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Neutrinos from Reactors

The most likely fission
products have a total of
98 protons and 136
neutrons, hence on
average there are6 n
which will decay to 6p,
producing 6 neutrinos
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Reactor Neutrino Flux at a Glance

e Using PWR (Pressurized Water Reactor) as examples in the following.
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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 2>d +vy(2.2 MeV)
n+Gd-> Gd*+y(8 MeV)

| Neutrino Event: coincidence in time,
B il sl MeV space and energy

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

E =T ; AT + (|\/| _M ) +m. Proton rich material.

% e W“_J A P/~ e Good energy resolution
e Easy handling for large volume
Relatively Cheap

10-40 key 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
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Vv, spectrum
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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, ... | & Kook :
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=r*P_ /0 of I 4
=0.40x0.22

F. Reines et al., PRL 45(1980) 1307
2014/8/22
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C |

Umbrella
I LL: FI rSt De bate % 7/////19\[:%’/////////
I NNNEhNaa
 Baseline: 8.7 m 7 Velo N7
* 377 [ Liquid scintillator detector . ;@ , : //
e Neutrons: by 4 3He planes in Cells \“‘é§ﬁ y s/
between LS cells(t=150 ps) Chi?:b,;’%ii &/ |
* Techniques used until now: %\\ &?
shielding, veto, background, on/off " Ao o0 7
5 Oatrs N
Comparison, efficiency, spectrum,
stability, etc. cof
* Source: P. Vogel PRC19(1979)2259
* NeXp/Ntheo-= O.89i @O T I{_ P[ - (Aef/z) |.o:~
0.04(stat.)+ ity it BN
0.14(syst.) - O
F Bogct]l??s%tzal" PLB97(1980)310 e :;fe;%f“?* :5 -

H.Kwon etal., PRD24(1981)1097 e (MeV)
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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 e 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 neutrino anomaly

Atmospheric neutrino results stimulate new experiments

— If atmospheric v, 2 v,
— Baseline: ~“1km

F. Boehm: San Onofre =2 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 ...

2014/8/22
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* 32 mwe shielding

e 12 ton, Gd loaded, scintillating target
* 3 reactors: 11.6 GW

e Baselines 890 m and 750 m

* Expected rate of ~20 evts/day
eEfficiency: ~ 10%

«Background: corr. ~15/day

uncorr. ~7/day
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2 reactors: 8.5 GW

¢ 5 ton, Gd loaded scintillator

e 300 mwe shielding

e Baselines 1115 m and 998 m
e Expected signal ~25 evts/day
oEfficiency: 70%

eBackground: corr. 1/day
uncorr. 0.5/day

Chooz

I EEEEXINEEEEX

optical
barrier », Lo ?;%kel
containment
region

acrylic
vessel

i A A A A S

|10w activity gravel shielding |
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KamLAND

Crane

Rock lining

-
:
-

. L AL A

CRF| Outer water tank

Inner tank

Lig.-scinti.
Container

&8 Aluminum sheets

Phototubes

Very Lucky

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

Very long baseline =» 100 km
Large detector =2 1kt

Only possibility =» re-use
Kamiokande cavern

14




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®26,;,~ 0.1-10 %

1 prerprerr e e o .
0 .~ model prediction of sin220,; —
I —— Palo Verde (excluded) E
i = = CHOOZ (excluded) i s -
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

20140825+ 9% 92 O'4Sin02'5291(3)'6 07 08 05 1 sin22913 less than 1% is desired 15



Why at reactors

* Clean signal, no cross talk with 8 and matter effects

* Relatively cheap compare to accelerator based
experiments

« Can be very quick 11,
i S SN U SO

Reactor experiments: o9 """""""""""" /' """"""""""""""" """""""""""""""" """"""
B 0.8 fguy b\ A—

