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Outline

*» Introduction of Neutrino and Discovery of Neutrino Oscillation
s+ Daya Bay Reactor Neutrino Experiment (brief)
**»Jiangmen Underground Neutrino Observatory

s Summary and Future Perspectives
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The ”Crisis” of the beta-Spectrum in 1920s

lhll.lll'lhlf'ﬂf ] )
Ppanicles {+ or -} The spectrum is continuous!

0 ' ) KE of j-particles
» Bohr: “The energy in » Pauli thought of another
microworld was conserved idea ......

not on an event-by-event
basis, only on average”
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Wie der Ueberbringer dieser Zeilen, den ich mldvollst 9
ansuhBren bitte, Ihnen des nfheren auseinandersetsen wird, Bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie

_ des kontinuierlichen beta-Spektrums suf oinen versweifelten lusweg
- Werfallen um den "Wechselsats® (1) der Statistik und den Energiesats
[ rettens Mimlich die Mdglichkeit, [es kinnten elektrisch neutrale
Melohe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
wleh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
:.d.t Lichtgeschwindigkeit laufen. Dis Masse der Neutronen

von derselben Orossenordmng wie die Elektronemasse sein und

Nun handelt es sich weiter darum, welche Krifte auf die
Meutronen wirken. Das wahrscheinlichste Modell fir das Neutron scheint
mir sus wellenmechanischen Orfinden (nkheres welss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magmetischer Dipol von einem gewissen Moment at ist. Die Experimente
verlinren wohl, dass die ionisierende Wirkung eines solchen Neuirons
nicht grosser sein kann, sls die eines ~Strahls und darf dsnn
A wohl nicht grosser sein als o * (107 o). e

~ Radioaktive, mit der Frags, wie es um den experimentellen Nachweis
eines czolchen Neutrons stande, wenn dieses ein ebensolches oder etwa
10msl grosseres Durchdringungsvermogen besitsen wirde, wis ein 0 l

2, wohl schon Ifngst gesehen hitte.

der Erngt der Situation beim Le

m‘mmwmmv hﬂ.:
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats
.O,m.m-n-m mhtdnlan,-ﬂundul-ﬂ

Alsg; liebe Radioaktive, prifet, ind richtate= 5 dar
h in en erscheinan, da sch infolge eines Naoht
’-:."Z'.“i:’. 7 nnt.”ﬁ Zarioh stattfindenden Balles hier unabkSmlich
bin,- Mit vielen Griissen sn Fuch, sowie an Herm Baek, Buer
untertanigster Diener

ges. W, Pauli

https://www.symmetrymagazine.org/article/march-2007/neutrino-invention

a neutron is

emitted such that the sum of

the energies of neutron and
electron is constant

| do not dare to
publish anything about this
Idea

because one
probably would have seen
those neutrons, if they exist,
for along time

“I have done a terrible
thing, I have postulated
a particle that cannot
be detected.”



» Cowan and Reines
at the Savannah
River Power Plant
(1956-1959)
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3-zone antineutrino detector (AD):

Inner zone 20t  Gd-doped LS
Middle zone 20t LS
Quter zone 40t  Mineral oil
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» Correlation is a
VERY powerful
tool!
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One Page History of Discovering Reactor Neutrino Oscillation

LAF “No water here, try another place”
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Physicists Were All Very Very Very Desperate

Work Harder...

One of the Funders of the SM, Glashow,
called for the measurement of 613

photo by Kam-Biu Luk
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Which Mixings Drive Which Reactor Neutrino Oscillations?
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4 x 20 tons target Daya Bay: Poerful reactor by mountains
mass at far site :

\ B Mikaelyan LA, Sinev
\ . VV., Phys. At. Nucl.
fg{;l::eﬁomL?n&Ao 9 63:1002 2000.
l985mﬁ'ode'y"a 1
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A Small Big Science Project
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First Daya Bay Oscillation Results with 1958 Days
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Daya Bay Phys.Rev.Lett. 108 (2012) 171803
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We see a deficit through the
near-far ratio: 0.94+/-0.011(stat)
+/-0.004(syst) at the far site

sn22015=0.092 + 0.016(stat)+
0.005(syst)

A 5-sigma discovery!
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Daya Bay Full Data Set (Neutrino 2024)

Daya Bay reported the precision measurement with 3158-days full dataset in 2022
sin220,;=0.085110.0024 precision 2.8% > the Best in the world
Am?;, =2.46610.060 (-2.57110.060) X103 eV2  precision 2.4% = one of the Best in the world

Systematics, mainly detector differences, contributed about 50% in the total error
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PhysRevLett. 130 161802

Wei Wang/E% SYSU King’s College London Neutrino Seminar 2025 14



DYB Pinned Down 0,5 but v Mass Hierarchy Still Unknown

» Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (with Majorana CP phases),

1 0 0 cos 013 0 e ¥crginf, cosfip sinfis O gia1/2 _ 0 0
UPMNS = 0 COS 923 sin 923 0 1 0 — sin 912 COS 912 0 0 Et&gf? 0
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4/3/2025 Baikal School, Bolshiye Koty, Summer 2024
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Global Efforts Resolving v Mass Hierarchy

Interference of
Source / Principle Matter Effect Solar&Atm Osc.
Terms

Collective
Oscillation

Atmospheric v JUNO

Constraining Total
Mass or Effective
Mass

Supernova Burst v

Interplay of
Measurements
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a
Known 013 Enables Neutrino Mass Hierarchy at Reactors @
Py =1 ﬂj_cés4 013 sin? 2615 sin’ Ami \/_I\/Iass hierarchy reflected
1 in the spectrum
—IiSiIl2 2913(0082 912 SiIl2 A31 + SiIl2 912 SiIl2 Agg) i \/lndepend ent of the

unknown CP phase

Petcov&Piai, Phys. Lett. B533 (2002) 94-106
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Challenges in Resolving MH using Reactors
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Suitable Nuclear Power Plants (very easy now) in China

