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SYSU has 5 Campuses in 3 Major Cities
School of Physics is on the South Campus in Guangzhou
IFCEN is on the Zhuhai Campus
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*» Introduction of Neutrino Mass Hierarchy
“* Searching for a Solution at Reactors

s The JUNO Approach and Design

“* Summary and Future Perspectives
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One Page History of Discovering Reactor Neutrino Oscillations
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Which Mixings Drive Which Reactor Neutrino Oscillations?
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Known 0613 Enables Neutrino Mass Hierarchy at Reactors @
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Petcov&Piai, Phys. Lett. B533 (2002) 94-106
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Plausible Extracting the Mass Ordering Information? Yes! @

J. G. Learned, S. T. Dye, S. Pakavasa, R. C. Sovobota, PHYSICAL REVIEW D 78, 071302(R) (2008)
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FIG. 1. Event rate versus L/E in units of km/MeV for: no
oscillations (top curve), oscillations with ;3 = 0 (lower smooth
curve), and oscillations with sin?(26,5) = 0.1.
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FIG. 2 (color online). Fourier power spectrum with modula-
tion in units of eV? and power in arbitrary units on the logarith-
mic scale. The peak due to Aj; with sin?(26;5) = 0.1 is
prominent.

FIG. 3. Neutrino mass hierarchy (normal = solid; inverted =
dashed) is determined by the position of the small shoulder on
the main peak.
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Challenges in Resolving MH

» Energy resolution: ~3%/sqrt(E)
» Energy scale uncertainty: <1%
» Statistics (the more the better)

» Reactor distribution: <~0.5km
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Suitable Nuclear Power Plants (very easy now) in China
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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

« Approved in 2013. Construction in 2015-2024
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The JUNO Central Detector

Top Tracker (TT)

Cal. House ‘1! TT
—_— - _ L
f— — T
I L
Cover _—] LS
Chimney _+ : ‘
; Acrylic Sphere
Water -
——] SS Structure

Il CDPMTs
VETO PMTs

Connecting Bars

Supporting Legs

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\/+
EE2

\

Energy leakage & Phoéw Noise
non-uniformity statistics (~background)
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The Detector Performance Goals

&)

JUNO Concept

KamLAND Daya Bay PROSPECT (Design&Simulation)
Target Mass ~1kt 20t ~41 ~20kt
gggtei‘;zgmde ~34% ~12% (Effective) ESR + PMTs ~80% (75%+3%)
PE Collection ~250 PE/MeV ~160 PE/MeV ~850 PE/MeV ~1200 PE/MeV (1665)
Energy Resolution ~6%/E ~7 .5%/NE ~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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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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Double Calorimetry: Large PMTs and Small PMTs

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

3”sPMT(~25K)
HZC XP72B22 (HZC Photonics)

Flash ADC based

) R Photon counting
(&) electronics VS b\ [ay) based electronics
(charge integration) \ (digital@analog)
20-inch PMT Sellfal Ao ns

lllustration

’ S
X /_\ -/-\ —/-\ —/Au/
4 lllustration

Signal

 Amplitude

Correlated (fully or partially)
...... s

Threshold

Uncorrelated

Independent LPMT, SPMT

L_ pL <
R™ = Rygn - Ryy - R RQNL

3”-PMT photocathode coverage: ~2.7% (~75.2% Eancellatlon

for LPMTs) S S S S

_ R” = Rygny - Ryy - iyg RQNL
* More importantly, double calorimetry for energy
Always same Upon detector
. B energy deposition running

non-linearity indopandant PV geometey

> For details, see arXiv: 2104.02565
Wei Wang/E % SYSU
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20” PMT Water-Proof Potting

Polyurethane

Epoxy

SS shell
T

A Potting Lab of 650m? in the PMT workshop

» Potting technique developed and matured in 2019;
Assemble line built and potting started in Jul 2019,
with a capacity of 40—50 PMTs/day;

 The technique has been very successful: No leaks
found after leakage tests (sampled) using

pressurized water (@ 5 bar) and SF; gas sniffing

Wei Wang/E % SYSU Neutrino Physics and Its Applications to World Peace,

with a tribute to Prof. John Learned
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20” PMT Implosion Prevention System

. . Acrylic cover
PMT protection design (9~11mm thickness )

Hole for assembly
hole

Rubbe PMT

Z Jx assembly unit

Stainless-steel covers

SS clamp B = ( 2mm uniform
EESae _‘L thickness )

* Top cover: acrylic, 9~11mm, mass production
started and 6,000 have been delivered

» Bottom cover: stainless-steel, 2mm:; stainless-
steel covers production started

« Multiple implosion tests have been carried out 2
SAFE!