P..~ 1—sin?20,;sin?(1.27Am?,L/E) — Zg' . sma"-am;pl'mde N

- oscillation due Yo 0,3
€os*0,35in*20,,5in? (1.27Am? ,L/E)  _& 41 | |

0sc

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

i i . 05 b i N ]

Long baseline accelerator experiments: - Large-amplitude —

P, = 5in%0,35in220,35in?(1.27Am?2 ;L /E) + %4 1 oscillation due to 65,77\
c0s20,,sin220,,sin%(1.27Am?2,L/E) — 0.1 1 10 100

Baseline (km)
A(p)ecos?0,;5in0,;esin(d)
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Reactor Experiment: comparing
observed/expected neutrinos:

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

14F /
12F N
lx + * Reactor power: ~1%
1.0 - H— P W
3 T# #‘I’ e vspectrum: ~0.3%
o (0.8 2 o o
z‘ﬁ 0.6 ; ISLaI;annahRiver *: o FlSS|0n rate: ~ 2%
Zc? 1 O Bugey e H b3
X  Rovno
04 Z (K}:(r)esgen : Y
02{- O PuoVere * Backgrounds: ~1-3%
B Chooz ® Kam[LAND
00 - | | | | |
100 100 100 10t 10°

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

Distance to Reactor (m)

We need a precision of ~ 0.4%

2014/8/22 17



PMT type EMI 9350 Diameter - 8 inches
Coverage - 20%, PMT Number - 842

bl d Tubes for filling and
[ introducing radioactive
sources
e

* Krasnoyarsk underground
reactor

Buffer
light guid
(mineral oil)

* Near-far cancellation
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L.A. Mikaelyan et al., hep-ex/9908047 /7
V. Martemyanov et al., hep-ex/0211070 |
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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 a L eessssm=sssas
& | sases=wes=s
o R P i
:é‘ l“ _-_--"'"'-- -.'.:'::-_
-_é r' o"'-.
D : .-~
107" Double Chooz | 5 : et Double Chooz
9] F
B 210"t s, ) eeee- T2K
[ 4
RENO S A A RENO
Daya Bay @ ':' Daya Bay
- NOvA: v+v 'c' — NOvVA: v+7
=== NOvA:vonly H CHOOZ+ === NOvVA: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
19
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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)

Daya Bay |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 i
Detector < eg” . .

g
. #
P .

- ¢
L
el % | Near Detector el = | Far Detector
L=400m L=1050m
| | 10m3 target o | | 10m? target
120m.w.e. 11| 300m.we. Far

s | | 2013~ i | | April 2011 ~ ’ Detect




How Can Daya Bay Reach 0.5% Precision ?

* Increase statistics:
— Powerful nuclear reactors(1 GW,,: 6 x 1020 v_/s)
— 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

2014/8/22 21



[

Layout of Daya Bay Experiment

RPCs

> =

oW, I B2y cormdl)
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
A layer of RPC + 2 layer of Cerenkov detector

Redundancy !

22



Anti-neutrino Detector (AD)

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

I. 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 | n H-capture Target: 20 t, 1.6m

. (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
2014/8/22 Energy (MeV)



PMT
Daya Bay 192 8"
RENO 354 10"

Double 390 10"
Chooz

~
lva—TIvl e

Coverage
~6%
~15%
~16%

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%



Neutron background vs
water shielding thickness

Water Buffer & VETO }

2.5 m water buffer to shield
backgrounds from neutrons and y’s
from lab walls

2.5 m water

Cosmic-muon VETO Requirement:
— Inefficiency < 0.5% 5 *

o SAZS 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75
- knOWI’l tO <0.25A) water thickness (m)
RPCs

Fast neutron per day (event/day)

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

2014/8/22



Background Estimate

* Uncorrelated backgrounds: U/Th/K/Rn/neutron

Single gamma rate @ 0.9MeV < 50Hz

Single neutron rate < 1000/day
2m water + 50 cm oil shielding

e Correlated backgrounds: noc Eu"-75
Neutrons: >100 MWE + 2m water
Y.F. Wang et al., PRD64(2001)0013012
8He/°Li: > 250 MWE(near), >1000 MWE(far)