! China's Path to
Carbon Neutrality

Projected percent share of non-fossil
% fuels in China's total energy consumption
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China builds 6-8 new reactors a year
Each reactor needs an average of
800 professional workers
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Jiangmen Underground Neutrino Observatory (JUNO)

* Proposed as a reactor neutrino experiment for mass ordering in 2008 (PRD78:111103,2008; PRD79:073007,2009)
— driving the design specifications: location, 20 kton LS, 3% energy resolution, 700 m underground

* Rich physics program in solar, supernova, atmospheric, geo-neutrinos, proton decay, exotic searches
« Approvedin 2013. Construction in 2015-2024
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@ JUNO

Taishan NPP

S ~52,5 km
) . 2X4.6GW,,

Yangjiang NPP
6X29GW,, ‘-

<Hpaeanpd £ it Overburden:
1o” el ~700 m ) f
“S25km ==& ~650 m

S63m (1800 m..e) i

JUNO Vertical tunnel:

Surface Buildings

. Office/Dorm/Computation

d Surface Assembly Building
AB, torage (5 kton)

Civil construction finished in Dec, 2021
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The JUNO Central Detector

Top Tracker (TT)
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Acrylic Sphere:
Inner Diameter (ID): 35.4 m
Thickness:12 cm
Stainless Steel (SS) Structure:
ID: 40.1 m, Outer Diameter (OD): 41.1 m
17612 20-inch PMTs, 25600 3-inch PMTs
Water pool:

ID: 43.5 m, Height: 44 m, Depth: 43.5 m
2400 20-inch PMTs

AE , b b? 2
—_ — a
E E E2

\

Energy leakage & Phoéw Noise
non-uniformity statistics (~background)

King’s College London Neutrino Seminar 2025

22



The Detector Performance Goals

KamLAND Daya Bay PROSPECT JUNO
Target Mass ~1kt 20t ~4t ~20kt
Eggteﬁgzt:‘)de ~34% ~12% (Effective) ESR + PMTs ~80%
PE Collection ~250 PE/MeV ~160 PE/MeV ~850 PE/MeV ~1200 PE/MeV
Energy Resolution ~6%/E ~7 .5%INE ~4.5%I\E 3%I/NE
Energy Calibration ~2% 1.5%— 0.5% ~1% <1%

An extremely demanding detector and a challenging job

Wei Wang £ % for DYB&JUNO
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JUNO Detector and Tightly Packed PMTs
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JUNO is a Multi-Physics Experiment

\
SuperNava v

5k in 10%s (10 kpc)
\
‘\ Wimp
(dark métter)

Geo-v
Reactor v ' ~ 1 —2/day
~ 60 — 80/day
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Systematic Controls for the Detector Performance

Primary goals:
neutrino mass ordering and oscillation parameters using reactor antineutrinos at 52.5km

x10° Detector Performance ‘
100?6 years of data taking —— No oscillations
i | 1

2 Only solar term
—— Normal ordering
—— Inverted ordering

L & m

80 U3 I

LI -

. 60 Large target mas | Very high PMT B sateliite detector | Overburden |
8 [ . — (20 kton LS) coverage (78%) (TAO) (~650 m)

S a0l

i

lsin2 26013 Powerful nuclear Highly efficient Veto System |
i X reactors (26.6 GW il PMTs (PDE~30%) (>99.5%)
20 —
.‘."‘.;.. e =

Material
Screening

_ LS with Good |
0 1 2 3 4 5 6 7 8 9 Transparency

Nucl.Instrum.Meth.A 1042 (2022) 167435 ClEEl
Installation
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Packing PMTs as Tight as Possible and Keep Them Safe

20” PMT (~18K)
MCP-PMT (~13K) -
Hamamatsu HQE (5K)

Supper layer arrangement method 77.8%

L DWW
NP G G DD

3”sPMT(~25K)
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Characterizing/Testing Every Single PMT with Great Care

DRAWER

PDE VS Zenith Angle
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PMT System Summary

« 20-inch PMT: 15,012 MCP-PMT (NNVT) + 5,000 Dynode PMT(Hamamatsu HPK)
3.1-inch PMT: 25,600 Dynode PMT (HZC XP72B22)

— All PMTs delivered and their performance tested OK
« Water proof potting done: failure rate < 0.5%/6 years
« Implosion protection: acrylic top & SS bottom (JINST 18 (2023), P02013)
— Mass production completed

LPMT (20-in) SPMT (3-in)
Hamamatsu| NNVT HZC
Quantity 5,000 15,012 25,600
Charge Collection | Dynode MCP Dynode
Photon Det. Eff. 28.5% 30.1% 25%
Dynf‘orf'l'g]r&”e%/e for [0, 100] PEs [0, 2] PEs
Coverage 75% 3%
Reference Eur.Phys.J.C 82 NIM.A 1005
(2022) 12, 1168 (2021) 165347
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A Comprehensive Calibration System @

Automatic Calibration Unit (ACU) Cable Loop System (CLS)

X Two ;
\bc‘ e <4 /11 0 in dep,
{\@\( ah % ‘?"Oa/ Central cable CBle g, 1000t
OV, (o N . am - = L ¥stom
. c-&\‘ a R O ¥ Y (5 J‘O 2
< B tn, (P. N
Spool drive
< k_ Water Line
\

