| R M.
ﬁﬂ@%%ﬁ%%%%ﬂmTM%y

B, ik
S REHE, BRERT Bl
ﬁﬁﬁﬂ@ﬂﬂﬂ%?Aﬁﬁ :

CERTHEEREN |
2024.8. I3V Is ey HaRe .



ﬁE%%%
)iW fﬁcpﬁ?ﬁﬁﬁ‘gﬂﬂg _




~ Reactor antineutrinos

—— e e e S

® Nuclear reactor: powerful & pure 7, source
® Production via beta decay: - * Measurement via
— N Source: Nat Commun 6, 6935 (2015) 7 o
n—p +e " +V, lnverse beta _T_lecay. |
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Inverse beta lecay cross section (cm?) &

® 35U, 28(, 239Py, 241Pu ®* “Direct” measurement:
contribute >99% U,

(commercial reactors)

(commercial reactors)

Overall IBD yield -

N sp +— 1BD number

g £ Effective
| - fission number

Antineutrinod / MeV / fission

O'f —
® Model predictions:

: Antineutr MeV :
Conversion method : S r:nenry( il 5 . . iR
= Combination of 1sotopic yields

Summation method - S - | e = BEvolution along fuel burning



Daya Bay (DYB) experlment
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Runnlng from 2011 to 2020.

® Detect U w The Daya Bay Expeﬂment

from 2 nuclear power plants (6 cores);

EH3
| 1540m from Ling Ao |
1910m from Daya Bay

with 8 identical antineutrino detectors (ADs); = |[ROrSiehedeg- | |

° ° B 2 e _ . i-— ¥ . . L\k‘ - -'f-' : ‘--"'I-. o e
in 3 experimental halls (EHs); P B 470m from Ling Ao | f L

265 m.w.e overburden RFETT SN

®* Leading 0,; experiment. A g
sin“26,; = 0.0851 % 0.0024 s o L

PRL 130 (2023) 16, 161802 T s e
o = B - T ’r?? 363m Imm I)ni Bay '

250 m.w.e overburden

Ling Ao | Cores

m 17.4 GW,, power
m 8 operating detectors
m 160 t total target mass

(Relative near/far measurment for 0,5)
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Full data set: ~4.7 million IBD (n-Gd) Sample at DYB near ADs. |
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Precision measurement of reactor U, flux and spectrum. TR

(absolute measurement) e Mineral Oil




Overall spectrum and ﬂux |

* Flux:
[5.84 + 0.07] X 10~ cm?/fission

1.2% precision

® Spectrum:
~1.4% precision in 2~5MeV

~ Comparison with models
* shape + rate: ‘
DYB differs from HM (more
significant) and SM2023;

“constant” deficit below 4MeV
“slight”™excess around SMeV

Comparison with models

%10~ cm?/fission/MeV

* rate- -only:

| f DYB dlffers from HM,
~ agrees better with SM2023 and KI
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> shape Only © SM2023

DYB differs from HM and SM2023
by feasurmg d “SMeY:bump o Reconstructed energy [MeV]

Conversion models: -

 Huber-Mueller (HM) Summatlon models
~PRC 83, 054615-(201T) - _‘ = SM2023 (latest)
- PRC 84, 024617 (2011) ~—PRE TS 055501 (2023)- -
KI (updated235U) - -- -PRL-130,.021801 (2023)

PRD 104, L071301 (2021)



- Fuel Evolution
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® Fraction of fission isotopes changes with fuel burning, in one period:
23577 l 2§3U_r 239p,, T 241p,, T

® Effective fission fraction: frac. of fiss. isotdpes viewd by detectors
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- Average
- Scaled HM

D‘(EEED 022 024 026 028 030 032 034 036 0.38

N 2 : : = .
239py Effective Fission Fraction

® Overall IBD yield evolution: ( ;) éhang‘e w.r.t. Fy39

do;
& LT — . ;.
024 026 028 030 032 O . : - ® Enable extraction of istopic spectrum and flux

= [—1.96 £ 0.13] X 10~ cm?/fission
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Isotoplc spectrum
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¢ Extract 1sot0plc spectra of 235U and 239Pu through fuel evolutlon analysw

235U spectrum:
~3% precision in 2~5. MeV

: Rate+shape

DYB vs HM: >3 deﬁ01t :

below 4MeV - -
DYB vs SM2013: >3 blimp
| above 4MeV

e Shapé—only:
DYB vs Models:
>3  bump above 4MeV

PS: Stereo (Nature 613, 257-261)
agrees with SM2023-PRL
(new summation model)
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Overall spectrum -