Arbitary Units

(d)

(a) Oscillation Signal
(b) °Li (0.2%)

(a) (c) Fast Neutrons (0.08%)
(d) Accidentals (0.1%)

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

T. Hagner et al., Astroparticle. Phys. 14(2000) 33 5 )
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 0.1
8He+71_1 Background/Signal (%) 0.3 0.2 02




Sensitivity to Sin?20,,

W

N% 4,5§_ L Chooz sources Uncertainty

" 4E Daya Bay Reactors 0.087% (4 cores)
% sk 0.13% (6 cores)
Ng - 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"

o 2
sin"20,;
A A A " Ap A 2
Nbin |:Mi —T7(A+ap +a, +ay +Ci+zr:-|-l—Aar)_b B, :|

xP=min} >

A A2 _2 A
i—1 A-13 T."+T," o, +B,

2 2 2 Nbin C2
i

A2 A2
o o o o b
D c r d
2014/8/22 Tt 2+Z 2+z 2 +Z[ >+ 2} 57
r

Op O O, i=1 Oshape  A=13\ Oy Opg
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Timeline of the Experiment

Aug. 2003: Experimental plan and the detector design is proposed

2006: Project approved in China, and afterwards in other countries

Oct. 2007: Civil construction started

Dec.2010: All the blasting for the tunnel and underground hall completed
2008-2011: Detector construction, assembly and installation

Aug. 2011: Near detector data taking started

Dec. 2011: Far detector data taking started = full detector data taking

. l
3 =<
" ::,,-\,. { ] \\]‘ \\‘ )

A

e Openlng ceremony Oct 2007

28
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Tunnel: ~ 3100m
3 Exp. hall

1 hall for LS

1 hall for water

e
—— |
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L
)
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W

S

sl

RN

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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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 LAB PPO, bis-MSB

- f 4 >
\,Q\ S /
e

e GdLs production Equipment
: and the process by Daya Bay

Y

Gd (TMHA)3

P

/

Gd-LAB . /

0.1% Gd-LS



Water Cerenkov Detector Installation

PermaFlex painting




Hall 1(two ADs) Started Operation on Aug. 15, 2011
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éaw Daya Bay: Data Taking & Analysis Status

13

Two detector comparison nim A6s5 (2012)78
* 90 days of data, Daya Bay near only
First oscillation analysis PrL 108(2012)171803

e 55 days of data, 6 ADs near+far
e 520, ~20% precision

Improved results cpc 37 (2013)011001

e 139 days of data, 6 ADs near+far
e ~70, ~15% precision

Spectral Analysis PrL 112(2014)061801

e 217 days complete 6 AD period
e ~100, ~10% precision

Latest results Announced at Neutrino 2014

e 217 days 6 AD + 404 days 8 AD
e ~17 o, ~6% precision

2014/8/22

Data Taking Fraction

Installation of AD 748,
rSpeciaI Calibration Runs

ar
-

[

200 400 600
Days since August 11 2011

DAQ B Physics B This Analysis
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Neutrino Event Selection

Pre-selection

=
=

Reject Flashers
Reject Triggers within (-2 us, 200 pus) to a tagged water pool muon

Neutrino event selection

=

4

Multiplicity cut
v Prompt-delayed pairs within a time interval of 200 pus

v No triggers(E > 0.7MeV) before the prompt signal and after the
delayed signal by 200 us

Muon veto ;fz_ Lo I
v 1s after an AD shower muon g“*“” o AT o
v 1ms after an AD muon ‘g::_ : . i
v 0.6ms after an WP muon Topge L |
0.7MeV < Eyomoe < 12.0MeV i e
6.0MeV < Ejgjapeq < 12.0MeV - T Ll 10
1ps < At,., < 200ps B

| 111 1 II 111 111 111 111 | 111 111
6 8 10 12 14 16 18 20 1
Delayed energy (MeV) 35