=< Side cable

pulley

Side cable

Neutron &, Gamma Cenfral cable
source ’ % source Q / Source Source storage system
: - . / o Remotely Operated
Guide Tube Ca“br'g['icglﬁalm . under-liquid-scintillator

System(GTCS) D Vehicles (ROV)

| —

O Complementary for covering J
entire energy range of N
reactor neutrinos and full- :
volume position coverage
iInside JUNO central detector o\

S =5
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Calibration and Expected Energy Resolution @

» Four systems for 1D, 2D, 3D scan with multiple sources o 2 61% 2 1.20%\2
+ (0.64%)2% +

o) 'O

- Energy scale and non-linearity will be calibrated to <1% E,,
using y peaks and cosmogenic 2B beta spectrum

Vs

Photon Constant  Dark noise,
statistics term Annlhllatlon
-induced ys

Expected energy resolution: 2.95% @1MeV
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o0 u \\~ Summation
. L B !
: - - S 1.5 § N, v
T b N I —
g ? ol 1‘_ \ "'\0-....“,___‘ T —— —
; A3 : - S T e
A _ | i "“'*-.__‘__ —e
— 3 - . ¢. " 0.5 — __.______::’::.2—-_..._..__..___.
s o RS
: > ”‘ ‘- ‘ :" . " 0 B PR IS SR S AN TR T SR AT ST S SR NN SR S S R S
-1'::. \ ouse - ‘ L“—‘m-- ‘-- X ' 0 2 4 6 8 10
l ; E,. [MeV]
stems ready for installation JHEP 03 (2021) 004 | arXiv:2405.17860 (2024)
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Precision Measurement of oscillation parameters

sin?20,,, Am54, |Am3,|, leading measurements in 100 days; precision <0.5% in 6 years

Chin. Phys. C46 (2022) 12, 123001

100 _i(]:years of data taking = No oscillations 0-22:_ """""" 10 1091![:-;') S o Gye'?rs — 3{9'?[5:' ' o]
I === Only solar term 0.2 f| -~y g | = Sermmor =t »_ ' ' e :E:?;t
g0l —— Normal orderir?g 0.18E _‘E G'ﬂ“i‘“ﬂﬂﬁﬂr%::;r:ln:zmcn:c L T ® Ami * AmE ]
L Inverted ordering *% 0 16: 777777777 E* P -a—e- 101k " o sin?6p R sin’6y; |
> T E o — F U 1
= ool S 0.14F g s £ T
E _ 2 0.12F 5 z
’E 40' SiIl2 2612 e N e T E 10 s
E L L ] S —  Visile Energy (MeV) ,g
Y N N L — IBD Signal R 3 a _
207 . o071 N S o — IBD+?esidual‘BG ................ & 10 :
0.02[FE - |
N R R R A R 4 6 8 0 2 T s L s
Ev, (MeV) Visible Energy [MeV] 1 JL}EIO Data Taking Timel[odays] 0
Central Value PDG2020 100 days 6 years 20 years
AmZ, (103 V7) 2.5283 +0.034 (1.3%) +0.021 (0.8%) (£0.0047 (0.2%)) +0.0029 (0.1%)
Am2, (x1075 éV?) 7.53 +0.18 (24%)  +0.074 (1.0%) | +£0.024 (0.3%) | +0.017 (0.2%)
sin? 01 0.307 +0.013 (4.2%)  £0.0058 (1.9%) |£0.0016 (0.5%)| +0.0010 (0.3%)
sin® 613 0.0218 +0.0007 (3.2%) +0.010 (47.9%) 0.0026 (12.1%

+0.0016 (7.3%)
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Neutrino Mass Ordering

‘ T A e Design Now
500 ——— Reacturﬁ: sigHaI; 10 E
wol T T Thermal Power 36 GW,, 26.6 GW,, (26%)
Z S 107 1]
g 300} | P e o | Signal rate 60 /day 47.1 /day (22%.)
'"; N Residual background 5 1000—— Ly o 4
2‘”200:_ BN Geoneu trinos BN Fast neutrons z 10-1 ?I L IM\"“‘ e ‘Jj__

I World reactors B C(a,n)if0

BN Accidentals Atmospheric Reconstructed Energy [MeV] h

NN S JNUNE S Overburden ~700 m ~650m

c 0 Muon flux in LS 3 Hz 4 Hz (33%T)
fo — — 'ﬁziv’sffj;;:c:"bfm““m: Muon veto efficiency 83% 91.6% (11%T)
%GO e L Backgrounds 3.75 /day 4.11 /day (10%7)
o reconstrucied Eneroy e Energy resolution 30% @ 1 MeV  2.95% @ 1 MeV (2%1)
Sensitivity mostly from 1.5-3 MeV _
o RS%actcr vfg,égnal II%SDOeventznc;Jomber (2x5]c.)03) 300 Shape Uncertalnty 1% .lUNO"'TAO
sf 30 NMO sens. Exposure <6 yrs X 35.8 GW,, ~6 yrs X 26.6 GW,,,
abe T ¢ JUNO NMO median sensitivity:
%, — ] 30 (reactors only) @ ~6 yrs * 26.6 GW,, exposure
.f E ¢ Combined reactor and atmospheric neutrino analysis in
.k — E}?%?}Z‘I’l'l'si’;?‘: progress: further improve the NMO sensitivity
T T T i3 15 o arXiv:2405.18008 (2024)
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Current Status of JUNO: Water Filling

2025401 A28 EH— 09:37:20

» Dec 1, 2024, Installation finished
» Dec 18, 2024, water filling started

» Feb 2, 2025, water filling completed

out pure water filling 2024121220 2

CD water level

Veto water level

iynchronize pure water filling of CD and WP.

'ure water production for FOC ~90 m3/h.

Water level [m

‘urther purification of CD line.