: : A =
- ~ Systematics e
_Isofopic- . = - Constrain 28U, and *4'Pu with HM
- spectrum .~ (conservative setting with enlarged HM errors) 7

evolution data

SM2023
SM?2023-PRL

29Pu spectrum:
~7% precision in 2~5 MeV

e DYB with largér CHOLS, -
- consistency with Models:
at~2- level -

8 1 2 3

Reconstructed energy [MeV]



Isotoplc ﬂux
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-+ Extract 25U and 2Pu ﬂuxes with fuel evolution data - :
: 5235 = [6. 16 + 0 12] e 10_4 2/ﬁssi0n 5

| 0'239 = [4.16 £ 0. 21] X 10_43cm2/ﬁsswn _

235U flux: = - = s
DYB dlffers from HM (>2 ) o : =
= agrees-bette;j with KI and S_M2023 Ty

= SM2023

-

239Py flux: 4 =
~ «  DYB with larger errors, »
consistency with Models at ~  level
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Spectrum unfoldlng

ﬁ' - Ba__'_ldl... "

‘ ‘ | -~ ==~ - - Unfelding . s i ’
“Direct” measurement of rec. energy e Tt o g[ Lok Neutrino energy spectrum of reactor

spectrum of IBD prompt signal e antineutrino signal:
P P - Pt oIS » “Remove” detector response , g

Using SVD regularization unfolding

K Motlvatlen & Poss1ble usage of unfolded spectra

" Direct ¢ comparlson with models == e s + Overall
. Input for other experlments, e: g JUNO g = o - & 2y

[—
n

+ 29Py

-

= At DYB 235U and 239Pu spectra obtalned =
S1multane0usly from decomp0s1t10n, =
so correclation exists between spectra

x 10~ cm?/fission/MeV
-,
in

* Unfolding multiple spectra together, =
by considering their correlations.
(for the first time)

Neutrino energy [MeV]



To summarize:
% Racctor antineutrino spectrum and flux measurement with DYB full data sct (n-Gd, 4 ADs)

. Overall 23’5U and 239Pu spectra and ﬂuxes at few percent prec1s10n — World leadlng

Unfolded neutrlno spectra, “free” from detector response

< Still open questions—

. Reactor antlneutrlno rate anomaly anemaly W.r t HM; seems t0 Vanlsh Wlth KI not ﬁrmly sloved !

. Reactor ant1neutr1n0 shape anomaly W I. t all models =

» Flne structure (see talk of TAO)

2 More efforts needed from both experimental and theoretical sides

% TAO will help to address some of these open questions...
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‘The Talshan Antlneutrlno ()bservatory(J UN() TA() or TAO)
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% TAO is a satellite experiment of the JUNO

ﬂ* A ton-level Gadolmlum -doped quuld Scintillator detector

at 44 m from a reactor core of the Talshan NPP ;
f @ JUNO-TAO [
Taishan NPP [@

Yangjiang NPP

¥ 10-m?2 SlPM coverage(94%), operate at 50°C

B © e Tk

4500-p.e./MeV, the energy resolutlon better than 2%/\]E MeV - R Z: tt"flt, :

2 Statistics

: —2 —— Scintillator Quenching
S E{-‘ 0.02 Charge Resolution .
El. Cross Talk
: = : _;5{] 015 Dark Noise o

x1 IIlllllOIl IBD events@3years, 1nstallat10n start 1n the fall Of | <2% / VE MeV - e

0.01

2024, operation in early 2025

0.005

h 10
Visible Energy (MeV)

12
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1.Fine structure measurement

3.Provide reference spectrum fur—JUN"O

Provide reference spectrum to remove effect of ﬁne structure and

- spectral shape dependenee

4.Search fdr sterile ne’ut—rino" =

S.Reactor ruenitoring

~ 2.Provide a benchmark spectrum for nuclear database

2 0
min

|AX

2 i
min

|AX

TAO Phys1cs Goals

aﬂ.' 4’)‘ e T q_.’. — \—"’t’ -

3.5 4.5 0.5 6.9 7.5 8.5
Antineutrino Energy (MeV)

IBD Antineutrino Spectrum {lﬂ_ascmzf MeV fission)

JUNO: 6.5 years x 26.6 GW,,
TAO: 6.5 years x 4.6 GW;y,

TAO 0/E @ 1MeV
m— [UNO+TAO (2%)
=== JUNO4TAO (3%)

