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Questions in neutrine physics
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JUNO collaboration
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Overview of JUNO location

JUNO = Jiangmen Underground Neutrino Observatory

NPP Power, GW Status 20 kt |IC|UId scintillator (LS)
Taishan 9.2/18.4  Operational spherical detector. Main
Yangjiang 17.4 Operational QOO|S are mass hierorchy
~1900 m.w.e. overburden [EESEE s defermination and preC|Se

-
ShenZhen "~ . & - Huizhou NPP
“ ) @) Daya Bay
' ° f 4
{ 2 )i\/ Zhu Hai q\ o NPP

Hong Kong

S .(.“'4;/‘,{\".

s g e\ 2YMacau

Taishan NPP
Yangjiang NPP
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Detector design + veto
JUNO - the largest LS in the world!

Central detector

—— o T o « Acrylic sphere with diameter 35.4 m

AN PU L ] * LS as a target material with mass 20 kf
e PMTs 17.6k 20" and 25k 3"

« 78% PMT photo coverage

« Energy resolution 3%@1 MeV ~1200 p.e.

Muon water Cherenkov Veto

 Diameter of water pool 43.5 m

Mass of purified water 35 ki

« 2k 20" PMTs inside

Top tracker

« Three layers of plastic scintillator
* Precise muon fracking

arXiv:1508.07166
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Large PMT array

« 15000 MCP-PMTs from NNVT (Northern Night Vision Technology)
« 5000 dynode PMTs from Hamamatsu (R12860 HQE)
« 17571 PMTs will read out the scintillation light of the Central
Detector
* In production since 2016
* PMT testing:
* Finished for dynode PMTs
« ~10000 of 15000 MCP-PMTs already tested

Specifications Unit MCP-PMT (NNVT) R12860 Hamamatsu HQE
Det. Efficiency (QE*CE) % 28.3% (new Type: 30.1%) 28.1%
Peak to Valley of SPE 3.5, (>2.8) 3, (>2.5)
TTS on the top point ns 12, (<15) 2.7, (<3.5)
Rise time / Fall Time ns RT~2, FT~12 RT~5, FT~9
Anode Dark Count kHz 20, (<30) 10, (<50)
After Pulse Rate % 1, (<2) 10, (<15)
Radioactivity (glass) ppb 2381: 50 2381: 400
232Th: 50 232Th: 400
40K: 20 40K: 40
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PDouble calorimetry
Energy resolution

@= -|_0-2

E E non—stoch

stochastic term: depends on photostatistics

non-stochastic term: residual issues

(stability, uniformity, linearity) after calibration JUNO custom design: XP72B22
25600 PMTs in the Central Detector CZQ()EOQS?;e:eOlzé \Igcl\]/ll[resy 3.0. TS 2-5ns
!‘PMTS U?G charge . e 2.5% photocoverage w Coax cable Signal+HV P x "’.,
!ntegrahon and pro.wde * Provided by HZC Photonics 16 R : cois
info about stochastic term (Hainan, PR China) W

Can effectively help in:
SPMTs use photon counting Muon tracking (+ shower muon WA

\“l“\.. “ 10 @E{} CIC m‘r ‘ - ‘: = i
calorimetry) y W/ ey —,
w Under Water Box
° Supernova measurements
x 128
L]

Indepen(?lent. measurement of Under water box provides supply for 128 PMTs
solar oscillation parameters (Prototype has already built and successfully tested!)
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Calibration' sgystems

Side cable

Calibration house o
ACU 40K Y, €
spool | Central c:,ble — 54Mn v
gide c2D
M\ laser ‘ 60Co Yy
Neutron . & “ 137Cs Y
i -1"‘{' ] ¢ ; JUNO detector v 22Na er
""\ﬁ\ B central axis 68Ge et
S ACU (Automatic Calibration Unit)  Guide Tube System _
CLS |c-..__g W \‘ Two i 90Sr e
._“ - - . ' ! = o - cq, Den en
pulley / '\ “ g /OODS)Zfe,;s 241 Am-Be n,y
: ) -
} 'i L 241 Am-C n,y
¢ soee \| 8 241Pu-C N,y
S 252Cf N,y
)
4

Central cable

Source storage system

Overview of JUNO's Calibration Systems

(including laser calibration system)  (Remotely Operated Vehicle)  Cable Loop System
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Liquid scintillator for JUNO

