos

Important for star-formation

rate, average core-collapse
neutrino spectrum, rate of
failed SNe, etc.

Very likely to see them
above the 3c level

rate in 17kt [per MeV:<10yrs]
I

107

—— DSNB: <E, >=15MeV
—— sum of backgrounds
reactor v,
CC atmospheric v,
—— NC atmospheric v
—— fast neutrons

* Significantly improve the T
current limit by SuperK
Syst. uncertainty BG 5% 20 %

(Eg,) rate only spectral fit | rate only spectral fit

12 MeV 1.70 190 150 1.70

15 MeV 3.30 3.50 3.00 3.20

18 MeV 5.1c 540 460 4.7 o

21 MeV 6.90 730 6.20 6.40
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Geo-neutrinos

238U, 232Th and 4OK decays > 100 5_.: “" Series
account for 40% of earth’s power, 3 [ % Sk
which is related to earthquakes,  £5 TN §
volcanoes, geomagnetism, plate £z |/ i -]
tectonics, ... 3 T i T
5 I ™=
. |
They are mainly from mantleand = [ | | 1
U5 1.0 1.5 2.0 2.8 3.0 3.5
CrUSt, bUt nOt the Core Antineutrino energy. £, (MeV)
Geo-neutrinos can tell 238U: 232Th,
good for geo-models  Seoneytrinos
Only way looking inside the 3
earth ? i
e Reactor Background
1= with oscillation

Energy [MaV]



Geo-neutrinos at JUNO

Geo-neutrinos

= Current results “°§‘
KamLAND: 30+7 TNU (PRD 88 (2013) 033001)

Borexino: 38.84+12.2 TNU (PLB 722 (2013)
205)

Statistics dominant
= Desire to reach an error of 3 TNU
= JUNO: X20 statistics
e Huge reactor neutrino backgrounds
e Need accurate reactor spectra

Source Events/year ~ Combined shape fit of geo-v and reactor-
Geoneutrinos 408 £ 60

U chain 311+ 55 -
Th chain 092 + 37 U+Th 0.96 17% 8% 6%
Reactors 16100 4+ 900 IR

Fast neutrons 3.60 £+ 3.65

9. - *He 657 4 130 U (free) 1.03 32% 15%
¥C(a,n)'°0 182+9.1 Th (free) 0.80 66% 30%

Accidental coincidences 401 + 4

geo
[ reactor
—U

= Ih




Other Physics with JUNO

Solar neutrinos

Th

232,

— Possible to see 8B and 7Be neutrinos with a
huge statistics (> x 20 Borexino) with special
care for backgrounds:

LS purification

* Dust control

e Special LAB with low 14C
* Rn & Kr control

Atmosphere neutrinos
Sterile neutrinos

Nucleon Decay and exotic searches

~ 10%

Py {
F_;'\-"'I'I\

JUNO 20 kt

."]34

Lt Fd
Bl S

L)
k]
3

Ll Lr
= MELEIN

Lifetime Sensitivity (90% C.L

r 4
I

f 2 4 6 8 012 14
| Energy [MeV]
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JUNO Detector and Challenges

~ Largest LS detector =» x 20 KamLAND, x 40 Borexino
~ Highest light yield =» x 2 Borexino, x5 KamLAND

» Hugh cavern:
» ~48mx 70m

» Largest Acrylic tank:
> @ 35.42K(13m@SNO)

> 20 kt LS

> Best attenuation length:
25m (15m @ Daya Bay)

» 20000 20” PMT

» Highest photon detection
efficiency : 30%*100% =
30% (25%*60%=15% @
SuperK)