Signal+Backgound Spectrum

-
E 10000 EH1 [S=Signal
Q i B Accidentals
E - Lithium-9
g i 241Am_13c
uz.l | Fast n
B (o, n)
5000
i EH1
- 138835 signal
I candidates
ol . e L T BT
0 2 4 6 8 10 12
Prompt energy (MeV)
% 2000}
E i EH3 —— Signal
R - B3] Accidentals
£ - 2414 1 130
Lﬁ B Fastn
1000 8.
- EH3
i 28909 signal
500 .
i candidates
[ . . YR B
% 6 3 10 12
Prompt energy (MeV)
2014/8/22

4000

Entries / 0.25MeV

2000

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

EH2

66473 signal
candidates

L.l |

Accidentals

Fast neutrons

8He/°Li
Am-C
o-n
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%
~204 ~5%
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Daily Neutrino Rate

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

Rate changes reflect the reactor on/off.

800 g_DTYa I+3ay Near:LHaII . ) } _g Prediction:
700 = — .
w00 E E Baseline ( 3.5cm,
500 %— :: ﬁztgscillation —% ~0002%)
—_ = Best Fit a0 3
9,: 40 = :+ :+I .: —— 3 Target mass (3kg’
> % E Ling Ao Near Hall = 0.015%)
G 700 = < —= :
= _E = | » Reactor neutrino flux
Qu=— M , , , | | - —= Predictions are absolute,
= 10 E T 1 1 1 1 1 [ A
wE Far Hall § multiplied by a
wE 1 4h ¥ normalization factor from
o Ef = the fitting
50 - =
40 ;_ 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I_z
Dec Jan Feb Mar Apr May Jun Jul

2011 2012 2012 2012 2012 2012 2012 2012
Run Time
201"” Ul L L 37



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,

x%/INDF = 4.26/4, 5.2 o for non-zero 0,5 (2012) 171803; citation > 880
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The Most Precise Neutrino Experiment

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%
Prompt energy 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%
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Another Lucky Story

It is big !
Everybody can see it

Easy for future experiments: mass hierarchy, CP phase,
etc.
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New Results:

Spectral Analysis

-
L
% 10000~ —+— Signal
g 24 Accidentals
- Lithium-9
.E 241Am_13c
LI=J Fastn
=ICRY)
5000
EH1
0 1 1 P P PP B T T
0 2 4 6 8 10 12
Prompt energy (MeV)
Gamma calibration data
z 1.1_
= 105
B _
. C
E = =g — Bestht
F K
= Data [nerrostod for bast it
E 0.85 — slodronics non-Inaarky)
) By + Single gamma souns
08 :_ # Mulliple gamma source
£ E
‘5 ”’fg byt L) 6 ¢ - .
4 oA * i
a % ﬁ ﬁ & g é }" é 2]

Effective gamma energy [Ma"u;]

Each bin is an oscillation measurement
Energy non-linearity calibration by
2014M@kIous sources: Uncertainty < 1%

EnuunuD

il

" Daya Bay: 621 days

[ 99.7% C.L.
[ ]955%C.L.

® Best fit

[Hesa%cCl —

%2 Indf=134.7/146 |
L L | L 1 1 1aaily

0.05 0.1 015

sin*(20,)

-

Y

sin® 263 = 0.08410002

|Am?2, | = 2447715 x 107 3eV?

x2/NDF = 134.7/146

Zhang’s talk @Neutrino 2014
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;ﬂ'e Comparison of 8,, Measurements
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Current Status and Future Plan