Wei Wang/E % SYSU Neutrino Physics and Its Applications to World Peace, with a tribute to Prof. John Learned 17
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Characterizing/Testing Every Single PMT with Great Care

Wei Wang £ 4 for DYB&JUNO

Neutrino Physics and Its Applications to World Peace, with a tribute to Prof. John Learned
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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%
Dy"‘[‘on_‘;g]r:n"e‘-’\'f 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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The 20” PMT Electronics System Scheme

Front-end bellows and
cables (1.5m)

PMTs GCU, HV, Splitters and

Cooling

ﬁack—end bellows and cables
( ‘0-100m)

- il i

CEXPOOD) (47

« The 1F3 system cases Splitter, HV FEC, ADC, GCU&FPGA in the underwater
boxes

 Two cables, one CAT5 and one CATG, supply low voltage DC power, timing

signal and data transfer

Wei Wang/E % SYSU Neutrino Physics and Its Applications to World Peace, with a tribute to Prof. John Learned 21



The 3” PMT Electronics System Scheme

f Front-End board

3-inch PMT: /

. / 7 UnderWater Box
production concluded heat sink ~_ | /

I
‘ Under-water connectors &

Toward PMTs

~

m Coax cable Signal+HV
| 9%

x16

I P
T~

= High voltage splitters

~ Global Control Unit

7 heat sink
I < Same HV will be set for 16 PMTs
I ﬁ 200 underwater electronics box in total
) x 128
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The Construction of the Central Detector arXiv: 2311.17314 (2023)

» A 35.4m spherical acrylic
vessel containing 20kton LS

» Supported by the 41.1 m
Stainless Steel structure via

590 supporting bars

Wei Wang £ % for DYB&JUNO Neutrino Physics and Its Applications to World Peace, with a tribute to Prof. John Learned 23



JUNO Detector and Tightly Packed PMTSs [ amxv: 2311.17314 (2023)

Wei Wang £ % for DYB&JUNO Neutrino Physics and Its Applications to World Peace, with a tribute to Prof. John Learned 24



The Last Steps of Completing the Central Detector

SN *\'

\

A\ N
e

\l + )/

Acrylic Sphere

*Installatlon platform

feNange rorr:ga(dﬁﬂe O aE s
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Calibration and Expected Energy Resolution @

* Four systems for 1D, 2D, 3D scan with multiple sources o 2 61% 2 1.200%)2
+ (0.64%)2% +

* 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
< 3k
= 3: \ —— totalPE
-2 u \ —e- - Scint. Stat.
= 2.5 :_ A\ \ —e- - Scint. Quench.
% u \ \ Cherenkov
= 2F \ .. C .
- B . ovariance
£ ] \'\‘ i Summation
21L5F 0 N
88 K -~ -
N \ e e
]_.__ \ Mﬁ"“-—-—..__._“_ - s
- A S, T
— - - v - 0.5 —_— —— — — ———
] rd e wrzBs AN C N N R B S R
g tiggFiouse ‘! T s | 0 ’ * ° R Mev)
R c adiierigsiatiation | JHEP 03 (2021) 004 | arXiv:2405.17860 (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 20240125228 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 " L
2024/12/118 202411227 2025/1/5 2025114 2025/1/123 2025/2/1
—= Date
LTI PR 9:90 MTERS MM EF R 4% ‘
JUNO Filling Overflow and Circulation System . 'm:'
v-m o £ 8 HOME
m‘uml 100. 0 rYe) Ly e
o ¢
rﬂ 2 l‘ = "’l “ 5 | w04
/s

