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Jiangmen Underground Neutrino Observatory (JUNO) @
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20 kt LS (large target)
3% energy resolution @ 1 MeV

Civil construction finished in 2021/12
Detector assembly and installation

* in progress
.t E 9 leted by 2023 For more details on the detector’s progress, please refer to Alessandra Carlotta Re’s talk
0 be compileted by “The JUNO detector: design concept and status”

Supporting Legs
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Abundant Physics with JUNO

New
physics

~60 v, per day Hundreds per year Hundreds per Supernova burst: ~400 per year
year for 8B ~7300 at 10 kpc

DSNB: 2-4 v, per year

Neutrino oscillation & properties

Neutrinos as probes

B Many improvements of the JUNO physics topics compared to the JUNO physics book (J. Phys. G43:030401 (2016))
B For topics that are not presented here, please refer to PPNP 123 (2022) 103927
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Reactor v, Oscillation and Detection
Ay = Am2 L/(4E)

Ps, 5, =1— sin? 2813(::052 B15 sin? As; + sin® 03 sin® Asy) — cos? 6;3 sin? 2645 sin? Ay,
(matter effect contributes maximal ~4% correction at around 3 MeV, arXiv:1605.00900, arxXiv:1910.12900)

The baseline of ~52.5km for JUNO
» optimized for the sensitivity to neutrino mass ordering Detection via inverse beta decay (IBD):

x103
100F .
: 6 years of data taking —— No oscillations V_e + D — €+ +n
. Only solar term
N —— Normal ordering .
80r JUNO —— Inverted ordering ;'\\\ A n
> 1 | : d T %
g ' N LY : elaye %W 3
- 60} JUNO, arXiv: 2204.132419 ¥ ) 0(100 ps) :
8 ’,,’ N *',
0 | : 2 > il
% a0l S111 2912 176) o----- > 14 (2.2 MeV)
g
i . p prompt
- lsm2 2013 ~ few ns
20
_ Y 511 ka\) &===== e *> vy (511 keV)
A2 | le—, ! FiRll el e Inverse Beta Decay
e m21 R Amm
0 MR B | TN T T TSN T NN T T M A T ST T [N T T T T Y S
o 1 2 3 4 5 6 71 8 9
Es, (MeV) « The double coincidence=>» suppression of background
» Good knowledge of spectral shape is important
for physics goals
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Expected Reactor v,’s Signal and Background

JUNO, arXiv: 2204.13249

022 T T
= 1o Ceonsaaros | —Uire
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0.18 b g M ; == Global Reactors _?::?:422722 :lC
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0.14|
0.12F
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0.04H— e e R ee-. —— |BD + residual BG
0.02 : | ; ; ;
i e " —— : v . F .
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Visible Energy [MeV]

Updates for the spectra and rates since JUNO (2016)

© Signal and backgrounds now assessed with full JUNO simulation
® Final knowledge of JUNO site and overburden
© Lower radioactivity background based on latest measurements

® 2 fewer reactor cores in Taishan
© Better muon veto strategy
© Improved energy resolution

Event type Rate [/day] | Relative rate Shape
uncertainty | uncertainty
Reactor IBD signal| 60 = 47 - -

Geo-Vv's 11212 30% 5%

Accidental signals | 0.9 = 0.8 1% negligible
Fast-n 0.1 100% 20%
°Li/®He 1.6 9 0.8 20% 10%
BC(a,n) %0 0.05 50% 50%
Global reactors 0=2>1.0 2% 5%
Atmospheric v's 0=>0.16 50% 50%

JUNO physics book (1. phys. G43:030401(2016)) = this update

on material radiopurities

Jie Cheng
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Taishan Antineutrino Observatory (TAO)