Jse regulating valves to regulate flow
:ntering CD or WP for liquid level balance.

0 U L " "
2024/12/18 202411227 2025/1/5 20251114 2025/1/23 2025/2/1
Date

IR 9cse MTERE W2 R4
@ é ‘ JUNO Filling Overflow and Circulation System ‘F\.‘C..

a/VEI04 £0 HoNE
—_ m w104t [ 100.0) S - 3 0p
-

a’ So L
&:US "":"’L?‘ 5 | wE/vI042

~< 1652 16, 48
wmine  L12-0)% ".':% S
L -
)ﬂ cialctat en oo

UICAT (1<

20.2 1% s /vii00 I [ E:
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Current Status of JUNO: Water Filling

» Feb 8, 2024, LS replacing/filling started

LS height level JUNO Liquid Level Display

—— Using sensor 1 4801 2025.03-03 17:02:31 "'L‘\
L\ S

44.0 1

43.8 1 400

43.6 1

43.4 1 =

LS height level [m]

43.2

Height (m)

-
9
o

43.0 +

Water-LS interface level

31.00 4 —e— Using sensor 1

LS: 44.4 m CD Water: 34.55m WP Water: 43.49 m
30.75 4 Vis: 1247.7 m? LSin: 7.0 m*h WaterOut: 6.96 m/h

30.50 +
30.25 A

30.00

LS radiopurity better than
10-1> mBg/m3 (ICP-MS)

29.75 4

Water-LS interface level [m]

T T T T
8] O 0 n] 8] 0 8] O 8] O O 8] 8] 8] \n 8] O 8]
o o O P o N o N o0 yuﬁ'ﬁ qﬁg‘p N o qqu N o N o '\:(}Q‘f‘) qug‘.a N o qﬁ.;,-_a Yﬁﬁ-_ﬂ
y s e e b i A 8 AT i oS 5 o7 y o0 i b i O 5 oF 5 O i T Ny o a.-""‘:l
0 0 0 0 KA 0 0 0 0 0 0 0 0 0 0 0 0 N )
9 5 5 5 5 5 5 5 5 % 5 5 5 5 5 5 9 5
25> L LS s LR L S CS 1+ LS LA (LA s LS (s LSRN (L S SRS s LA (s LA (LS L LA I

> Apr 1, 2025, total LS in: ~4,248 m?3
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Let's See Some Event/Photons!

Hammer Projected Y

- % Achievements:
o & - Calibration of the large
_ — PMTs using laser data
: - Small failure channels
i N - L I = . ~7/17k (~0.04% loss
- T cese T Harmmer Projected ¥ at installation)
. T~~~ s = = = .+ Calibration sources
I working as expected
= - (Am-Be and Am-C)
= = = ~. |+ We have seen some
= = S muon candidates
= '
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JUNO Milestones

Project Approved
and Funded!
Civil Detector
Civil Started completed | Const. Started

4

NNVT PMTs
Delivered Detector
- - s completing,
s 2 ¥ | Filling starting
Summer
2025:
Data
Taking!
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Reactor Antineutrino Anomaly (RAA)

Nuclear Fission

T. A. Mueller et al., PRC83, 054615 (2011)

1.2

1.1

http:

[lirfu
1T

s_labos/Ast/ast_visu.php?id ast=3045

.cea.fr/Slp DI/P\ ho|<‘:ea|a/Vierd|e

I—IIIH|

[ l—IIIII[

T I|HI|

O neutron

fission
product

L]
TR
neutron O — g:)!b. [ O neutron ®
=
[J
() \ D . .
target ...i fission
nucleus .e“ product

O neutron

(Fission yield is a function of the fissioning nuclide and the incident neutron energy)

P. Huber, Phys. Rev.C84, 024617 (2011)
Daya Bay, PRL116(2016), PRL123(2019)
RENO, PRL121(2018)
NEOS, PRL118(2017)
Double %oz, Nature Physics 16(2020)

—h

o
©

0.7

0.6

Observed/Predicted Ratio
o
(]

= — ‘No oscillation -

0.5 — With oscillations (3 active v’'s + 1 sterilev) —

~ Experiments
\IHT \ Fl' L L

| I\II\IIl ] IIIIIH| | \IIIIII| | I\IIHIl L L 111l
5 6

10° 10° 10° 10 10
Reactor To Detector Distance (m)

0 1

II’OS/V 10 10

10" : T ! ! ! ! =
3 ‘ %cuon Médel 1 Uncertainty | i
o | = { NEOS 2016 (Modified Average R=1) | i-
= E = | DayaBay 2016 | , ' i :
§ ?-) 1 DoubleChooleND
2 Q B ‘ i
€ 10" : i :
8 LA ;
= O .y g
; = 1.0 3
10 3 E i_' 3
®© H !
a E z
_ O [
107 v T T T T -
&0 80 100 140 180 L
egian: Mass number Fission induced by high ul ' i '
Fission induced by thermal e (143/7 I\?IeV) T > 3 n
(fission spectrum) neutrons gy - -
Visible Energy (MeV)
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JUNO-TAO: another unprecedented reactor detector .. sesos74s @‘)

2.8 ton GdLS detector

ACU Plastic
Scintillator

| Top Shield (HDPE)

Baseline ~30m 3" PMT
- Water Tank
= .;\ fr— - Overflow Tank
Reactor Thermal Power 4.6 GW '1 | LAB Buffer
Light Collection SiPM 1
I . e HDPE Support
e
Photon Detection Efficiency >50% I | SS Tank
o L Insulation (PU)
q . Bottom Shield
B (Lead)

