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Jiangmen Underground
Neutrino Observatory

Xiang Zhou, Wuhan University
on behalf of the JUNO collaboration
Hadron 2016, Aug. 10, 2016, Wuhan
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&9  Where is JUNO?

” Kaiping county, Jiangmen city
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High-precision, Giant LS detector

Muon Tracker

VETO PMTs
KamLAND BOREXINO JUNO
LS mass 1 kton 0.5 kton 20 kton

Energy resolution | 6%/VE(MeV) 5%/NE(MeV) 3%/NE(MeV)
Light yield 250 p.e./ MeV 511 p.e./MeV 1200 p.e./MeV




g9 Rich Physics Program @

JUNO has been approved in Feb. 2013. ~300M$

20 kton LS detector
*3% energy resolution
700 m underground
* Rich physics possibilities
 Mass hierarchy
e Precision measurements
» Supernovae neutrino
* Geo-neutrino
 Solar neutrino

Neutrino Physics with JUNO  ° Atmospheric neutrino

J. Phys. G 43, 030401(2016)  *Proton decay
e Dark mater




JUNO Event Rates  €%)

Supernova v
5-7k in 10s for 10kpc

Atmospheric v 7 |
several/day |

Cosmic muons
~ 250k/day

0.003 Hz/m?
215 GeV
10% multiple-muon

® 36 GW, 53 km
§ reactor v, 60/day
Bkg: 3.8/day




g9 Neutrino Mass Hierarchy @1
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Axm = IxEim N = X2, D]
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’ 6 years
d Ideal distribution )
' E_res = 3%
20 | -

Ay’ (MH)

MH sensitivity in JUNO

&

0 20 40 60 80 100 120 1;()‘160 05 *l‘ 13 12 l‘ 6 ; ; ; ; 5
nominal value L
BG uncertainties
(Stat. only) nearby NPPs statistical & shape
Stat. Core dist. DYB and HZ Shape B/S (stat.) B/S (shape) ‘Amﬁu
Size 52.5 km Table 2 Table 2% 1% 6.3% 0.4% 1%
Axyym ~ +16 -3 ~1.7 -1 -0.6 -0.1 +(4 - 12)

real distribution
of reactor cores

reactor shape

) vy oscillations
uncertainty

precision measurement



#) MH sensitivity in JUNO §2)

JUNO MH sensitivity with 6 years’ data e yr yr

PRD Relative with absolute 0,088
88,013008(2013) | Measurement Am? : o—
0.030 /

.. 0.025
_ ///

* Big Challenge: 3% Energy resolution
*77% photocathode coverage
e PMT peak QE: 35%
e Attenuation length: 20 m
e abs. 60 m + Rayleigh scatt. 30 m

E _res

Luminosity
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Current Bound
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The chance to observe Ovpp 1n the next-
generation double beta decay experiments
1s greatly enhanced for an inverted MH
and the Majorana nature of massive
neutrinos.
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Current Cosmology (95% U.L.)

KATRIN
c. 2020
(95% U.L.)

---------- Future Cosmology - -|- - - - - -

10 10° 10"
’”Iu;hh st ((‘ ')

IM: future combined cosmological
constraints would have a very high-
precision detection of Xmy, with 1o error.
MH: future cosmology would detect the
lowest Xmy at a level of ~4c.



Precision Measurements @

JUNO 100k IBD Events

> 5
£ 250 :
() i
— 200
——
(b i
Q = » » -
A 150 Probing the unitarity of
o . Upmns to ~1%
w— 100F more precise than CKM
O i matrix elements !
H -
50 i
O .
Eprompt (MeV)
Statistics +BG+1% b2b+1% Scale +1% EnonL.
sin® 0, 0.54% 0.67%
Am221 0.240/0 0.590/0
Am?,, 0.27% 0.44%

2 _ 2 2 $ 2 2
Am;, = cos” 0, Amy; + sin” 0, Amy,
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- Less than 20 events observed for 1987A
e Assumptions:

Distance: 10 kpc (1pc = 3.26156 ly)
Fnergy: 3x10%8 erg (1 erg=10-7J)
| : the same for all types

L ]
Size of Star

L
Size of Earth's Orbit

* 5000 IBD events
- 2000 all flavor events

[ |
Size of Jupiter's Orbit

HST - FOC

Atmosphere of Betelgeuse
PRC96-04 - ST Sci OPO -

January 15, 1995 -

HRE—SE:

A. Dupree (CfA), NASA

SE
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N >> 1 : Burst

Rate ~ 0.01/yr

high statistics,
all flavors

N~ 1 : Mini-Burst

Rate ~ 1/yr

object identity,

burst variety

N <<1:DSNB

Rate ~ 108/yr

cosmic rate,
average emission

II!IIII“
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I IIIIIII

I

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

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

5—r||||

15 20

10 years’ sensitivity

25

30 35

antineutrino energy [MeV]

Syst. uncertainty BG 5% 20 %
(Ep.) rate only spectral fit | rate only spectral fit
12 MeV 1.7 1.90 .50 .70
15 MeV 3.30 3.50 3.00 3.20
18 MeV h.lo b40 460 4.70
21 MeV 6.90 730 6.20 6.40
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Geo-neutrinos @

5 Big Questions:

- What s the Planetary K/U ratio? Summary of geoneutrino results
planetary volatility curve
- Radiogenic contribution to heat flow? 100 KamLAND Borexino
secular cooling 2005 2011 2013 2010 2013 2015
. . 90 - - T - 90
- Composition of the deep mantle?
whole vs layered convection 80 - - 80
- Elements in the core? " [ Bk
Radioactive & light element budgets 60 - - 60
- ’ Silicate Earth D
- Nature of the Core-Mantle Boundary? Z 501 Models - 50 Z
o . — 30 TW —
idden reservoirs 40 - 40
30 30
Antineutrino Map: geoneutrinos + reactor neutrinos 20 Crust - far field |,
- — ‘ ) e Crust - far field 0
& s D /N 10 10
? ¥ 4 & ; .

SILICATE EARTH MODELS

Cosmochemical: uses meteorites—10 TW
Geochemical:usesterrestrialrocks—20 TW
Geodynamical: parameterized convection—30 TW

TNU: geo-nv event seen by a
kiloton detector in a year

McDonough’s slides

ANTINEUTRINO

GLOBAL MAP 2015
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Source Events/year
Geoneutrinos 408 4+ 60

U chain 311 £ 55
Th chain 092 + 37
Reactors 16100 =+ 900
Fast neutrons 3.65 + 3.65
Li - ®He 657 + 130
BC(a,n)0 18.24+9.1
Accidental coincidences 401 +4

JUNO: %20 statistics

eHuQge reactor neutrino backgrounds
eNeed accurate reactor spectra

16
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Solar Neutrinos

situation after pp-neutrino measurement

1 -
0o E_ (all data points from Borexino)
0.8 PP pep
0.7
- —— 7
;?’ 06 Be ¢
t e — fmmmesss o .
. 0.5 :— \ B
< = ! ~
0- 0.4 :_ \\\ PN
0.3 :— D C— &m ________ MS W’LMA
= NSI/sterile v’s? expectation
0.1
0 ? 1 1 1 1 1 L1 1 l 1 A 1 | Ll 1.1 l 1 1
10° 10° 10*
Energy (keV)

An improved accuracy of the measurement in the region around 3 MeV would be essential
to test the consistency of the MSW-LMA solution and definitely exclude (or confirm) more
exotic sub-leading effects
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Solar Neutrinos @