¢ Completed all detector
Installation

¢ Completed special automatic &
manual calibration

¢ Data taking until 2017

¢ Precision can reach:
A(sin?20,5) ~ 3%

20.02- —~ 025
& u 68.3% C.L > L
g0 R "o - 68.3% C.L.
50.016 —— Rate Only 6->8AD « 802
= -y e Init:llagoyn i E 0 - — Rate+Shape
wo.014 :_ —— Rate+Shape f r —— statistics only
0.012] BN & s .r o o
. C @ CPG 37 011001 & 0'15j 4 Current 6+8 AD
0.01 @ PRL 112061801 L
C 4= GCurrent 6+8 AD ~
0.008 ; 0.1
0.006 |- - A
C 1
0.004 — 0.05_ I 5
0.002 |- C MINOS 1'0'0n Am L
) = RN N AR IR IR P IR P C
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2014/8/22

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

quarks ? 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 3
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The JUNO Experiment

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

‘ , Daya Bay
Overburden ~ 700 m | » wu. Sie

Far Sltc

60 km
JUNO

uang Zho u : 5
Guang Zhou) nggmn
" : ; ‘L\s

Z?

8 haoaine
A‘ Savannah River
Bugey

Rovno
Goesgen
Krasnoyark
Palo Verde
Chooz ® KamLAND

10° 10° 10*

Distance to Reactor (m)

BOD> e XOXMP

[ -1
ou—-

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
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|
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L. Zhan et al., PRD78:111103,2008;
PRD79:073007,2009



The Plan: a Large LS Detector

— LS volume: x 20 =» for more statistics (40 events/day)
— light(PE) x 5 =» for better resolution (AM?,,/ AM?,, ~ 3%)

6kt MO

__________

40 events/day

—— Muon detector
Steel Tank
Water seal

- —— 20kt water

~15000 20” PMTs
coverage: ~80%

L1500 20" VETO PMTs
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Physics Reach

Thanks to a large 0,4

* Mass hierarchy

* Geoneutrinos
 Sterile neutrinos

* Precision measurement of
mixing parameters
 Supernova neutrinos

Current | Daya Bay Il
Am?,, 4% 0.6%
AM?,, 4% 0.6%
sin0, 6% 0.7%
SinZ0,, 10% N/A
ool  SiN%0y; 6%=>» 4% ~ 15%

Detector size: 20kt
Energy resolution: 3%/\E
Thermal power: 36 GW

20

Ay (AMZee)

0
2

For

T 1 T N
L Normal true MH ‘1 '
i
i i
L : ,
i

Y.F. Lietal., arXiv:1303.6733

— — True MH {o,, = «}

— — False MH (g, = =}

— True MH [o,. = 1.0%)
— False MH (g, = 1.0%]}

T P A . . .
440 236 238 240 242 244 246 248 2.50

|AMZ,e| (X107 eV?)

6 years, mass hierarchy cab

be determined at 4c level, if Am?

can

be determined at 1% level
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Sighals & Backgrounds

Estimated IBD signal event rate: ~40/day

LS without Gd-loading for
=  Better attenuation length =» better resolution

T~ 200 ps

= Lower irreducible accidental backgrounds from LS, important for a

larger detector:

Overburden 700m:

v WithoutGd: ~10-1%g/g =>»5Hz Single rates:
Good muon tracking
muon efficiency ~ 99.5%
B/S @ B/S@ Techniques to be used by JUNO
DYB EH1 JUNO
Accidentals ~1.49% ~10%  Low PMT radioactivity; LS purification;
prompt-delayed distance cut
Fast neutron ~0.1% ~0.49%  High muon detection efficiency (similar as DYB)
SLi/fHe ~0.4% ~0.8%  Muon tracking;

If good track, distance to muon track <5m and veto 2s;
If shower muon, full volume veto 2s