Working Temperature

Dark Count Rate [Hz/mm?] ~100

v SiPMs to achieve high light yield with ~94% coverage
» 4500 PEs/MeV & energy resolution < 2% @ 1 MeV
v' Gd-LS works at -50°C to lower the dark noise of SiPM

Coverage ~94%

Detected Light Level [PE/MeV] 4500

Energy resolution <2% @ 1 MeV Start construction in Taishan Laboratory since Nov.
2024 and expected to be completed in Summer 2025.
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The TAO Detector Installation

arXiv: 2005.08745

ERE IS
e

555 3
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Summary and Future Perspectives

¢ Neutrino physics has provided the first new physics beyond the SM and it is now

entering the precision phase - Reactor Neutrinos have been playing essential roles;

“* JUNQO’s neutrino physics highlights: neutrino mass ordering 3-40 in 6 years (reactor

neutrino alone); sub-percentage precision oscillation parameter measurements

“* JUNO construction is completed - Detector filling & Commissioning in parallel:

both water and LS quality good

** We have been using reactor neutrinos for free --- it is payback time to the nuclear energy

Industry - JUNO-TAQO has great potential in reactor physics and nuclear data

» Stay tuned for our data taking in July 2025!
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A Fused Sino-French
Program

R&D

SUN YAT-SEN UNIVERSITY

2009: IFCEN was jointly built by SYSU and FINUCI, an alliance formed by 5 French partners

SYSU and FINUCI signed the first phase of cooperation (witnessed by the then prime
ministers of the two countries at the Great Hall of the People)

Bretagne-Pays de la Loire CHIMIENOmPellier
UGA ParisTech Ecola Mines-Takicom




Background IFCEN R&D

==
PN
8 )

i §

1SN ;

%, s

SUN YAT-SEN UNIVERSITY

LEEE. S5 Academic Path ZARBIAFISS, BUGHER, iEEE

Nation Wide
Admission

FARER

FAEGLE (Z=FH) FAREL
3-Year Academic Master PHD

Academia source

Hoff Class

F8 (EEH)

4-Year Bachelor

Curie Class

SURGRE (PiE=FH)
(CTHRAIE, H3ESZEE)
3-Year Engineering Master

(Chinese/English Instruction,
CTI Accredited)

Professional Path TIEBUAAIEF; 1EIHESR
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EAUS TSI NST oS ZeERIFE5TiE ZiiE

Nuclear Fuel Cycle & Materials Nuclear Energy Science & Engineering Nuclear Physics

Nuclear energy simulation and
ﬁﬁggﬁﬁeﬂﬁs and Mechanics ¢{%ﬁﬁ1§m§‘ ?ﬂlﬂ‘ 2725t
REERT K ow- and medium-energy

_ Nuclear reactor thermal hydraulis nuclear physics, astrophysics,

ZFEEEHEE
- nuclear data

Nuclear chemistry and radiochemistry

G
Advanced Nuclear Energy Systems

BRESEAR S

RzF

Nuclear Science & Technology Nuclear Data

SR BEMREEAS RS

/ Nuclear environmental radiation (. /) radiation detection

L s
. monitoring and emergency response ZRZ R RFE. ﬁﬁ‘:g;ﬂﬂﬂﬁ‘ AR
) WElGiR SRS Z=# plasmatechnology : :

= Radiation protectionand safety = Particle physics, novel

HEtar RIZED detectors, neutrino applications
Radiotherapy and nuclearmedicine

]
B IR ST A R ST

Radiation & Environmental Protection Nuclear Technology & Applications




We are actively reaching out for new partners in both education and research!



y

Global comparison 0,; )

Daya Bay leads the precision measurement, nGd+nH gives 2.6% precision
By combining all reactor results, ultimate precision of sin?20,,:2.5%

Consistent results from reactor and accelerator experiments

Experiment Value
nGd —.— 0.0851 +0.0024 2.8%
Daya Bay nH —c— 0.0759 +390>9 6.5%
nGd-+nH —e— 0.0833 +0.0022 2.6%
RENO
nH ° 0.082 +0.013 15.9%
Double Chooz nGd+nH+nC ' . 0.102 +0.012 11.8%
Note: average is error Reactor Average e 0.0839 +0.0021  2.5%
weighted average NO 0.0892 +0018  15.9%
assuming no correlation T2K + NOvA
10 0.1008 39152 14.2%
0.06 0.07 0.08 009 0.10 0.11 0.12
Sin2 2913

b
o

Wei Wang/E 4 SYSU King’s College London Neutrino Seminar 2025 Figure by Hongzhao Yu



Global comparison Am?

Consistent results from reactor and accelerator experiments

Reactor weighted average 2% dominated by Daya Bay
Accelerator weighted average 1.5% (SK+T2K) + NOvVA + MINOS + IceCube

Experiment Normal Mass Ordering Value (107%eV?)
nGd —— 2.466+0.060 2.4%
Daya Bay
nH o 2.72 %4 5.3%
RENO nGd — 2.52 #1 4.6%
T2K + NOvA 24295532 1.5%
T2K — 2.49 +0.06 2.0%
NOvA — 2.41 =+0.07 2.9%
MINOS —— 2.40 3% 3.5%
Super-K + T2K 2.520+9% 2.1%
. Super-K —— 2.40 +3% 3.3%
Note: average is error
weighted average - loeCube T ) IS AP NN NN A 2 _'4_1_30'_07____2'2/_"_'
assuming no correlation : Reactor Average —— 2.506+0.050 2.0% :
: Accelerator Average —— 2.464 +0.038 1.5% :

21 22 23 24 25 26 27 28 29
|Am2, |, 10-3eV?
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Global comparison Am?