‘ 1653 I 18, “I
v 106 E'_."".._.“’)‘ :ﬂ! oA /e

. i @0
.Tetﬁ}elak‘. Plnw
! 20.2 % vy roay ]
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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 ‘rg“
L\ S
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43.8 1 400

43.6 1

43.4 20

LS height level [m]

43.2

Height (m)

-
9
o

43.0 +

-
N
o

Water-LS interface level

31.00 - —— Using sensor 1 49

0.0
LS: 444 m CD Water: 34.55 m 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]
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> Apr 1, 2025, total LS in: ~4,248 m?3
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Let's See Some Event/Photons!
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Achievements:

Calibration of the large
PMTs using laser data
Small failure channels
: ~7/17K (~0.04% loss
at installation)
Calibration sources
working as expected
(Am-Be and Am-C)
We have seen some
muon candidates
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Reactor Antineutrino Anomaly (RAA)
Nuclear Fission 12 hito:iy T /ﬁpﬂph??ﬁe‘m%s&@gr%%g%%

+ T.A. Mueller et al., PRC83, 054615 (2011) 11 i

/O -y . * P. Huber, Phys. Rev.C84, 024617 (2011) % ]
/@ product * Daya Bay, PRL116(2016), PRL123(2019) % 0.9
neutron (@) mp> e @) neutron * RENO, PRL121(2018) g 0.8
e Q@ - + NEOS, PRL118(2017) % o

* Double Chooz, Nature Physics 16(2020) g
@ neutron 2 0.6

= — ‘No oscillation -

eaC’OI' Ne 0.5 — With oscillations (3 active v’'s + 1 sterilev) I
(%4 /o
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(Fission yleld is a function of the fissioning nuclide and the incident neutron energy)
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The Tao Site

» Taishan Nuclear Power Plant has two cores currently in

*

L)

L)

\PP), Guangdong, China
operation (other two cores might be built later)

*

s 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!

s The TAO detector will be installed in a basement at 9.6 m
underground, outside of the concrete containment shell of the

reactor core

o _ ) : ) - > _ o -217m
» >99.99% signal from Taishan-1+Taishan-2 ~—z T (215.9m, 227,,,);%

» 4% signal from Taishan-2

L)

¢ Muon rate and cosmogenic neutron rate are measured to be

1/3 of those on the ground
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JUNO-TAO: another unprecedented reactor detector ....z00s0s745 @

2.8 ton GdLS detector

Baseline
Reactor Thermal Power
Light Collection
Photon Detection Efficiency
Working Temperature
Dark Count Rate [Hz/mm?]
Coverage
Detected Light Level [PE/MeV]

Energy resolution

~30 m

4.6 GW

>50%

~100

~94%

4500

<2% @ 1 MeV

ACU Plastic
Scintillator

| Top Shield (HDPE)
+ 3" PMT
+ Water Tank

1~ Overflow Tank

I- LAB Buffer

¢ HDPE Support

| Acrylic
Vessel

- SS Tank

L Insulation (PU)
Bottom Shield
B (Lead)

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

Start construction in Taishan Laboratory since Nov.
2024 and expected to be completed in Summer 2025.
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TAO Energy Resolution
| Juwo TAO

Coverage ~ 75% ~ 94%
Photon detection
efficiency ~ 30% > 50%

Attenuation o (R=17.2m) >20m (R = 0.9m)

length
th‘;f;f;tm" ~ 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
quenching 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!

AO/E [%]

&)

Eur.Phys.).C 82 (2022) 12,1112

—eo— C(Central
Calib. by Jideal
—¥— Calib. by g,

—i— With vertex smear

0.051
0.00 -

—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, L psorption VEry small

3. Gd-LS works at -50°C, increase the photon yield
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The TAO Detector Installation

—— L el

Cg pper&Acrylic
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JUNO Milestones

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

NNVT PMTs \ 4
Delivered Detector
completing,
Filling starting
Summer
2025:
Data
Taking!
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Conclusions and Future Perspectives

s Absolutely possible using reactors for NMO
e **JUNO detector better than 3% (at 1MeV) in
L — ' energy resolution and 1% in energy scale > NMO