&

arXiv: 2005.08745 ACU Pl B Precisely measure the unoscillated reactor v, spectrum
Scintillator
- Top Shield (DPE) = good understanding of the shape uncertainty
:z;:ﬁmk 0.10 Reactor antineutrino spectral shellgelulnfzgrltalinty _
e = TAQ-based (arXiv:2005.08745) I :
o — Qserie- Tk —— " DYB-based (Phys. Rev. Lett.123, 111801) |
o q - LAB Buffer > 0.08 Model-based (Phys. Rev. Lett. 112, 202501) -
! | GdLS c | ---- JUNO Yellow Book (J. Phys. G: 43 030401) ]
‘ L Cooling Pipe g
o 0.06 B
| - Si(I:;K/ISkfI]‘Ly § = 1
’ | HDPE Support -] I |
Acrylic Y 0.04 JUNO, arXiv: 2111.10112 .
! Vessel S - i
- SS Tank % I ]
_ Insulation (PU) &€ 0.02 - _
- k Bottom Shield I M e ]
| | - (Lead) - 1
2 "':"::u:::;’:- _I AN T [N TN Y TN T A Y T T T A S S A YT H MY T NS Y Y NN Y N N |_
0.00 5 3 ; : : - 3
Visible Ener MeV
JUNO-TAO detector (2.8-ton GdLS) _ ‘f’y [_ ]
_ Shape uncertainty close to the assumption in the
« 4500 PEs/MeV & energy resolution < 2% @ 1 MeV JUNO physics book J. Phys. G43:030401(2016)
v' SiPM: achieve high light yield with ~94% coverage =» model-independent combined analysis with JUNO

B Also search for sterile neutrinos and measure spectra of

v Gd-LS works at -50°C: lower the dark noise of SiPM . :
dominant isotopes
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Improvement of Energy Resolution

Changes Light yield in detector center Energy resolution Reference
[PEs/MeV] @ 1 MeV

Previous estimation 1345 3.0% JHEPO3 (2021) 004

20-inch PMT PDE (27%->30.1%) T 11% arXiv: 2205.08629

New Center Detector geometries T 3% HEles e -

More realistic optical model T 8% EPJC 82 329 (2022)

et energy resolution is understood:

Scintillation quenching effect

2 )
o _ a I - LS Birks constant from table-top measurements
Eyis [E s Eyis « Cherenkov radiation
‘ » Cherenkov yield factor (refractive index & re-emission probability) is
. re-constrained with Daya Bay LS non-linearity
Photon statistics l « Detector uniformity and reconstruction

* Annihilation-induced y’s
 Dark noise
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Neutrino Mass Ordering (NMO)

Reactor v, signal IBD event number (x10°) Updates since JUNO (2016):
0.0 0.5 1.0 1.5 2.0 2.5 3.0
6l—llllllll.l ll I,lllllllllll,l.-i;;.l - Now (2022)
- JUNO Simulation Preliminary T ]
: - 50 ] 35.8 GW,, 26.6 GW,;, (26%.)
~700 m ~650 m
e o . 3 Hz 4 Hz (33%1)
g —______JUNO + TAQ (6 yrs exposure) - 83% 91.6% (11%1)
B A NO: stat. only 1 60 /day 47.1 Iday (22%)
oL —— NO: stat.+all syst. -
2 P e |0: stat. only 1 3.75 /day 4.11 /day (10%T)
i —— 10: stat.+all syst. ]
1_| o ey e b e b b b e e ey e ey 3%@1Mev 29%@1M€V(3%T)
0 2 4 6 8 10 12 14 16 18 20
JUNO exposure [yearsx26.6 GWy] 1% TAO-based model

30 NMO sensitivity <6yrs x 35.8GW,, | ~6yrs x 26.6 GW,,

exposure

O Reactor only: 30 @ ~6 yrs x 26.6 GW,,, exposure

O Combined reactor + atmospheric neutrino analysis is in progress: further improve the NMO sensitivity
Poster #848 by Jinnan Zhang
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Precision Measurement of Oscillation Parameters @