Country Institute Country Institute Country Institute
Armenia Yerevan Physics Institute China IMP-CAS Germany U. Mainz
Belgium Universite libre de Bruxelles China SYSU Germany U. Tuebingen
Brazil PUC China Tsinghua U. Italy INFN Catania
Brazil UEL China UCAS : Italy INFN di Frascati
Chile PCUC China USTC Italy INFN-Ferrara
Chile UTFSM China U. of South China Italy INFN-Milano
China BISEE China Wu Yi U. Italy INFN-Milano Bicocca
China Beijing Normal U. China Wuhan U. Italy INFN-Padova
China CAGS China Xi'an JT U. Italy INFN-Perugia
China ChongQing University China Xiamen University Italy INFN-Roma 3
China CIAE China NUDT Latvia IECS
China DGUT Czech Rep. Charles U. Pakistan PINSTECH (PAEC)
China ECUST Finland University of Oulu Russia INR Moscow
China Guangxi U. France APC Paris Russia JINR
China Harbin Institute of Technology France CENBG Russia MSU
China IHEP France CPPM Marseille Slovakia FMPICU
China Jilin U. France IPHC Strasbourg Taiwan National Chiao-Tung U.
China Jinan U. France Subatech Nantes Taiwan National Taiwan U.
China Nanjing U. Germany  Forschungszentrum Julich ZEA2  Taiwan National United U.
China Nankai U. Germany RWTH Aachen U. Thailand NARIT
China NCEPU Germany TUM Thailand PPRLCU
China Pekin U. Germany U. Hamburg Thailand SUT
China Shandong U. Germany  IKP FZ) USA UMD1
China Shanghai JT U. USA UMD2

550 collaborators from 71 institutions in 17 countries and regions



Central Detector

¢ A huge detector in the water pool: 20
= Mechanics, optics, chemistrys, ... s amiw e
= How to keep it clean ? N TSI N R
= Possibility of assembly within 1 years YAV/AV! 1
¢ Two main options: acrylic vs balloon B e e v
¢ Final choice: A SS structure to hold the
acrylic sphere and to mount PMTs
= Detailed FEA calculation in agreement
with experimental data, particularly at the
supporting point
= Acrylic sheets: 9Im x 3m x12 cm
=  Stress less than 5 MPa everywhere

|
o
P
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seEp

___H I
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R&D and Prototypi g

Study of acrylic:

¢ Property test: aging, creep, crazing,
¢ 809% after 20 years
¢ No creep & crazing under 5.5 Mpa

¢ Bonding test: fast bonding, T-shape bonding
¢ 70 -80 % strength
¢ Strength of the supporting point:
¢ ~50t (safety factor ~ 4)
Prototyping:
= Thermal shaping of acrylic sheets
= Bonding of large sheets: ~ 1/100 in area
Manufacturing method understood:
=SS Truss from bottom to top (2~3 months)
=  Acrylic sphere from top to bottom(8 months) e

Contract signed




Liquid Scintillator

Current Choice: LAB+PPO+BisMSB

Requirements:

= Long attenuation length: 15m =» 30m

= Radio-purity: <101 g/g

= Engineering issues: Equipment &
handling for 20kt

R&D Progress

= Transparancy
v Improve raw materials
v Improve the production process

v Purification
— Distillation, Filtration, Water
extraction, ...

= High light yield: Optimization of PPO

& BisMSB concentration
= Radiopurity
v Purification
— Distillation, Water extraction,
Nitrogen stripping...

Linear Alky Benzene Atte. L(m)

@ 430 nm
RAW 14.2
Vacuum distillation 19.5
SiO, coloum 18.6
Al,O, coloum 22.3
LAB from Nanjing, Raw 20
Al,0, coloum 25

Successful prototype at 20 t level
Radiopurity ~a few 10*° g/g




MCP-based PMTs for High QE ?

Advantages:
Higher QE: transmmissive
photocathode at top + reflective
photocathode at bottom
High CE: less shadowing effect wa U
Easy for production: less manual
operation and steps
Good MCP production capabilities in
China

Disadvantages:
Higher cost ?
No one knows how to make it

TEHATEE)

7 CESARE)
2 (Rt

3 (EF-EiEE)

4 (patR)

5 (HaRMSHE)

lon beam
Resolving slit

— 6 CSEERTIRAT)

53" \// 8 (£MERE)
/\“ "
Beam centermg/ / 9 (REE AR
Accelerating \\ /
voltage "\ %