Internal radiopurity requirements

Baseline Ideal é 10°
1%y 5x 10 (@gg™h 1x 10 @gg™"h S 1?
5Kr 500 (counts/day/kton) 100 (counts/day/kton) 5
238 1 x 10" @gg ™) 1x 107 (gg ™) =
232 1 x 10 % (@gg™" 1x 107 (gg™") g 10
K 1 x 107" (gg™") Ix107" (gg™ ~
4c 1 x 107 (gg™H 1 x 10 "% @gg™h R
>
Cosmogenic background rates (counts/day /kton) w
10"
e 1860
oc 35 10°
Solar neutrino signal rates (counts/day/kton)
3
pp v 1378 10
"Be v 517
10.47 'Illllllllll'l 1
pep v 28 0 2 4 6 8 10 12 14
Bv 4.3 Energy [MeV]
BN/50/VF v 7.5/5.4/0.1

An improved accuracy of the measurement in the region around 3 MeV would be essential
to test the consistency of the LMA-MSW solution and definitely exclude (or confirm) more
exotic sub-leading effects
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Due to the high efficiency in measuring this mode, JUNQO’s sensitivity will surpass
Super-Kamiokande’s in only 3 years since its data taking.
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Europe (26)

MAPC Parls

U libre de Bruxelles INFN-Roma 3
Charles U. — INR Moscow
CPPM Marstei"lflvie‘ IPHC Strasbourg
FZjulich - JINR
INFN-Frascati " LLR Paris

INFN-Ferrara | - RWTH Aachen U.

INFN-Milano" “Subatech Nantes
INFN-Milano Bicocca TUM
INFN-Padova ~U. Hamburg
INFN-Perugia U.Mainz

MSU U.Oulu

IKP FZI Julich U.Tuebingen

Forschungszentrum Julich
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JUNOQO Collaboration @
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BNU.
CAGS

CQ U.
CIAE
DGUT
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Guangxi U.
HIT
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Jilin U.
Nanjing U.
Jinan U.

P \j
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,_'-;M_-s,*s_’_.‘ 4-\‘
- ST America (6)

———~=—" UMD (physics)
UMD (geology)

. PCUG
f " BISEE
PUC -
UEL
Observer (8)

1. Department of Physics, Jyvaskyla University, (Finland)
2. 'HEPHY Vienna (Austria)
3. CENBG-IN2P3 (Bordeaux, France)
4. Universidad Técnica Federico Santa Maria (Valparaiso, Chile)
. The Particle Physics Research Laboratory, Chulalongkorn University
o (Bangkok, Thailand)
b;.:National Astronomical Research Institute of Thailand
'Faculty of Mathematics, Physics and Informatics, Comenius
) University (Bratislava, Slovakia)
. Instjtute of Electronics and Computer Science, (Riga, LatV|a)

» ,A5|a (34)
~ Nankai U. SYSU

Natl..Chiao-Tung U.  Tsinghua
Natl. Taiwan U. UCAS | =
Natl. United U. USTC
NCEPU Wuhan U
Peking U. “Wuyi U
Shandong U. Xiamen U

- SITU Xi'an JTU
IMP-CAS SUT
PINSTECH U. of South China
NUDT Yerevan Physics Institute




Surface Facilities @
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Vertical shaft

i 700 m Underground @










20” PMT bidding @

20-inch Hamamatus PMT
Dynode
Ellipsoidal Glass

20-inch IHEP MCP-PMT
Horizontal MCPs
Ellipsoidal Glass

HQE 1#, 2#, 3# 76#, 774, 784, 79#
Characteristics unit MCP-PMT (IHEP) R12860 (Hamamatsu)
Electron Multiplier - MCP Dynode
Photocathode mode - reflection+ transmission transmission
Quantum Efficiency (400nm) % 26 (T),30 (T+R) 30(T)
Relativity Detection Efficiency %o ~ 110% ~ 100 %
P/V of SPE >3 >3
TTS on the top point ns ~12 ~3
Rise time/ Fall time ns R~2 , F~10 R~7 , F~17
Anode Dark Count Hz ~30K ~30K
After Pulse Time distribution us 45 4, 17
After Pulse Rate Yo 3 10
Glass - Low-Potassium Glass HARIO-32

Finished 20” PMT bidding
at end of 2015:

- 15000 MCP-PMT
(North Night Vision
Technology, NNVT)

-- 5000 Dynode-PMT
(Hamamatsu)



Polyhedral module

layout method

<h
.