Requirements for LS ‘E‘l‘r’] ';’g:‘h
0 Low background: 238U < 10> g/g, 22Th < 101> g/g, K < 107 g/g alkylbenzene
a High light yield: 104 PE/MeV (LAB) as solvent
Q High transparency: Attenuation length > 20 m for 430 nm +
non-radiative
Fluor: - 280nm
2.5 g/l PPO
Purification pilot plant
Q Distillation: Remove heavy metal and improve transparency +
a Al,O; column purification: Remove impurity Wavelength non-radiative
e - 390
a0 Water extraction: Remove U/Th/K Shifter: bl
. 3 mg/| Bis-MSB
a Gas stripping: Remove Ar/Kr/Rn
0 Use one DayaBay AD for R&D ""';;hf snlislon
Q 222Rn suppression > 94% > 430nm, t=4.4ns
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PPO

shipping Filtration Yes
> < QC
T No [
bis—MSB
shipping

LAB shipping LAB
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OSIRIS

OSIRIS -Online Scintillator Internal Radioactivity Investigation System

¢ Measure the radioactive contamination of LS before
filling into JUNO detector;
% Sensitivity: IBD requirements within 10 h measurement;

% Sensitivity: solar neutrinos within 5 days measurements;
% Measure ~19 t LS per day;
¢ Detector:

« Diameter 3 m, height 3 m acrylic tank;

« 2.5 m water shielding;

« 81 20” PMTs for photon detection;

« 12 20" PMTs inside water pool for veto.
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Neutrino physics with JUNO

Solar Neutrino
~10k per day

Supernova
Neutrino (burst)
~5kin 10 s for
10 kpc

Diffuse
Supernova
Neutrino
~3 per year

Reactor Neutrino
~60 per day

- sV TAVAVAVAVATRVRAAN ey NA]
y—r e SR A RERSTAT

oA,

221(0)1:220)240

Atmospheric Neutrino
several per day

Cosmic-rays
~250k per day

Geo-Neutrino
~1 per day
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Inverse beta-decay reaction

-42
0.9r _x10%_
— o™
- 7] =
+ " 0.8— ] S
C —

- — 4 c
Vet+tp—2e"+m 5.0 s
/ - 7 \ K%} - ] 8

(i - i
n ’\+ delayed ,,—$ ~ 06— 1 @
/N ~236 ps - -3 8
1. ! s 05 7 o
’/, ‘ —~ — —_— — 0
V—e."_". 22 M 8 04— ] %
\_  prompt Y (2.2 MeY) £ E- -2 g
p ‘. ~ few ns 3 93— i ©
N\ _E — - - ..d-j
\\ 'E 02— —11 m
X < - — Q
vy (511 keV)+———._--—->‘y(511 keV) 0.1 3 g
e’ = - >

0 1 2 3 4 5 6 7 8 9

Antineutrino Energy (MeV)

IBD is golden reaction of neutrino physics

» Higher cross-section than other channels

« Signature is a coincidence of prompt and delay signals

« Positron energy carries information about antineutrino energy
« Threshold is 1.8 MeV
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Neutrine mass ordering

survival probability
P(V, > Vo) = 1 — cos*0,35in%204,sin?A,; — sin?20,3(cos?0,,sin%A3; + sin?04,sin’A;,)

e VT
e M

Daya Bay ND . = ] v Normal Inverted v
: oo i
~ 500 m A '3 — I——— o

,,,,,,,,,,,,,,,,

> = v
I S E— V',
T 0-6 :_ Coi 1 — A
= A <E U 3 r|'|§tml
=g 0.5 - KamLAND By 3

E T tOtal H H H Voo .é E H E
0.3 = — slow osc. ]UNO N U i
02f— fastose. =1 Tggum W] V— o —
O 1B i V. e— ¢ ol
10! 1 10 107 5.T. Petcov et al., PLB533(2002)94

L kIIl at E p— 4 MeV 2 FJ‘ArJ‘f‘QU:Qg/ et CIJA, PPJ’IJFJ{VZUC:‘) 113004
NH | A 2 [l ] |(A 2 | A ) 2 A Amll ° L ). Learned et al., PRD78, 071302 QUZB)
: M1 = M*37 +AM 21 Lo =