== JUNO4+TAO (8.5%)
—-= JUNO-only

Nominal

10
Ve spectral shape uncertainty [%/20keV]

V. spectral shape uncertainty
—— Free (x)
— 100%/20keV

1
TAO exposure [years X 4.6 GWy]

IR



TA() Spectrum

aﬂ.' 4’)‘ o R q_‘. e x_-l’.."- - R

<2% shape uncertainty@3years
in NMO sensitive energy range

Relative uncertainty [%]

~1% shape uncertainty from —stafisfic§@3ye?‘rs_ |

Reconstructed energy [MeV]

—— TAO Total —— Nonlinearity Fiducial volume

e == SEatistics —— Fission fractions diff. ——— Non-equilibrium
~0. 8% shape uncertalnty from backgrouds@3years 2 — EreEE T opentnudeariue

Fast Neutron, flux ratio ~9%
’Li/*He, flux ratio ~5% = e :
- _Accidental, -fluxratio~20%-——~ - =" "= = | o IR0.5.2 years x40 LW

Flux ® Cross-section
including energy leakage

9Li/®He

4 | ‘ « > L. AN
~0.3% shape uncertalnty from detector response@Syears st neutrons
Include: Energy Leakage, L1qu1d Scintillator Nonllnearlty vy :

Energy [MeV]

including LSNL and resolution -

14



TA() Detector

_.ﬂb, (—,‘_—-‘_-.r—-i e —’\_-u = —;—4_:.:; =

¥ Central Détector
2.8 tondewaterihg (<'10-ppm) loW-temperatufe GdLSg_
10 m2 SlPM coverage(94%), ngh PDE(~50%, 4500 p e./MeV) # e | P — e e o

Operate at -50°C, SlPM DCR <100 Hz/mm2 @ 50°C
: - BN

1 R #i(HDPE)
o 3" RN

— Temperature'uniformity::l:_()_.S",C -

% Calibration Sy_étg_r_nﬁ _

L im 1'.|||.|1|,

| LAB &l
_| BGdilA

ACU+CLS

T T B

—* Muon Veto System = =

4%
_——— SiPM 5

—& HDPE % 4

: Top Veto Tracker (Top)
4-Layer PS + SiPM

| ANk EE
- TR
_____LR#HRE (PU)

¥ i
_——1 (Lead)

Water Tank(Around) -
3 irregular water tanks
300 3 inch PMTs

15



GdLS recipe: LAB +3 g/L PPO + 2 mg/L' bis-MSB + 0.1%Gd + 0.5%DPnB

GdLS index: ngh hght yleld(~15000/MeV), High transparency (~93 %), ngh flash pmnt (>100°C)
NO prec1p1tat10n@ 50°C(Add DPnB), Stable property@-50°C Low water content(<10ppm)

- : ' f
3.5t LAB and 3.3t_ GdLShaVebeen prep_aréd,‘ready t(i be shipped

oy
=
o

Ad L!it'tlg 0.5% DPnB

.H
o
o

0.010
0.005 - LII B,E.ﬂ:]r%‘- E]-,:_“ H;J t'i'Elt

0000 v | ,-l':'-'l.lftlf' I 4- El O r:- E.l ; E' '-ja_"y"r S
0.005 W ad I,.____:| | I '.,____.1 [est

Relative transparency
Relative light yield

- B,}’ PMT R6233 0010
— LAB+3 g/L PPO+2 mg/L bis-MSB+0.5% DPnB ’ : —— By PMT XP5382 0.015

=032

—— LAB+3 g/L PPO+2 mg/L bis-MSB+0.1% DPnB ' | —— By PMT R6091

10 20

60 -50 -40 -30 - e p)
60 -50 -40 -30 -20 -10 O 10 20 Temperature [°C]

Temperature [°C]
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| SiPM Quality Control |

el R~ L.

Visual test ——— Burn-in test ———— Characterization test :
All SiPMs have been tested ~

298 SiPM tiles disqualified

x%ndf < 6.5 Normal
2/ndf > 6.5, Rs > 0.8

Average PDE: —~48.8%@-50°C,—3.-2'V(~50%); Average DCR&¥45HZ/mm2@450°C, 3.2V(<100Hz/mm2)_ w/ temp. correlation
. i » - : : = : : 2/ndf > 6.5, Rs < 0.8
5 - - ’ ' E- = = s 2 £ : w/o temp. correlation

0.0
Correlation Coefficient Rs

-

Parameters Measured®

Min: 0.44, Typical: 0.47 0.488
Dark Curen Doviancs [Max 95, pcards |- [w

17



'onic System

T ———

—_ T g

| ~ SiPM Electr

Cryostat 96 channels
MicroTCA crate

Final System: SIPM+FEB+FEC+GCU+DAQ oo - o : - FB FEC
System Design: 8048 chs, 1SiPM-1FEB-2chs; 96chs-1FEC : . : FEC