3 layers: 180
Triangles(or 12

* Circle and layer

Football the same layer

* The number of PMT is equal in every circle of

Photocathode Coverage @

* Alayer contains one or several circles PMTs

Pentagons and
20 hexagons) pole
6 layers: 720
Triangles(or 12
Pentagons and
110 hexagons) W/ EEESESSRl 090020
a layer
— Volleyball-iked [ s PP e e e eEe®  CONtaiNs
9 layers: 1620 IR I ""-JJ-J‘JJ PSS eewe .o';o;t;' I
Triangles(or 12 e D A Vs seweweweweswes SCVCIA
Pentagons and s T i EXr A yowwwwcircles PMT
260 hexagons)
arranged)
Scheme Acrylic vessel+steel space truss stainless-steel tank + balloon with
acrylic support
Arrangement method Layer-by-layer layout method: 9-layers’ module layout method:
arrange PMT optimally then deleted PMT where bars = 272 modules or 1620 installed cells
occupied
Radius & PMT No. | Radius has no influence to coverage Optimal radius: 18.7m
R1:18.7m PMT No. : 16918-616 coverage: 77.7
R2:19.9m PMT No.:19214-616 coverage: 77.9 PMT No. : 16520
Maximum coverage ~77.9%-2.5%=75.4% ~76.8%
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Adding SPMTs

'6

(IPRELIMINARY

&

3" PMT

(several options)
*MELZ (RU)
*HZC (CH)

*ETL (UK)

*Hamamatsu(JP)

g_ PE DETECTED BY S-PMT
) Normalised to 200k detected IBDs
@ I Light Level: 40 pe/MeV
© 40} -
& | Resolution: 16% (6pe @ 1MeV) A
w N(s-pmt): 36000
30}
| Non-Oscillated Spectrum
(@ Reactor)
. — Oscillated Spectrum
20} (@ S53km basehline)
.‘ A 1 i 10(
~ 18,000 PMTs (20" diameter)— Large-PMT system ( . Sm?2
( ~36000 PMTs (3" diameter) = Small-PMT system ( : "
~ C— "',_ o’ ' 8

10 10°
Total number of p.e.
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- Electronics

Calibration

Filling +
Overflow

Top Tracker

Central detector

SS latticed shell Acrylic Sphere:

ID:35.4m

Acrylic sphere
Thickness:120mm

(20Kt LS in it)

SSLS:
ID:40.1m
OD:41.1m

~17000 20” PMT
+~34000 3” PMT

Lo
Lt T Water pool
‘ s ‘{!m ElrL!JL i f :( . o"a . 0 l"' "" ID:43.5m
Y s s . al ateIee ey Height: 44m
PR R e e oo Ao mt Water Depth: 43.5m

i - - . R R .
; = = = < S —
N
v - -f;! T v
- r ?-.41—’ s w—=
rrg i . -t e -

e et o 1.

Water Cherenkov

L

rrrrr
. -

~2000 20" PMT

— _/_ { ey 1"(

o P e
R Y (O
i li.l 1 II ﬂl?l.hlullihlllulﬂl lnmm

AS: Acrylic sphere; SSLS: stainless steel latticed shell
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Acrylic Sphere R&D @

/S o ®®
e/ &® B ®

e/ 6 O/Q 0,0 0\0

Oo/o @[@ ® | ® @)\

’0/0 o[o ® @ o\o'

00[0 ® @ @@ ®

8¢ ¢l @|® @

e @ @ @ @
1® @

Acrylic divided into 200+ panels

Prototype of spherical panel

The problems of shrinkage and
shape variation were resolved.

Three companies had good
practices.




_mixing tank

Purify 20 ton LAB to test the overall design of purification system at Daya Bay.
Replace the target LS in one detector

Quantify the effectivities of subsystems

e Optical : >20m A.L @430nm?

e Radio-purity: 1015 g/g (U, Th) ?