Consistent results from reactor and accelerator experiments

Normal Ordering slightly preferred (<2o) from reactor/accelerator averages

Experiment Inverted Mass Ordering Value (1073eV?)
nGd —_—— 2.571+0.060 2.3%
Daya Bay
nH o 2.83 514 5.1%
RENO nGd —— 2.62 34 4.4%
T2K + NOvA 2.477+0.035 1.4%
T2K —— 2.54 +0.06 1.9%
NOvA —— 2.45 +0.06 2.4%
MINOS —— 245 #4% 3.1%
Super-K + T2K 2.555+3832 2.0%
Note: average is error Super-K N N 2.48 *3% 3.6%
weighted average TE----A- """""""""""""""""""" E'Il'"""":"'
assuming no correlation : cactor Average T 6110050 L9%
| Accelerator Average —.— 2.499+0.034 1.4% |

21 22 23 24 25 26 27 28 29
|Am3, |, 107%eV?

Wei Wang/E 4 SYSU King’s College London Neutrino Seminar 2025



Understanding Reactor Antineutrinos: Fuel Evolution

« Fuel evolution: Phys.Rev.Lett. 118 (2017) no.25, 251801 * Isotope decomposition, PRL 123 (2019) no.11, 111801
0.36 [‘
0.32 A A@, -
- f & fl‘ 2 25 DYB
%0.28 y A ° = B
=3 if M = - py DYB
c B Huber x 0.92
9 0.24 | o | f 2 “ 2Py Huber x 0.99
o EH1 4 EH2 &
0.20 =
2012 2013 2014 2015 =
Year :?o
1 4 9 2
55
A Daya Bay
c —— Huber model w/ 68% C.L. o
9 5.0 =)
n T
%] m
= 5
—~ 4.5
£ , 7~ § 3
o ©
= cL ] 6 7 8
_3; 35 68% Prompt Energy / MeV
ég | (10.1+1.0)x10 g
agg =15 L= ) X : 99.7% . i
3.0 o941 = (6. 04 +0.60) x 104 235U. 4'S|gma effeCt
52 56 6.0 64 6.8 7.2
025 [10 % cm? / fission] 235Pu: 1.2-sigma effect
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Understanding Reactor Antineutrinos: Improved Systematics

 Improved Fuel evolution: Phys.Rev.Lett. 130 (2023) no.21, 211801

_0-25 I | | | | | I | I I I I . .
- ] g S
i —¥— Daya Bay 1958 days 68% C.L  _ Z ol '
03k —=— HM 68% C.L.(EFF) . 3 £ T i
—0.3H— — = E —
- - @~ HM 68% C.L.(EFF+Model) - "o —
lo - ¢ CLAEFEModel 7 2 go_o'l I 1 —+ Meas.-HM I
= - —e— SM2018 68% C.L.(EFF) - 2 5 - Meas.-SM2018
5 035 — L
@) i i —t— —4— Meas.
< I ] b 02 —— — HM
i _ = ! — SM2018
04— — % 04
- 1 b 1
i i S 06
B _ I
_045 [ 1 1 1 | 1 1 1 | 1 1 1 [ —-0.8r . | . | . | ) 7
5.8 6 6.2 6.4 2 4 6 8
G [107* cm?/fission] E,..[MeV]
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How Reactor Neutrinos are Produced

10 A=95 A= 137
B 140}{ T- 14
e - -
Sr N p S
1 140
2 Cs\:ﬁ B T=64s
% 140
= 01 Ba~ B T=13d
c ™
3 1ML - T=40h
& 0.01} a\ B T=40hr
o A2 118 40
235 Ce Stable
0.001} U Fission 945 _—
- =
Fragments N B S
I ] I I | 94
70 90 110 130 150 170 Y =B T=19 min
Mass number A of R
o 94
fission fragment Zr  Stable

% Six antineutrinos/fission up to ~10MeV

'_'..'_Nd
14pr
O—» Neutron -
144CE @ -

O\Electmn P 0\‘
e Anti-neutrino *La Jﬁo\;

Gamma 144% J@O\;

1440 / O\‘o’* (some loss)
235 236 @O"‘J’ - 235 236 @O"‘J’

Chain Reaction =

89yr @(}1 +@§3au
\‘ \ 239 )
89rb @io_* @\ .
e, Qi'?* v @ Y
A ¢ @ u
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The “ab initio” (summation) Method

S(E,) :Zn:RiZm: f.S, (E,)

— the branching fraction of isotope i decaying to the energy level j of daughter isotope

Phys.Rev.Lett. 114, 012502 (2015)

1]

s oy
'g ) M SAA . L I — ) Nuclear Calculation
8 ) Yo Y | S Sonversion; ool | R, — the equilibrium decay rate of isotope i
,.; gy 4 e | e B Conversion, Mueller

[ o e Nuclear Calc., Fallot
i : R = Z RIY
= P pl
LLI> 0.1 ..........................................................................................................................................
7]
x - - -
g % v R; — the fission rate of the parent isotope p

P BRI 7 S N A N T (1 SRR S WMo A P | ST R S | T YWY DUy 15

C . . . .
= e 5 5 5 v Y ;i — the cumulative yield of isotope i
5 1.1 ® RENO O o — S——
8 E ¢ Double CHOOZ : : : b,
R | e e s - T TTTTTTTToTmmTeTmmmeee
2 : 5 ' The 5 MeV bump was predicted with a large
LIJ> 09:_:: ....................... e ? i . . . i
o °°E(Q) RatiotoHubernodel | || || iuncertainty from summation calculation. |
085 3 4 5 6 7 8
__________________________________________________ Antineutrino Enerqy MeVI
' Additionally, the saw-tooth structures were also predicted in the summation spectrum |
e élbWang}ﬁE% @ngmer >choot £U4, Bolshiye Roty King’s College London Neutrino Seminar 2025
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The Tao Site

*

L)

» Taishan Nuclear Power Plant has two cores currently in

L)

'T;&Guangdong, China

operation (other two cores might be built later)

*

L)

% Both reactors are European Pressurized Reactor (EPR) with ; ;
Taishan-1 Taishan-2
4.6 GWth thermal power
+ Taishan-1 reached first criticality and was connected to the
grid in June 2018

» the first running EPR in the world!