3-40 in 6 years (reactor neutrino alone); <1%

precision oscillation parameters

2005

den o *+JUNO construction completed - Detector filling
) detector, affordably
- ~‘_7-71\./“,,':l':"-“;:x"‘v in "-‘.’J:"'ﬂ, te n ] 4 ’ = = - - .
seid lovestment et mdical RS S & Commissioning in parallel: water and LS
particularly photodetectors.
Watchman can be a testbed.
- Payoff for achieving such huge instruments
would be world changing for not only
monitoring but much physics.

quality good

s*Reactor Neutrinos are useful also (Creation of
the AAP series by John and friends) > JUNO-

TAO 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 R&D
Program

R,
ECHEYE FC\IFCEN )}
AL ) NN s
D) N

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 (withessed by the then prime
ministers of the two countries at the Great Hall of the People)

{5 = @ M e

CHIMIENZSHPalliar
UGA ParisTech Ecola Mines -'ei-au:u:um
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e-/ y-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 5
2 (Am3y £ @)L

and long- P, s, =1—Py — cos? 013 sin? 2693 §in AT
baseline |
experiment 3
mé)asure 0.15:‘10 ....... v, 1.5 GeV + 810 km 0SS = —1 cosS= 0 cosS = 1
i z-m—ll IrT1T1T7TTTTTTTIHQRFTTTTTTT T TTTTTITIHRTTTTTTTTTTTT T
. V. 3 MeV + 10 km 758 E | | ! 3 | | ! = | | !
mass-squared [ e LTI | 3E |
Y & 0.1 | e B A -dE |
> I > 2.54 & - | )
splitting I S TR | S | 3 i
* A natural ! 220 | |
question to ask: “*%f T — | = 2
Is this [ EE = —sdGotcsoma | 35 CH00Z fmit—>1 T E
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meaningful -2 0 2 005 010 015 005 010 015 005 010 0.15

Ocp

.2
sin 2913

.2
sin 2[—!13

.2
sin 2913

Qian et al, PRD87(2013)3, 033005

FIG. 6: The dependence of effective mass-squared difference
Am?_, (solid line) and Am], ; (dotted line) w.r.t. the value of

b i
dop for 7. and v, disappearance measurements, respectively.

Minakata et al PRD74(2006), 053008

Also See: Zhang&Ma, arXiv:1310.4443/
Mod. Phys. Lett. A29 (2014) 1450096
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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

1.06 : I - . - I - I
L 15 L i
3 1(5) : 1.04 t EH1  fEH2 | EH3 -
2.8F B . _
1.02 i Best fit (3-flavor osc. model) |
o B [
& I:;u -
o > | _
:8 2.5 096 i
& 0.94 | —
g 24 i ]
0.92 =
2 ' ' : ; ‘ i 1N = .
l l l l l éllillllilllllléll 0.9 — I =

<

I 1 I 1 I 1
0.075 0.08 0.085 0.09 0095 51015 200 400 600 800
sin*20 Ay? L /(Ez, )[m/MeV]
PhysRevLett. 130 161802
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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
=p
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Global comparison Am?

Note: average is error

Consistent results from reactor and accelerator experiments .
weighted average

Normal Ordering slightly preferred (<2c) from reactor/accelerator averages assuming no correlation
Experiment Inverted Mass Ordering Value (1073eV?)
nGd —— 2.571£0.060 2.3%
Daya Bay
nH o 2.83 o 5.1%
RENO nGd —_— 2.62 01 4.4%
T2K + NOvA 2.477+0.035 1.4%
T2K —_— 2.54 +0.06 1.9%
NOvA —e— 2.45 +0.06 2.4%
MINOS - 2.45 +%% 3.1%
Super-K + T2K 2.555+00 2.0%
Super-K —_— 2.48 5% 3.6% .
o o o B B o Reactor weighted average 2%
| Reactor Average ——s 2.611+0.050 1.9% dominated by Daya Bay

i
i

[ ! .

| Accelerator Average —.— 2.499+0.034 1.4% | Accelerator weighted average 1.5%
H (SK+T2K) + NOVA + MINOS + IceCube