L. Znan, PRD78:111103, 2008, PRD79:073007, 2009

IH: AmQ — Am2 ~ Am2 1) 4_E J. L%cnmec\ et al., arXiv:0810.2580
31 32 21

(.F Lietal, PRD 88, 013008 (2013)
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Difficulties

Measured spectrum +

ldeal neutrino spectrum ) =
energy resolution 3%@1 MeV Chi square map
x1 0‘ 10° Signal IBD Events - Baseline 52.5 km x1 04 10° Signal IBD Events - Baseline 52.5 km - 3% Energy Resolution 0.040
> 3 > 3 I
g Osc. Parameters . NO g Osc. Parameters — NO
~ o g |- Capozzi+ 1703.04471 — 10 ~ 2.5 |- Capozzi+ 1703.04471 — 10 .
{‘.:l Jg 0.035
[} ) N
o 2 o 2+
15} 15} o 00%0f
UJI
1 [ 1 =
0.025
05 [ 0 5 -
0 N N N R N . g 0 | , N , N . 0.020 I
2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 89 0.50
Neutrino Energy [MeV] Visible Energy [MeV] Luminosity
1.04 c B) ]
. . . 6§ CPC, 2017, 41(1): 13002-013002
More detailed information about  _ e §§
reactor spectrum is needed. 2 100 g%
: Sy
o 5 MeV bump? 8 oo 23
o Fine structure (may affect to MH)? 5T
It requires a reference detector! NE—— = 4
Prompt Energy (MeV)
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TAO detector

High precision measurement of reactor specirum: JUNO TAO
* Provide model-independent reference for JUNO Taishan Antineutrino Observatory
- Possible improvement of nuclear databases : .
- Investigate the reactor spectrum anomaly (5 MeV bump) [ *$ee . .
« 30 x JUNO statistics Filling port
TAO Design Features:
« 2.6 ton Gd-LS as target material (1 ton fiducial target)
» Detector placed at 30 m distance from one reactor core
« 10 m? SiPM, with 50% PDE, Coverage: ~94-96% Side .
. SiPMs and LS cooled down to -50 °C (reduce noize from (iuh:')?:) T Bl 5| (zh[')‘;':)
SIPM) | Gd-LS
SiPM array|
Expected Performance: Cushell
« ~ 4500 p.e. / MeV collected charge
« Energy Resolution: ~ 1.7% @ 1 MeV, < 1.0% above 3 MeV PU, heat insulation layer

Bottom shield
HDPE, heat insulation layer

Planned to be online in early 2021!

Ground
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Neuvutrino mass ordering

Expected background Requirements for setup:
E R d R ' lati Sh ' .
I ];/]e;n:: gg;:dates ate (ggr ay) ate uncertal_nty (relative) ape uﬁ:ertalnty ° Eﬂ er gy res Olu_l_l on < 3% @ -l M ev
Geors L1 30% 5% e Energy scale uncertainty < 1%
Accidental signals 0.9 1% negligible . . .
Fast-n 0.1 100% 20% e Reactor baseline variation < 0.5 km
9 _8 © © ° ° o °
e (om0 0os o e e Large statistics: 100k IBD in 6 years
Axin = [XainM) — xainM| 2 osE
p) MH min min g2 06~ e on oscillation
L Size o el . Nl
Ideal 52.5km  +16 N ‘.1\/ - 3 Luverted hierarchy

Core distr. Real -3 1 / 041

DYB & HZ Real 1.7 E ! 03F

q{] r =

Spectral Shape 1% -1 T of o2 E

B/S (rate) 3% 06 | |timemees | LB
B/S (shape) 0.4%  -0.1 | e LV | e |
|Amﬁ”| T2K&Nova 1% +(4-12) 234 236 238 240 242 244 246 248 250 ’ 10 15 20 23 L/E (km!?f\(/)[eV)
|AM?Zee| (X10° eV7) J. Phys. G: Nucl. Part. Phys. 43 (2016) 030401
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Precise measuvrements