MC Study: Energy Scale & Resolution

energy resolution vs rec_energy

Resolution: based on DYB with: o

= JUNO Geometry £ L | Gnergy reconstnuction
= 80% photocathode coverage 3\ with an ideal vertex
= PMT QE from 25% = 35% N 2
=  Attenuation length of 20 m =» 3 X 7o = I +\/E(MeV) |
v abs. 60 m + Rayleigh scatt. 30m 2t Ay
Energy scale ! i
= By introduce a self-calibration USSPV FUPOS TS PUUVE FPUTE EVIL PO Y
(based on AM?,, periodic peaks),
effects can be corrected and ot
sensitivity is un-affected o
Y.F. Li et al., arXiv:1303.6733 ”E s
=  Application of this method: 2o
Relatively insensitive to continuous 2= || -t wscase -
backgrounds, non-periodic o [ty
structures | —

1 | 1 | 1 | 1 3 1 | 1 | 1
234 236 A38 240 242 244 246 248 250

|AMZe| (X107 eV7)



Supernova neutrinos

 Less than 20 events observed so far

Possible candidate. -

* Assumptions:

— Distance: 10 kpc (our Galaxy center)
— Energy: 3x10*3 erg

| I |
Size of Star
1]
Size of Earth’s Orbit

| S—
Size of Jupiter’s Orbit

— L, the same for all types

Atmosphere of Betelgeuse
PRC96-04 - ST Scl OPO - January 15, 1995 - A. Dupree (CfA), NASA

dN/AE}® [10° events MeV™']

10 SR
Tomo Estimated numbers of neutrino events in JUNO (preliminary)
S | (B = 12MeVomeee Ve Events for different (F,) values
(Fr) = 15MeV g, Channel ype —53nev 14 MeV 16 MeV
SR Ty Vet p et tn cC 13x10°  50x10° 57 x10°
— Allflvors | p+p—svtp NC 6.0 x 102 1.2 x 103 2.0 x 10°
dE event spectrum v+e—uvte NC 3.6 x 102 3.6x 102 3.6 x 10?
% \ of v-p scattering v+ 2C— v+ B2C* NC 1.7 x 102 3.2 x 10? 5.2 x 102
2l (preliminary) ve+ PC—=e + BN CcC 4.7x 10 94x10'  1.6x 10
sl e+ 2C—et+ B CC 6.0x 100 1.1x10° 1.6 x10?
0 P e

02 04 06 08 1
Quenched Proton Energy E;m [MeV]

12 14 16

LS detector vs. Water Cerenkov detectors:
much better detection to these correlated events

-> Measure energy spectra & fluxes of almost all types of neutrinos
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Challenge 1: Large Detector Structure

¢ A D~35m detector in the water pool:
= Mechanics, optics, chemistry, ...

= How to keep it clean during and after
the assembly ?

= Possibility of assembly within 2 years
¢ Current design:
= Default: acrylic tank(D~35m) + SS
structure
v Acrylic bonding, creeping, stress,
steel support at acrylic, deformation,

event reconstruction with total
refection, ...
= Backup: SS tank(D~38m) + acrylic
panel + balloon
v Balloon materials, cleanness, leaks,
deployment, ...

¢ R&D and prototyping underway

2014/8/22




Challenge I1: Transparent Liquid Scintillator

Our choice: LAB+PPO+BisMSB
At Daya Bay: 15m
Our target: 30 m

R&D efforts:

RAW

Vacuum distillation

= Improve raw materials
= Improve the production process

SiO, coloum

= Purification Al,O, coloum

v Distillation, Filtration, Water
extraction, Nitrogen stripping...

= Optimization of fluor concentration
Other works:

Rayleigh scattering measurement
Energy non-linearity study

Aging study

Material selection: BKG & purity issues

Engineering issues for 20kt
v Equipment, logistics, safety, ...

o o
) o]

o
~
" 1 " 1 " 1

4443
Light output, relative units

o
(V)

00—

=
o
. 1

Al,0, coloum

KamLAND

LAB from Nanjing, Raw

Linear Alky Benzene Atte. L(m)

@ 430 nm

14.2
19.5
18.6

22.3
20

@

00 01 02 03

2014/8/22

PPO mass fraction, %
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Challenge lll: High QE PMT

¢ Three types of high QE 20”
PMTs under development:
= A new type of MCP-PMT:
4 collection
= Hammamatzu R5912-100
with SBA photocathode
= Photonics-type PMT
¢ MCP-PMT development:
= Technical issues mostly

resolved

=
=

Successful 8” prototypes
A few 20” prototypes

= =8ih

Gain

10

v
.