Positive ions‘. %
o

Conversion
dynode

An R&D collaboration between
IHEP & NNV C established

-500V




High QE PMT

A new design(to avoid gain mis-match) |

after many failures:
= Intrinsically high collection efficiency

v No wire mesh in front of dynode

v transparent + reflective photocathode
= Easy for mass production

Dynode PMT MCP-PMT
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180

Successful Prototyping

R12860 MCP-PMT ) [T 17757137
QE@410nm  ~30% (T) - 269%(T), 30%(T+R) &= T 1 e
Collection eff.  90% 100% 20 o 2555
Total eff. 27% 26-30 % ol E§ '0'0383224%
P/V of SPE >3 >3 o o bt
Rise time 7ns 2ns 100%_ PV = 5610813
TTS 3ns ~10 ns g S
Dark noise 30K 30K 50;
After pulse < 10% <30 o g sl el '3éo‘Ch'zsige/'23f§:dL'SB
QE & uniformity _

| Atter pulse 1

Relative collection efficiency

—— Hamam

-3
2700
SO e b s b b b b L L 0

Min:24.5%: Max'29%i 0 W00 400 6000 500 10000 12000 14000 mu?u 180;0_ 20"-?351 0 10 20 30 40 50 60 70

e ulse” main pulse’
Average:26.5%

—— NNVT #78
—== NNVT #79
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80 90
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Mass Production Started

We started from a wrong design, but
ended up with a good product

Tube Number

Tube Number

Two vendors:

NNVC: 15000
Hammamatzu: 5000

N

S —

"~ MCP-

so;— PMT NNVT
9 648

o tubes

o 28%

- DE

T N R S Ra—
) D\] /node- Relative Detection Efficiency (%)

w- PMT Hamamatsu
o- 960 tubes

.. 27% D.E.

. 25%” —3

30 35 40 45
Calculated Detection Efficiency (%)



Small PMT system

¢ Calibrate non-uniformity and non-linearity of Large-PMTs

= Reduce energy scale uncertainty

=|mprove energy resolution (non-stochastic term)

¢ Increase optical coverage (~5%)
= |mprove energy resolution

(stochastic term)

¢ Extend energy measurement

= Improve muon physics
¢ Supernova

HCZ XP53B20 Hamamatsu R6091

¢¢¢¢¢¢¢

¢ 20” PMTs: 17746
¢ 3”7 PMT: 35794
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Electronics

ADU GCU

Analog to Global
Digital Unit Control Unit

100m cable

out-of-water

LCU

Link Control

All in water: HV, FADC, FPGA,

Unit

clock/data transmission, etc.
Allowed failure rate: 0.5%/6 years

Issues: power consumption,
reliability, etc

Recovered clock




PMT Instrumentation

¢ PMT testing

= 18,000 20” PMTs & 36,000 3” PMTs

= 4 instrumented Containers for mass testing
¢ PMT potting

= With base/HV/electronics

= Failure rate < 0.5%/6 years
¢ PMT protection

= Mechanism & requirements understood

= Acrylic + steel cover with holes(plus film ?)

¢ PMT installation _ enge

SS cover




¢ o

VETO
Tasks: s %

Top Tracker —— = -
= Shield rock-related Support structure of top tracker ~ |
bac kg rounds Water Pool sealing™
= Tag & reconstruct WC detector
cosmic-rays tracks Ultrapure water system —*[
Detector: e
PMT support frame ———
= TOp traCker: Coil for magnetic field shielding
refurbished OPERA
scintillators
=  Water C detector unde
optimization

=5y |

Pool lining: HDPE

%

Coil for magnetic

field shielding: under
design
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Calibration

¢ Main method | scvcrantnr
= Routinely Source into LS by < i
v ACU
v rope loop
v “sub-marine”
= Source into Guided tube
=  Mini-balloon
= Pulsed light source

¢ Under discussion
=  Diffused short-lived isotopes
=  Pelletron-based beam

¢ Key technical issues

= Source deployment
= Source locating system

—

cable loop system
for off-center task

2m
height

5m length

JUNO CD chimney

By Prof. J.L. Liu from SJTU .,



A Prototype to Test Everything

Test all parts to the CD
Type of PMTs

PMT supporting structure
HV, PMT base and potting
Readout electronics & DAQ
LS & water system
Calibration system

4 4 3 0 43




Civil Construction

A 600m vertical shaft
A 1300m long tunnel(40% slope)
Cavern:48mx 70 m
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Status of Civil Construction

¢ Completed: Grounding breaking on Jan. 10, 2015
v Sloped tunnel
v Vertical shaft

¢ Issues:

v A lot more water than
anticipated, ~ 600 m3/h

Plan: start data taking at ~2020




Summary

e Reactor is a powerful man-made source: a free neutrino
factory

— If not too far, more powerful than solar, atmospheric, and
accelerator neutrinos

* Great achievements: 0,,, 05

* Great future:
— mass hierarchy
— “All” mixing parameters
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