Determine the choice of sub-systems

* Al2O3 column, distillation, gas striping, water extraction

30
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Optical properties of LS @

= /"./'.)5'/
.)L Y
-
i 3 %

Vacuum No E No
DieleptricéNO - > N
medium ; k////»
attenuation = absorption ® scattering
1 1 1

Latt. Labs. Lsca.

Geant4:. absorption & scattering lengths
Measurements: attenuation & scattering lengths
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1.9m@432.3 nm

Raylelgh Scattering Measurements @

lRay—271—

E 55 -
g’ 50 f_ s> Einstein-Smoluchowski-Cabannes formula N
Q - S
- —
£ SF N
E : .....
@ 40—
B
'cc» 35 NN AN
) - RN
> [~ SN
o - N :._j: \ A :.,: ::::
© 30 N
25 |—
20— OS
15
1 0 1 l 1 1 1 l | 1 l 1 l 1 l 1 1 l | 1 l 1 1
360 380 400 420 440 460 480 500
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MC study on Energy resolution @

energy resolution vs rec_energy

IIII|IIII|IIII|IIIII

total charge-based energy
reconstruction with an ideal
vertex reconstruction “

2.57%

o = 0.18% + \.
£ JE(MeV)

e 0= g1 5 1 e 8 e R e e e e e e s S e s A e R S A e

rec_energy(MeV)

KamLAND

e Based on DYB MC (tuned to
data), except
e JUNO Geometry and 77%
photocathode coverage
e PMT peak QE 35%
e Attenuation length 20
m@430nm
e att. 20 m = abs. 60 m +
Ra%fleigh slcatt. 3({m
Luw.  Lae | Ly

BOREXINO JUNO

1 kton

LS mass

0.5 kton 20 kton

6%/NE(MeV)

Energy resolution

5%/NE(MeV) | 3%/E(MeV)

Light yield 250 p.e./MeV

511 p.e./MeV 1200 p.e./MeV
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Rope Loop System

00— Central cable
‘7 l/i | Spool drive
Automated Water Line
Calibration » J L
Unit ACU M| ' Side cable
ulle
CLS .' \ pulley
/| source ROV
LA Y=oy Remotely operated
- under-liquid-scintillator
source .
\ _y vehicles

Calibration System Conceptual Designs

Neutron
source

Gamma
source

®  JUNO detector

‘central axis
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e Top tracker (TT):
e Re-using the Target Tracker walls of the OPERA experiment;
e Total number is 62 and cover half of the top area;
e 3 TTlayersspaced by 1 m ,eachlayer have x,y readout;
e Asolid bridge support the TT and its mechanical structure;
e Perform a precise muon tracking and provide valuable
information for cosmic muon induced Li9/He8 study.

 Water Cherenkov detector:
e 20 inch MCP-PMT used for veto system with number~2000;
* Detector efficiency requirementis expect to be>95%;
* Fast neutron background ~0.1/day.

* Compensation coils system used for earth magnet field shielding
to keep PMT performance.

* Water system:
 Employ a circulation/polishing water system;
 Keep a good water quality -including radon control.

35



« 1 trigger PMT, 6 PMTs
with cover

Test 4 kinds of top
covers with 3 kinds of
connection structures

PMT protection @

10mm
acrylic

The PMT protection is designed NOT to prevent
the PMT implosion but to prevent the generation
of shockwave thus to avoid the chain reaction

E ang' i Bang!

Bang!




PMT protection &)

3mm PC, 8mm acrylic,
broke into pieces broke into pieces

12mm acrylic,
fell to the floor,
still completed

3mm PC,
broke into pieces

12mm
acrylic
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Summary and Conclusion @
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- A medium-baseline reactor neutrino project in China,
JUNO, has received approval.

- JUNO has great potential in resolving neutrino mass
hierarchy. JUNO will measure Mass hierarchy (3-4 ¢ in
2026) and 3 oscillation parameters to <1% level.

- In addition, 1ts unprecedented target mass and
performance among LS detectors mean great potential on

many other topics.

- JUNO construction and R&D are on schedule, aiming at
data taking 1n 2020.
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