Oscillation physics wlth JUNO: S o014 ', spectrum at JUNO, L = 52.5 km_
o Independent from CP-violation ¥ —No osc.
. . 0.12 -
o Tiny influence from matter effect € 1P, 08¢,
o Insensitive to 6,3 orzwd oc;ron’r problem i 10 ¢ —P, forNO
o Sensitive to Q%Z,A?nm,Amgz | 0.08 [ . forlD 3
o For 6,5 precision is worse than current best fit result  o.0s | ‘ .
Current status 0.04 | . E
Am3, |Am3,| | sin 012 sin® 013 sin? 0o 0.02 L 15'n22613 E
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA
Individual 1o 2.4% 2.6% 4.5% 3.4% 5.2% 0.00 5
Nu-FIT 4.0 2.4% 1.3% 4.0% 2.9% 3.8%
2 o | 0.54 090;’-67% | & O“A4°/09¢/:59% 34 o.27‘.§>49c{.44% g | - s,
17,’ al o _"x. et _l':‘_ o p \ /I' 3 A “’ 'E_) T it e e e ]
"24 1 ' " [P R R S g e '%< 4 ";‘ = l;r 2“_ o —“-_”___
AMZ4(10° eV?) AMZ,(10° eV?) 2 E_r:as /s rt(l%)] s
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Superneva neutrinos and JUNO

Expected number of burst-type events at 10 kpc

v_Burst Accretion
Channel Type Events for different (£, values g
12 MeV 14 MeV 16 MeV “

T4+ p—et+n cc 43 x 103 5.0 x 10 5.7 x 103 z
v+p—v+p NC 0.6 x 10° 1.2 x 10° 2.0 = 10° £
vie—v+e ES 3.6 x 102 3.6 x 102 36 x 102§
v+ 1"C— v+ C* NC 1.7 x 10? 3.2 % 102 5.2 x 10? X L
v+ 12C — e+ IIN cc 0.5 x 102 0.9 x 102 1.6 x 102 00 02 o4 06 o5 o ) . . ;
%+ 12C—et+ 1B cc 0.6 x 102 1.1 % 102 1.6 x 102 Time [ms] ' " Times] ' Time [s]

JUNO is able to determine flavor content, energy spectrum and time evolution of SN burst-type neutrinos

DSNB rate after 10 years fiducial volume 17 kt g E————=v
_ . . _ = B —_— sur:l::r I;ac:k.gmunds
Item Rate (no PSD) PSD efficiency Rate (PSD) ‘® 10 B  OC akmosphuio,
Eﬁ —— NC atmospheric v
Signal (Ex) = 12MeV 13 5, = 50% 7 s fost neutens
(Ey) = 15MeV 23 12 s | .
() — 18 MeV - o I DSNB signal|after PSD
(Ey) =21 MeV 39 19 5 [
Background  reactor 0.3 £, = 50% 0.13 E i
atm. CC 1.3 5, = 50% 0.7 210 |
atm. NC 6 x10° ne = 1.1% 6.2 =
faSt neutrons 11 C-FN - 13% 0.14 il III| 1 [ | e by P 1y
bR 7.1 10 15 20 25 30 35

prompt event energy [MeV]

J. Phys. G: Nucl. Part. Phys. 43 (2016) 030401
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Geo-neutrino signal

28U — 2°Pb 4 8+ 8™ + 67, + 51.7 MeV

= ReactorAntineutrinos

= = Accidental background

= = = Fast neutron background
== °Li/®He background

== o-n background

[777) Geo-neutrinos from U

B Geo-neutrinos from Th

22T s 205phy 4 Gy 4 de + 4, + 42.7 MeV

Events / 36 keV

WK & PCat+e +0,+ 1.3 MeV

ol Geo-neutrino spectrum
U-Series 107
Th-Series i

40K

| - L B I TS — I i — I, (! l
4 5 6 7 8 9
Anti-neutrino Energy (MeV)

Spectrum [1/MeV/decay]

Geo-Lneutrino signal at JUNO

as a function radiogenic heat
2 f = h/Urafio affer T0 years
E eof - 18
AR P f - o1.6F
3 4 2500 Frar |
Energy (MeV] - 120 \\
Uncertainty for U/Th 0F ost \\
flux after 10 years: 201~ . oe
= U 11% " @][f/ﬂ E@W@ﬁ@@g )
- 0.2F
: . 1 24% O ~"5 7015 20 25 30 35 40 45
Chin.Phys. C40 (2016) 033003 T 020470808 1 1214 16 18
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Solar neutrinos production
Proton-proton cyele