21 22 23 24 25 26 27 28 29
|AmZ,|, 1073eV?
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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

Wei Wang/E% SYSU Neutrino Physics and Its Applications to World Peace, with a tribute to Prof. John Learned
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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: 5mm HDPE (black) to keep the
clean water and to stop Rn from the rock, covered

w/ tyvek o
— 100 ton/h pure water system {@ﬁ(’ é( [j‘: el
Requirement: U/Th/K<10-4 g/g and Rn<10 y

mBqg/m3, attenuation length>40 m, temperature
controlled to (21£1) °C

« Top tracker
— Refurbished OPERA scintillators

— 3 layers, ~60% coverage on the top

— AO~0.2°, AD~20 cm
« Earth Magnetic Field compensation coll
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A Comprehensive Calibration System

Automatic Calibration Unit (ACU) Cable Loop System (CLS)
Two
A et %, Y2, Cabje L Pend,
e - Gt e,
OQ\\Q_/»f P ,_00/-0 o
/// r I Spool drive

\' Water Line
< - Side cable

Side cable
Gamma

source

Neutron
source

Central cable

Source storage system

/ . ] |
| ‘/ \
/
//
| Source |
/ o ;
\ / /
\ / 9 C 2 /
e ® source

¢ g U0 deteto Remotely Operated
central axis i o . .
Guide Tube Calibration e | under-liquid-scintillator

System(GTCS) Vehicles (ROV)

O Complementary for covering e
entire energy range of |
reactor neutrinos and full-
volume position coverage
inside JUNO central detector ’
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A Controlled Installation Environment for Cleanness

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

450

_Power Cut ¢ Main hall

Typhoon |
+- LS hall

Region Level

Class

T
=
@, ; :
5 300 |EH average: 158
®

100,000 £
o

Class § 150 s
=

10,000 3 _
& » |LS average: 137 |

Class 1000 2023-8 20239 2023-10 2023-11 2023-12 2024-1 2024-2
S 10° - EH
= 3
2 1l

1 #
S 10" Average: 2.1 ¥ ik ()
5 ! Tf"’.""' 'l’f“""' e t LA 4 '."a”'ful*t
z ! 10811 | W Tt e L Rellle AR LB
e levsispiyiinagiig e £ TIREIR R s L AT S RN, | LK RS 3\ 00 184, T3 SHnEn | WL FTT 31 0 M0 1 SINCTEHL U N S0, £ N6 Y I
§ 100 :7:' V*r"f"'.."}:? fif ﬂ;u i % . '.?.}Z't'?t 12 LY &u‘ | “,'; '.n‘u 4 "u'*""’,,."i-".}“ 'v‘..“l.1 ? g.J lfr.ﬂ. ,‘h" :;' ; | ¢
TP i . | @ o ol ‘l. . . . )
£ WAV g UL T S %] ifd — { by
= 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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Events per 1 MeV

Precision Measurement of oscillation parameters

sin?204,, Am54, |Am3,|, leading measurements in 100 days; precision <0.5% in 6 years

Chin. Phys. C46 (2022) 12, 123001

100 -i(;oyears of data taking —— No oscillations 0.22 =y o 102 :-'II B, Gyelei:rsl 2 Ye'ia'rs'. ]
i —-- Only solar term o e b g} ol % | | .
80 — Normal ordering 0.18F ?1 ety siritd I R S : . e am * Am3, |
Inverted ordering *% 0.162 77777777 i g 1015_ ‘ .......... | < sin6y x 5in2813_5
60 ‘% 0'14; %1 I el .E ...........
2 0.123 S g
40_ SiIl2 2612 g 0 ) 10—“ 5' QL' 10 E —
F :_2 Q.08 H-- i : ; Visible Energy(n.:leV) . g
I 5 ] e S S — BDSignal 510‘1-
201 A7 17 IS A— : . —— IBD + residual BG i
0.02fff b |
T R R S R S S 0FE 4 6 8 15 12 107 e S 7.
Eo. (MeV) Visible Energy [MeV] 1 JL}EIO Data Taking Timel[?:lays] 0
Central Value PDG2020 100 days 6 years 20 years
AmZ, (x10 % V%) | 2.5283 10.034 (1.3%)  £0.021 (0.8%) (£0.0047 (0.2%)) +0.0029 (0.1%)
AmZ, (x107° eV2) 7.53 40.18 (2.4%)  +0.074 (1L.0%) | £0.024 (0.3%) | +0.017 (0.2%)
sin® 612 0.307 +0.013 (4.2%) £0.0058 (1.9%) | +£0.0016 (0.5%)] =£0.0010 (0.3%)
sin? 013 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