ADC + FPGA

~10 FECs

System Index: Charge RES<15“A,, SNR>10, Time RES<lns. - . :

ADC: 250MHz/12bit or 125MHz/16bit, Dynamic Range:1-180 p.e./ch o

FEC
ADC + FPGA

Nrep = 4024
(8048 eltx ch)

Data Rate: FEC TDAQ: ~70 Gbps, TDAQ Disk: ~100 Mbps

SiPM Tile

SNR -
Board-to-board

RES
XTLK

13.79
1 1 91 I-'!-"'::a
18.50%

I nn

DCR =32 Hz/mm?

FPGA Mezzanine
Card (FMC3)

0 005 0000

HV SiPM
supply =100V

supply 2V

FEC BOARD
(IHEP)
max 128 channels

Signal output
Differential pairs

18



Callbratlon System

.ﬂb'()\. "{‘Y“ 5 _-\_-& ,-'-7

Deployment apparatus |

3 Automatlc Callbratlon Umt (ACU from Daya Bay) : E e ENPRT (. . for light source

{or ratioactive source

8Ge source, Combined Y source (137Cs + Mn + 4K + 6"Co o
LED system (Wave length Trlgger rate, Intens1ty can be changed)

Non-11near1ty(uncerta1nty<1 %), SiPM characterlzatlon callbratlon

% Cable Loop System (CLS)

58 gamma shield

Neutron shield

137Cs source, 110 points

Non-uniformity calibration(uncertainty<0.5%)

Stepper motors for CLS

e Calib. Point o  Symmetry Point ] ] TAO detector

Special
deployment
system
into the ACU

S5iIPMs

¢ Simulated data
Best fit without 2B constraint

" e : ¥ Weight
Best fit with '“B constraint I8

Quartz
diffuser
- - = upto20m
0 100 200 300 400 500 600 700 800 , _r_‘r_ber
- | length
R [mm] . _



e e e eSS | g

- Muon Veto System '

% Top Veto Tracker (TVT)
'PS+ Wave-Shifting Fiber + SiPM

| ]
L]
200 mm

Width

Length = 2000 mm Length = 1500 mm
2000mm-PS 1500mm-PS

108 strips  + 92 Strips

MO L T LT
e TP TS L
R EEE N S |

4 Layers, 160 strips, 2 mx2( c;hxz cm/strip
Muon veto efﬁciency>99% _ |

Production and QA finished ~ - = PS_ B

Ocsilloscope

-

EEIREN

% Water Tank WE X | anr \_o
3 standalone water tank | = — = - N
300 3 inch PMT, 50 ton pure water f
Muon veto efficiency>99% |

Detailed design ﬁnishéd, to be ’prord,u—c_ed:

20



1 1 Prototype

.ﬂ., 4’_.)—. et S S S— L _-,__-..,,_—- B BT e SR SET E 3 e e

Motivation: Assemble-and test each system_

: ' k= = . : 7 Assembly procedure_
CD 1:1 Prototype Assembling: _
Verified and 1mpr0ved assembly produce
finished-in Dec. 2023 in IHEP

- Cooling System Testing: *
Temperature non-uniformity < 1°C,
System temperature 'stability:_().l NG

Calibration System Testlng - -
ACU, CLS and LED system can operate normally ==

|
—
—

-

PMT R6233
—— PMT XP5382
PMT R6091

—_—
o
@
i |

i Eteetronic System Testing:
Data can be triggered and readout

Relative light yeild

—— Prototype

SiPM Testlng Usage LED source to cahbrate SIPM DCR and =
PDE, consistent with S1iPM quahty test result =

GdLS Testing: Usage cosmic ray muon, get relative light yield - -

from different temperature, consistent with external test result I R PR T N T TR
= = Chsage[égc ngnt] ) ] ) ) ) ] ter-w'%:?e,'r:;ztur-t'e’.z[([)J(—}gra'a;‘j]5



Summary of TA()

* TA() will measure reactor antineutrino spectrum with sub- percent energy resolutlon
(<2%/ VE), and pr0V1de a preelslon referenee antmeutrmo speetrum for JUNO

% Feasibility of each system have been verified through ql_lzility test and prototype

% Will start assembling in Taishan NPP in 2024, and start data taking in early 2025

E TAO project approval TAO FDR TAO online

|
2018 2020 2021-2022 2024 2025
8 &

TAO CD prototype Onsite construction

22