JUNO, arXiv: 2204.13249 Precision of sin?0;,, Am3,, |[Am3,| < 0.5% in 6 yrs

_ :' ' p=|0044| | ': Central Value PDG2020 100 days f 6 years \ 20 years
>76[ . Am3, (x1073 eV?) 2.5283 +0.034 (1.3%)  £0.021 (0.8%) [£0.0047 (0.2%)] +0.0029 (0.1%)
n ol ] Am3, (x107° eV?) 7.53 +0.18 (2.4%)  +0.074 (1.0%) | 40.024 (0.3%) | +0.017 (0.2%)
S_ | . ] sin? 012 0.307 +0.013 (4.2%)  £0.0058 (1.9%) \£0.0016 (0.5%)) +0.0010 (0.3%)
=T ’ sin? 5 0.0218 +0.0007 (3.2%) +0.010 (47.9%) =40.0026 (12.1%) =40.0016 (7.3%)
g I ]
:: : : I : : : I : : : T T T I | T T T T | T T i 10? days T T T T T T T 1] 6 yeIalrs T |2(I) ¥ella|rs\[ T T T T L |
p=0.033 | p=-0.056 | 10%F — Swbesyst.
T 4 1T e i E ---++ Stat. only ]
~0.310¢ T 71 JUNO 6 years LT i . e amiy Kk am |
r.SE) E . E: . E [ ] 6827:/0 C.L. § 101:_ : _______ : | sin28,; % 5in2613_:
% 0.305 T h 95.45% C.L = P T ]
I ] 1 99.73% C.L. S
- - *  Best-fit 3
3.5 —+—+—"~F+—+—++—+—++++—+++++++t++ -+ §10°
- p=0.006 I p=-0.069 I p=-0.032 -
& 3.0F - I E 2 I
o_ f ] s ] ®
D25¢ E3 E3 E g 10-1|
- (@) (@) (@)
=N ] 1 ' [ i i
"15F E3 £ E 102 The best measurement for the foreseeable future
L II|||||| _I||||I||I|II__IIIIIIIIIIIII_ L L ! L L= . L : ‘ - -
252 2.54 75 16 0.305 0.310 10° 10 o 100 10°
AmZ, (1073 V2] Am3, (1075 eV?] sin26., JUNO Data Taking Time [days]
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Diffuse Supernova Neutrino Background (DSNB)

B DSNB: 2-4 events in JUNO per year —10* T
v' Not detected yet O JUNO, arXiv: 2205.08830 BV g
Holding: =10 —

B Reactor V

-%Lil g)He

[ Fast neutron

[ Atm-v CC

B Atm-v NCw/ !'C

@ Atm-v NC w/o '!C

» Supernova (SN) rate (Rgy(0))
» Average energy of SN neutrinos ((E,))
» Fraction of black hole (fgg)
v Detection via IBD
B Dominant background (above 12 MeV):
v' Atm-v NC interactions

,_.
=
)

14.7 kt x 10 yrs
—_— 5

=
107!
B Highlights on background suppression E
v" Muon veto 21072 Before background suppression After background suppression
v' Pulse shape discrimination (PSD) technique
v Triple coincidence (X1C delayed decay) o v b b b Py
10 15 20 25 30 12 14 16 18 20 22 24 26 28

: P tE MeV
Improvements compared to JUNO physics book 3. phys. G43:030401(2016) : rompt Energy [MeV]

v' Background evaluation: 0.7 per year - 0.54 per year
v" PSD: signal efficiency 50%—>80% (1% residual background) S/B improved from 2 to 3.5
v" Realistic DSNB signal model: non-zero fraction of failed Supernova

Poster #574 by Yiyu Zhang
Jie Cheng ICHEP 2022 11



Sensitivity [G]

DSNB Sensitivity

JUNO, arXiv: 2205.08830

- F J‘.-I -l L) ) T I T T L] L l T T T T | Ll L) ) ) I T T L] L)
L = === R, (0)=0.5<107 yr! Mpc™ L R - 2 e, —e— JUNO (90%C.L.),10 yrs
14 Ren(0) = Ix10™ yr-! Mpc™ — [8MeV | = BH: 0.40 % 10 R —#— KamLAND (2021) —EI
[ = R(0) = 2¢10° yr! Mpc” [ 15Mev | [ BH:027 = —a— e SKAIV (2021) .
2k 8, 50%—>30% " 12Mev | [ BH:0O “ Fmte —»— SK-LILIII (2012) .
- . Sh__::__: 30%—20% - - 10 b '.i".'l- —+— Borexino (2020) |
- - - (o] 3
10 - n n £ :
- = - IBJ 7]
— [— — > 1 = ?:
' x 5 = F -
N C [ = i ]
™ ™ :ti |>‘D 10—1 - ~ -
| |— Z L ~N \\ e
- . n —(E)=12MeV, f _ =0 \\ SO
- - A 1072 f— (£ )15 MeV, S 027 N -
I : E— (E,)=18 MeV. £, =0.40 S -
Ll ' Ll 1 ' L1 1 ' L4 1 I L1 1 I L1l I 1. 1 I 1.1 ' Ll 1 B l B l 3 _I RCCSN: I{O.S_)Q)X1I0-4yr-l Mpf-3 I I\\ 7
4 6 8 10 12 14 16 18 20 10 20 10 20 P
‘ . 5 10 15 20 25 30 35
Running time [yr] E, [MeV]