BN Accidentals Atmospheric Reconstructed Energy [MeV] h

NN S JNUNE S Overburden ~700 m ~650m

froor e RGP e X 8 O [ Reactor . ‘Si'gr'm‘lfN'O‘; DeSign NOW
500:_ M — Reactorﬁ: sigmaI; 10 E
sook L T T Thermal Power 36 GW,, 26.6 GWy, (26%.)
3 Y 102 1]
& 300} . R e S W E Signal rate 60 /day 47.1 /day (22%.)
s [ Residual background 3 100 pF—u | -
=200F BN Geoneu trinos BN Fast neutrons z _lil L .Mvﬁ e ‘Jj__
E World reactors  mmm 13C(a,n)'€0 10
ol
1.0+

c Muon flux in LS 3 Hz 4 Hz (33%T)
f : I'MM I — '&ii‘tf:;gﬁ,‘f‘m“"m? Muon veto efficiency 83% 91.6% (11%7)
;0.57 P I|I ‘ i —D)? 3 E
s L ,wl M Y Fﬁf‘f‘f%lyl oMo Backgrounds 3.75 /day 4.11 /day (10%1)
o reconsiructed Eneroy e’ Energy resolution 3.0% @ 1MeV 2.95% @ 1 MeV (2%T)
Sensitivity mostly from 1.5-3 MeV .
o F;_Jec)actcr Ufg,égmal Iligoevemtznajomber (2x5]603) 300 Shape Uncertalnty 1% jUNO'l'TAO
_af2e T ¢ JUNO NMO median sensitivity:
%, — ] 30 (reactors only) @ ~6 yrs * 26.6 G\W,, exposure
b E ¢ Combined reactor and atmospheric neutrino analysis in
.k — gozzsf:%‘;’}?l'l's?;it progress: further improve the NMO sensitivity
I S t{l'_z_'_z 3 Zaltsm o arXiv:2405.18008 (2024)
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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 - pdh %@ A
3 ’ " & ﬁl‘ > —— 2%y DYB
5028 ! A ﬁ = — 9P, DYB
9 f p c - 35y Huber x 0.92
0.24 2 © 2%py Huber x 0.99
| © EH1 & EH2| &
0.20 =
2012 2013 2014 2015 E
Year Y
1 4 9 2
5.5
A Daya Bay
c —e— Huber model w/ 68% C.L. E
o 50 =]
n I
wn -
Z s °
¢ . S
©
2 4.0 8 : SE——
2 C.L 1 6 7 8
j 35 68% Prompt Energy / MeV
§ . 13 950,6
oags = (10.1£1.0) x 10 ¥ 99 7% .
L0 b= (60150 60) 105 : 235U: 4-sigma effect
52 56 60 64 68 7.2
025 [10- cm? / fission] 235py; 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 . .
- _ B S
i —¥— Daya Bay 1958 days 68% C.L  _ Z ol '
03k —=— HM 68% C.L.(EFF) . 3 £ G i
—U. — — — E
- - @~ HM 68% C.L.(EFF+Model) - "o —
lo - ¢ CLAEFEModel 7 2 go_o'l I 1 —+ Meas.-HM
= - —e— SM2018 68% C.L.(EFF) - 2 S - Meas.-SM2018
5 035 — L
@) i i —t— —4— Meas.
< I ] b 02 —— — HM
i i = ! — SM20138
04— — % 04
- 1 b 1
B 7 2 06
i i I
_045 | [ [ [ l [ [ [ l [ [ [ | —08 A . |
5.8 6 6.2 6.4 2 4 6 8
G [10™* cm/fission] E,..[MeV]
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