pep
E+p+_>QH retty, 99,77 % 028% | iotpr s7H b,
10° %
‘H+p*—3He+v |~PHe+p*— *He +e™+v,
115.08 % hep
He+*He—"Be+ v
"Be l 99.9 % + 01%
Bete—Litv, Be+p—SB+ v
84,92 % | ! !
*‘He+*He—*He+2p* ‘Litp*—>*He+'He SB—>8Be*+et+v,
ﬁ El |
*Be*—*Het+*He

ppllI
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Solar neutrinos

— 10" o %10?
S 10%F o 1£0.6%] Solar neutrino spectrum
= 10t :3; 10? ___D___:;'E‘?‘i_
% 109 Be [+ 7 %) g [
o E I
§ 108 \a%) e, pEP [+ 1.2 %] 101L
—_— 103 """""""""""""""""""" %
E 107 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 10—2§
= w0l 1
10’ Ideal radiopurity of LS ot
] 04 5 Energy [MeV]
10° 2 Total H0gj -
E 7Be % 13N V 85Kr 232Th
]02 g o v 59 0, e
10_1 % pp Vv C Cc
Neutrino Energy [MeV 3
E 4 [ ] [ ]
Solar neutrino signal rates (counts/day/kton) 3 ‘ ' Any antineutrinos
Be v 517 "‘«. y » M s
pep v 3 i w{ !
8 ;
13B ;/15 17 - e | N Y .}H. H' |
N/PO/'Frv 7.5/5.4/0.1 06 08 1 12 14 16 18
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Sterile neutrinos

Unexplained neutrino anomalies Extended mixing matrix
o “Galium anomaly” solar neutrino Ve V1
experiments GALLEX&SAGE Vi | Vo
° [Beam experiments vy =U [4 X 4‘] V3
LSIND&MWiniBocoNIE ¥ 0
> Reactor antineutrino anomaly 3 =
R&A) Simple solution — additional eV
Disappearance channel: scale sterile neutrino!
. , . _ L|m]
P, ~1—=4|Uyl? (1 —=|Uyl?)sin? (1.27Am21 ~ E[MeV])
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Sterile neuvtrinos — proposals

285 d .

144Ce 100 kCi - 20 m from ¢entre - 1.5 years - 1.5% precision on

RdledCtlve SOUI'CQS: <312 -keV 144Pr 7 m[r;_ <913 keV intensity - en. res. 5% @1 MeV - bin-to-bin uncorrelated err. 2%
Neutrino emitters: 37Ar, 51Cr B-<2301 keV KL 10
Antineutrino emitters: 144Ce-144Pr, 1% — .
106Ru-106Rh, 90Sr-90Y, 8Li (ISODAR) ~ B-<2996keV \\ [ "079 - ————
97.9% : 57 | .
' 696 —Anumalles global region 90%
100 — Anomalies global region 95%
- keV —Ancmaliles global region 99%
: 95% exclusion contour
144Ce-144Pr e e
I44Nd
r:.\ Steel shield 0.1 1
% Sin’28,,
© 8Li (IsoDAR)
<
« cyclotron 10 mA, 600 kW
Q=R - 5m distance to the edge
@JUNO | ] .
I I = R . 5yeqr$ running
Phys. Rev|D 89, 057301 (2014) « 2.7-107 IBD events

0.001 0.01 0.1 1

sin®20,. or sinZZBeF
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Proton decay

Y

o
W
o

The most promising channels:
p - n’ + et (Gomaum)

PESEY sl

-t
o
®

Lifetime sensitivity (90% C.L.)

Signature is triple coincidence -
e} - 2010 2015 2020 2025 2030 2035 2040
g E et Year
<r I Upperlimitjafteriiolyears
100 10° | 139s 10 vears Gollo
Hit Time [ns] em LERA
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BACRUP

 Reactor v oscillation
P = 1 —cos*#,;5in"2 ,sin" A,

— 5m223|jl(cﬂszg|25inzﬁjl + szglzsmz'&BE]

 Daya Bay's 2-v approximation

Py, = 1 — cos*0,35in%20,,8in*A,, — 5in22913‘5in25m

— In the standard 3-v framew sin? A,, = cos? 0, sin® Ay, + sin? 0, sin> A,
« The Am?_, definition is irrelevant to JUNO, since the

2-v approximation is not valid. Am?;; and Am?2,,
should always be used.

 Detailed informationis in arXiv:1905.03840
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