» If no positive observation, JUNO can set the world-leading best limits of DSNB flux
» With the nominal model (black solid curve (left plot)): 3o (3yrs) and 6o (10yrs)
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"Be, pep and CNO Solar Neutrino

Comprehensive studies under different radioactivity levels Exposure [kt y]
0 20 40 60 80 100
Rad'io— 40 85 232 3 238 : 29Pb/ | 0 'o\?| | | | | | | | | | | 7] > E . < 2 MeV
Seenaio R Tl A s = Current best result vis
i h —16 —15 —15 [ —23 .E . - — ? _____
D clf |1x10 . 1% 10 1% 10 5% 10 S 101 +_:
RIEY | 2280 | 5000 3508 15047 12031 | 12211 g F £ 3 P Measure
- 17 —16 —16 —24 = - - 1 7
Baseline c[%] 1x 10~ - 1x 10 1x 10716 5 x 10 3 i 1 ] Slmultaneously Be’
' R[EY) | 229 500 351 1505 1203 | 1221 .(_% - —— i pep, an d CNO solar
deal clf |1x10 . 1x 10 1x10 1x10 . % = o neutri nos
R[24) 23 100 35 150 241 244 s - Baseline
c |8] - - <5.7x 1071 | <94 x 1072 o B — IBD
Borexino . 8_ i = — Borexino result
| R (24 42 100 1.4 2 115 446.9 T T N R T !
NOTE: Contribution from pileup and reactor neutrinos found negligible in the ROI 0 2 4 6 8 10
Exposure [kt y] Time [y]
0 20 40 60 80 100 0 20 40 60 80 100 » Compared to the
T T T T T - - [ ' [ T I T I
Borexinolike i | current best result:
10 Ideal ® i
Baseline I . y expected uncertainty
—m® | F | = Current best result on “Be, pep neutrinos
______ W i . - 1 will significantly
[ .
Improve

—

Borexino-like

o
I
<

depends on the final

—— Baseline radioactivity level
— — Borexino result

— Ideal

CNO rate relative uncertainty [%]

pep-U as free parameter
1 | 1 I 1 1 I I 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Time [y]
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Model-independent Measurement of 8B Solar Neutrino

Channels Threshold Signal Event numbers
[MeV] [200 kt xyrs]|after cuts
CC Ve +13C — e +18N (%_;gnd) 2.2 MeV |e™ 413N decay 3929 647 — Correlated
NC |y, +183C = v, +13C (%_; 3.685 MeV) [3.685 MeV ¥ 3032 738 ]_ Single
ES Ve +e—vgte 0 e 3.0x10° | 6.0x10%

B ~0.2 kt 13C in JUNO LS - enable observation of éB solar neutrino CC and NC interactions on 13C for the first time

B Model independent measurement of 8B solar neutrino flux (5%) and oscillation parameters sin26,,, Am3,

Joint analysis of the spectra from ES+NC+CC Paper in preparation
& % Z y
M : ] & & .
v 2k D, - m Mm i
(e] L /‘0 -~ o b'd /“’ . - Ve -
= //,-,//, o 1.1 f@//;,-, , - o L1 e /; -
SRS | 23,. , 7 . i - ™, ;
2 10 4% o = 9, = : /06//—
L o 2 [ %
. 1 b 1 p— -
8 § :
6F ] 0.9 . 0.9F -
a L O == R, SR, - B, 0.8 ...l....l....l....l...-. 08..1..-1...1...1...1..-
0.25 0.3 0.35 04 ' 0.25 0.3 0.35 0.4 " | 6 8 10 12<
sin0,, sin"6,, A m3 [107°eV?]
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Neutrinos from Supernova Burst