1800

2014/8/22
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71,
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Rise time
SPE Amp.
P/V of SPE
TTS

R5912

25%
3ns
17mV
>2.5
5.5ns

R5912
-100

>30%
3.4ns
18mV
>2.5

1.5ns
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25-30%
ans
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~2
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Challenge IV: Civil Construction

A 600m vertical shaft How to control the
A 1300m long tunnel(409% slope) | | schedule and budget ?
A50m diameter, 80m hlgh cavern How to control risks ?

2014/8/22 P



Current Status & Brief Schedule

4

Project approved by CAS for R&D and design
Geological survey completed
= Granite rock, tem. ~ 31 °C, little water

¢ EPC contract signed:
=  Engineering design by July
=  Construction work by Nov.

¢ Paper work towards the construction:
= Land, environment, safety, ...

4

Schedule:
Civil preparation: 2013-2014
Civil construction: 2014-2017
Detector component production: 2016-2017
PMT production: 2016-2019
Detector assembly & installation: 2018-2019

Filling & data taking: 2020
2014/8/22




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%, 6,,, Am,,?

> GEO-, solar, supernova, ..., neutrinos
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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 IIIIII| T T TTT] [T TTTTT] [ T TTTTT1 I IIIIIII| [ CZhangetal
i arXiv: 1303.0900
E 0.9 1T
E .5 INew Oscilatio 1]
£ || |to sterile v? Atmospheric
= Bl Oscilation
E 0.7
o
B 06
g - D. Lhuiller@Neutrino 2012 Solar
05— G. Mention et al., PRD83(2011)073006 Oscilation T
2014/8/221-4_' I lll.!l L[ [ ”Hl!n | [ [ l”llll.LD [ [ [ ||1||:||m [ [ 1] lllult|lun I II"I:"I][m_I I I_ 58
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Flux

Latest Results fr

— Data/Prediction (Huber+Mueller)

0.947 *+ 0.022

— Data/Prediction (iLL+Vogel)

0.992 *+ 0.023

Data / Prediction

1.2

1.0

0.8

D-E PR T R 1

om Daya Bay

I

e

.
—

—+— Pravipus data

—s— Daya Bay
— Warld Average

[C] 1-oExp. Une.
[] 1-o Flux Une.

10

— Consistent with previous measurement

Spectrum

2014/8/22

After non-linearity correction
Deviation in [4, 6] MeV is ~40.

Events are reactor power correlated &
time independent, similar to IBD

event and disfavors unexpected

backgrounds

An absolute spectrum is extracted by

using an un-folding method

Entries / 250 keV

Data/Prediction

arXiv:1407.1281
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http://arxiv.org/abs/arXiv:1407.1281

Solution: Experiments

Radioactive sources: CeLAND(**Ce in KamLAND), SoX(*!1Cr in
Borexino),...
Accelerator beams: IsoDAR, Icarus/Nessie, nuSTORM...

Reactors: Nucifer, Stereo, Solid, Prospect, SCARR, ...
=  Backgrounds near by reactors
=  Precision better than 1%

Reactor core -~ Error bars dominated
Nu Cife r 400 - by subtraction of
1 C  Data accldental background
350 predicted v rate =
300 - —
250 [ ] =
200 [ =
150 |- =
100 f— Cosmic bckg level Power (MW) —f
0 : E
o ! et =
- 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1_—
12000 12200 12400 12600 12800
Run number

Figures from T. Lasserre :
2014/8/22 Will be upgraded to reduce backgrounds |5,




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,,, 0,3
* Great future:

— mass hierarchy
— “All” mixing parameters