+* The TAO detector will be installed in a basement at 9.6 m
EDF Ener Attribution

. . = — =
underground, outside of the concrete containment shell of the _Tl. r |1 b
reactor core o = -9 6 m underround

» >99.99% signal from Taishan-1+Taishan-2 - 7 ' s '_

» 4% signal from Taishan-2

L)

% Muon rate and cosmogenic neutron rate are measured to be

1/3 of those on the ground

Wei Wang £ 4 for DYB&JUNO King’s College London Neutrino Seminar 2025



TAO Energy Resolution
| JuNo | TAO

Coverage ~ 75% ~ 94%
Photon detection
efficiency ~30% = Sl
Attenuation _ _
length >20m (R=17.2m) >20m (R=09m)
th‘;f;fcftm" ~ 1665 PE/MeV ~ 4500 PE/MeV
Energy resolution 295% @1 MeV ~ 2% @1 MeV

Non-stochastic effects affecting energy resolution in TAO:

« at low energies, the contribution from the LS
guenching effect might be quite large;
 at high energies, the smearing from neutron recoil of

IBD becomes dominant.

In most of the energy region of interest, the energy
resolution of TAO will be sub-percent!

&)

2.0
—eo— Central
1.8 —s— Calib. by Gigea
1.6 - —¥— Calib. by g,
§ 1.4- —a— With vertex smear
L
S 1.2-
1.0
0.8 1
Eur.Phys.J).C 82 (2022) 12,1112
0.05 -
0.00 m ! E E
—0.05

1 2 3 4 5 6 7 8 9
Eprompt [MeV]

Vis

1. ~94% coverage of SiPM with ~50% PDE
2. Inner diameter of target: 1.8 m, Lapsorption VEry small

3. Gd-LS works at -50°C, increase the photon yield
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TAO Expected Signal and Background @

x104 TAO 6.5 years x4.6 GW,

Flux ® Cross-section
including energy leakage
including LSNL and resolution
oLi/8He

Fast neutrons

Accidentals

. 2405.18008
o,

% TAO backgrounds will be directly 1 2 3 4 5 6 7 8 9
Energy [MeV]

* The signal spectrum is shown w/

and w/o applying energy

leakage, liquid scintillator non-

linearity (LSNL), and energy

Nevt / 20 keV
o
~J
(9]

resolution effects.

L)

measured exploiting the reactor-

Type Rate [day~!] Rate Uncert. [%]  Shape Model  Shape Uncert. [%]
off data (abOUt one month per Signal 1000 10 same as JUNO FF, FV, ES
ye ar) Fast neutron 86 - TAO simulation <10%

9Li/®He 54 20 same as JUNO 10%

Accidental 190 1 same as JUNO -

Wei Wang £ 4 for DYB&JUNO King’s College London Neutrino Seminar 2025



Shape Uncertainty of the TAO Spectrum @

% Statistical uncertainty: ~1% in the energy range 2-5 MeV (20keV bin width)

s Systematic uncertainties not negligible at low/high energies, but are ~1% in the central energy range 2-5 MeV

101 .

100 1

Relative uncertainty [%]

1071

Reconstructed energy [MeV]

—— TAO Total —— Nonlinearity —— Fiducial volume
-=-= Statistics —— Fission fractions diff. —— Non-equilibrium
—— Total sytematics = —— Backgrounds —— Spent nuclear fuel

—— Energy scale
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e- / p-Flavor Feels Mass Ordering Differently

Plr. =) = 1- sin? Zng(msﬂ 615 sin® Asy + sin? @5 sin® Aszg) — cos™ B3 sin® 2615 sin? Ao

1 92 .2 44 2 . 2 02 .2 A2 A2 il

Both reactor (A, + $)L
Vil
and long- Py, =1- P — cos? 013 sin” 2623 Sin’ :ilgE'
baseline |
experiment 3
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Challenges Iin Resolving MH using Reactor Sources
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The Jiangmen Underground Neutrino Observatory

TaishanNPP
‘ 9. {thh (;an.m,avn,Dao

A ;

DajnDao  epao pao

®. - Total Power
Yangjian NPP  Vessziow i bso st | 35.8 = 26.6 GWih
17.4 GWin

Credits: Fabio Mantovani

Yangjiang Power Plant

Power (GW) | 2
Baseline(km) | 52.72
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The Central Detector

>

>

L)

>

>

L)

0

0

35.4 m spherical acrylic vessel, containing 20 kton LS, supported
by the 41.1 m Stainless Steel structure via 590 supporting bars

SS structure completed except bottom 4 layers
Acrylic panel production completed

» A special production line for low backgrounds (< 1 ppt U/Th/K)

» Processed while maintaining high transparency (>96%) and low surface
background (<5 ppt U/Th in 50 um thickness): Shaping, sanding/polishing,
cleaning, machining, and protection of panels by PE film

Acrylic vessel construction on-going (critical path)

» SS structure built from bottom to top, then, acrylic built from the top to
bottom, layer by layer, 17/23 layers finished, defects repaired

» SS bars connecting the acrylic and SS, sensors for stress monitoring

arXiv

:2311.17314 (2023)