Other Topics with JUNO

| Typical SN at 10 kpc

T T T T
ZeNe, BP= 151 MeV

i IBD,El'= 1.8 MeV 7

Nucleon Decays

— K+t

Signature: three-fold time coincidence

u* ionization from K*
decay (1= 12.38 ns)

et from p*
decay
K* (1=2.2ps)

IOHIZ&tIOQ /

10°

hit time (ns)

Jie Cheng

Detect all flavors
@ 10 kpc:
~7300 supernova

neutrinos

20 40

Expect sensitivity: 8.3x1033 years (90% C.L.) for 10 years

ATee= 11808 AT, = 116ns
E,=1196MeV E,=146.3 MeV
¥ndf = 167.0/145

/J‘EWIanI dir el

T (ns)

—4+— sim. Data 10,,9
— Bestfit "y,

3y

~ K'dep. pulse g

77 ' dep. pulse

=
(2]
=
(Yol
N
N
~
—
=
(<)
>
w

100 120 140
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Multi-messager Astrophysics

Lower the energy
threshold of the detector
down to O(10) keV

Realtime monitoring of
the MeV transient
neutrino sky

L v,

Broadband & Self-adaptive

el 4
of the A

MM Trigger " Neutrino Sk
as a Powerful
. Transient Machlng

e iﬂ

‘h (B
\ e wwd

Neutrino

Optical
telescopes

LIGO/VIRGO, KAGRA,
LISA, Tianqin, T?iji

observatories , Gamma/x-ray telescopes >

v, from 238U and

Reactor
antineutrino

Geoneutrino

Visible energy [MeV]

232Th decay chains
in earth

Signal in JUNO:
39.7+&3 TNU
(~400 geoneutrinos

per year)

5% measurement in

10 years.

15



Summary and Prospects

Physics Sensitivity

Neutrino Mass Ordering 30 (~10) in 6 yrs by reactor (atmospheric) neutrinos

Neutrino Oscillation Parameters | Precision of sin8,,, Am3,, |Am3,| < 0.5% in 6 yrs

Supernova Burst (10 kpc) ~7300 of all-flavor neutrinos

DSNB 30 in 3 yrs

Solar Neutrino Measure "Be, pep, CNO simultaneously, measure 8B flux independently
Nucleon Decays (p —» VK™) 8.3x1032 years (90% C.L.) in 10 yrs

Geo-neutrino ~400 per year, 5% measurement in 10 yrs

Civil
construction
2013
—
2015

Jie Cheng ICHEP 2022 16
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Improvement of Energy Resolution

B Updates of energy resolution compared to JHEPO3 (2021) 004 ® Better understanding of the e* energy

JHEPO3 (2021) 004

20-inch PMT PDE
(27%—>30.1%)
(arXiv: 2205.08629)

New Center Detector
geometries
(neutrino2022 poster
#184)

More realistic optical
model
(EPJC 82 329 (2022))

Now
Jie Cheng

resolution
Light yield in Energy
detector resolution @ >
center 1MeV o _ a 2+b2+( ¢ )
[PEs/MeV] Eyis ( VEvis > Eyis

1345 3.0%
1497 (T 11%)

T T [ T T T [ T T T
—— JHEP03(2021)004

< ]
— 3 —— Now —
S [ ]
1537 (T 3%) - 5 23_ JUNO Simulation Preliminary -
o - i
g | z

1 — | AN N A T T N T T SN N NN A N A SR
1_0 UL R QR N N U R U L N PRNS LA SR SN U NN AP N N
o) i 1
1665 (T 8%) - [ — NDW
09y e e 0 12

Visible Energy [MeV]
1665 2.9%
ICHEP 2022 18



Reference Reactor v, Spectrum from TAO

B With the excellent energy resolution, precisely measure the unoscillated reactor v, spectrum

(reference spectrum for JUNO) =» good understanding of the shape uncertainty

TAO energy resolution
2.0 0.10
—eo— Central

—a4— Calib. by Gideal
—v— Calib. by g,

Reactor antineutrino spectral shape uncertainty
T T | T T T T T T T
L— TAO-based (arXiv:2005.08745) |

—— " DYB-based (Phys. Rev. Lett.123, 111801) ]
Model-based (Phys. Rev. Lett. 112, 202501) —

| ---- JUNO Yellow Book (J. Phys. G: 43 030401)

1.8 1

o
o
@

1.6

1.4 With vertex smear

=

0.06

O/E [%]

1.2 —r

1.0 JUNO collaboration,

arXiv: 2111.10112

JUNO collaboration,
0-81arXiv: 2204.03256

0.05 1 0.02 -
0.00 1 ﬂi ?E f E E R S et i .

— T T T T T T T r r . | | | 1 | | 1 | | | | | | | | | | | | | 1 | | | | | | | | | | | | |
0.05 0 00l 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8 9 _
EPTOMPE [\]aV] Visible Energy [MeV]

vis

Relative Uncertainty

AO/E [%]

Unprecedented energy resolution < 2% @ 1 MeV =

* ~94% coverage of SiPM = ~50% photon detector efficiency__ Shape uncertainty close to the

« 1.8 m inner diameter of target =» small absorption of assumption in the JUNO physics book
scintillation B (2016)

» GdLS works at -50°C = increase the photon yield
Jie Cheng ICHEP 2022 19



DSNB: Signhal and Background Budget

W Diffuse supernova neutrino background (DSNB)
B Not detected yet
B Associated to cosmological SN rate (Rgy(0)), the average energy of SN neutrinos
((E,)), the fraction of failed black-hole-forming SNe (fgy)
B Detection via IBD
B Dominant background (above 12 MeV): Atmospheric neutrino NC interactions

Prediction v-N interactions (GENIE, NuWro) + TALYS Phys.Rev.D 103 (2021) 5,
(de-excitation) 053001
Uncertainty Future in situ meas. (~15% after ten years) Phys.Rev.D 103 (2021) 5,
053002
Discrimination PSD technique & Triple coincidence (*C Paper in preparation

delayed decay)

Jie Cheng ICHEP 2022
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Neutrinos from earth

v, from 238U and 232Th decay chains in earth

450 —~0.16

400

o
-
NeN

350 1 year data

0.12
300

Event / 225 keV

250

(0)] (0] Sk
I'lll[ll'llll[l]ll

Geo-neutrino Error(1o

200

150

1]

llllllllllllllllllllllllllll

5 6 7 8 9 10
Visible energy [MeV] Live time(Years)

(=)

9 10

o
-
N
w
NN

Signal in JUNO: 39.7 +6.5 -5.2 TNU (~400 geoneutrinos per year), 5% measurement in 10 years.

JUNO can observe as much geo-v as Borexino and KamLAND for the whole time combined in 1 yr.

Jie Cheng ICHEP 2022 21



Atmospheric neutrino

MSW effect - Neutrino Mass Ordering (NMO) - Independent measurement from reactor antineutrino
Critical technigues: energy and angular resolutions, flavor identifications

1'—: 10—1 — 3.0 [ T T T T T T |. T T T T . T .| T T
) = ISR Electron neutrinos -------- Point-like
o T SV S [- - --Muon neutrinos - - - - Track-like
[ P T M Y e P 2.5 FElectrontMuon —— Point+Track B
© 10_ — \-b\ o - .
= — . ] i
s F R [ Normal Hierarchy -
O, ~ @  JUNO - This work (5 yrs) v, = 20 0 -
S [~ %  Super-Kamiokande 2016 v ~ Ao m A A e ]
c\Lju 10—3 — Fréjus 1995 v, ¢ ‘.2\ \J PhyS G4303 (2016) e h
EEGCEELEL HKKM14 v, Flux (w/o osc.) = 15 [ ____---" ==~
— ——— HKKM14 v, Flux (w/ osc.) -l% g B ___.-"" - -
- g i - - - --" - -
10*E & JUNO-This work (5 yrs) v, n 10L e -7 A
— F  Super-Kamiokande 2016 v, o - - -
- Fréjus 1995 v, - ]
R HKKM14 v, Flux (wo osc)  Prog.Part.Nucl.Phys. 123 (2022) 103927 L T T T ]
105 HKKM14 v, Flux (w/ osc.) 05pl 2277 | e -
T 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1 1 1 | 1 | 1 1 | 1 1 1 1
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JUNO sensitivity on NMO: 0.7~1.4 o (atmospheric only) @ ~6 yrs exposure

Combined analysis of reactor antineutrino and atmospheric neutrinos on NMO are in progress.
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