Veto Detectors

« Water Cherenkov + Top tracker NIMA 1057 (2023) 168680
« Water Cherenkov detector
— 35 kton water to shield backgrounds from the rock

— Instrumented w/ 2400 20-inch PMTs on SS
structure

— Water pool lining: 5 mm HDPE (black) to keep the
clean water and to stop Rn from the rock, will
cover w/ tyvek

— 100 ton/h pure water system installed. {@i‘c 4( YM
Requirement: U/Th/K<10-14 g/g and Rn<10 ENF c0|I
mBg/m3, attenuation length>40 m, temperature
controlled to (21£1) °C

« Top tracker (to be installed)
— Refurbished OPERA scintillators

— 3 layers, ~60% coverage on the top

— AB~0.2°, AD ~20 cm
« Earth Magnetic Field compensation coll

EI'“U iproof
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Inside the Detector

Acrylic Sphere

: ’.I.;;‘ » )fJ .b;"’ \?’——: ;:\‘\x ”“*T. : \",JJ'1 :‘g y s
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Calibration and Expected Energy Resolution @

» Four systems for 1D, 2D, 3D scan with multiple sources o 2 61% 2 1.20%\2
+ (0.64%)2% +

o) 'O

- Energy scale and non-linearity will be calibrated to <1% E,,
using y peaks and cosmogenic 2B beta spectrum

Vs

Photon Constant  Dark noise,
statistics term Annlhllatlon
-induced ys

Expected energy resolution: 2.95% @1MeV

= F
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% - \ \ Cherenkov
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stems ready for installation JHEP 03 (2021) 004 | arXiv:2405.17860 (2024)
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A Controlled Installation Environment for Cleanness

<+ Average radon and cleanliness:
» Radon concentration: ~160 Bg/m?3 in the EH, ~140 Bg/m? in the LS hall
» Cleanliness: class 20,000

450

Power Cut| ¢ Main hall
+- LS hall
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Typhoon|
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T
=
@, : :
5 300 |EH average: 158
100,000 £
(o]
o
Class § 150 R0, S Wy AR - - : 4 S 2 s
=
10,000 3 _ it 4
& I |LS average: 137 |
Class 1000 2023-8 20239 2023-10 2023-11 2023-12 2024-1 2024-2
§:102 - EH
o)
= %
v _ 14 |
o
% 10" Average: 2.1 ‘ﬁ' T PRl ‘|
I 73"1'."". 'ﬂl f‘,h e Poorm L.' It "'a".'ﬁil*,
2 1 R AL O Lol ALY kb Rell AR L
b S £ TIREIR R s 19 1€ AT PR MR L RESRE 3\ S TR 4. T3 SRS WK TITY /3L, 1.9) RIS R . O O
IS4 A 1 PP R A o a2 DR ST
;E f" » ?"".‘v'. M.l;"""-".y . '...: ?‘o‘ ‘ '“’:‘":. .“1"".' . 2 ‘.I Lo'.lll'.l
= b
LV
o
Radon concentration 2023-09 2023-10 2023-11 2023-12 2024-01 2024-02

in air: < 200 Bg/m?3
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Adding Contributions from Atmospheric Neutrinos

« JUNO will be the first to study atmospheric neutrino oscillation with liquid scintillator:
e/u separation, v/v separation, v energy (instead of lepton energy), track direction in LS

2000 oy e . 1400 W NC . L4po | - NC - N
LB -, . - i, M LB - H
==y, like o U, like w o U, like == 7 like
O 1500 =, L] -, .9 - e o -, e
g 1250 - v :E 1000 w=m v, Eww_ -, E co0 | =V
2 1000 WOrK in progress > s01 Work in progress g =0t Work in progress > |Work in progress
T T T
= = 600 £ 600 & 400
g 0 =} a =
™ ™ T ™
g 5 < 400 I < 4004 g 200 |
250 200 2004
0 . ; ‘ o - : — ey 0 : . - - o
1.5 2.0 25 3.0 35 4.0 45 15 2.0 2.5 3.0 35 1.0 4.5 L5 20 2.5 30 3.5 4.0 4.5 15 2.0 25 3.0 35 4.0 45
log(L/E[km/GeV]) log(L/E[km/GeV]) log(L/E[km/GeV]) log(L/E[km/GeV])
L

< Improving the reconstruction and
PID algorithm, as well as

sensitivity
+ Plan to install all spare PMTs on e
top wall of the water pool to \

Improve PID and direction
reconstruction
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KM3NeT/ORCA and PINGU Sensitivities @

* More advantageous for the normal ordering case
« Uncertain due to a different unknown parameter, the atmospheric mixina anale
12

Stat + syst (osc+norm) + resolution (scale,width) + polynomial + uncorrelated 11 L...ﬂ....lglo.median.se}}slﬁvity
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« F Capozzi et al for KM3NeT/ORCA, PINGU Group for PINGU 3
J. Phys. G: Nucl. Part. Phys. 45 (2018) 024003
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COmbining JUNO and PINGU/DeepCore (courtesy of M. Wurm) @

NMO sensitivity (NO = True) NMO sensitivity (IO = True)

P

!

N

— G

'2' =t U
=
o
.‘E
=
un

0 . . . . . . ; ; , : : : : : : : JaNGd (1126’)61'1)‘47(/

Time (years) Time (years) Time (years) Time (years)

* Nominal configuration, i.e. PINGU (26 strings) + JUNO (10 cores)
» Reduced configurations, i.e. IC Upgrade (7 str) + JUNO (8 cores)
» In any case, 5o0-discovery after 5 years
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Neutrino as Probes: Nuclear and Earth Sciences

Cadeddu & Y.F. Li et al, PRL120, 072501 (2018)
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v Mass Hierarchy Still Unknown
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