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The Jiangmen Underground Neutrino Observatory

JUNO is a 20 kton multi-purpose underground liquid
scintillator detector currently under construction.

It sits at a baseline of about 52.5 km from eight nuclear
reactors in the Guangdong Province of South China.
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| The JUNO detector :

Main requirements:

* high statistics | Y =354 M=
- 20 kton of liquid scintillator acrylic sphere e et
« <3% energy resolution @ 1 MeV G T T T \\ AN
- photocoverage ~78% S A AT /T ] / ip, ﬂ;
« energy-scale systematics below 1% =72 " P ‘ 8 /S AN
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[kton] resolution [PE/MeV]
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Daya Bay 0.02 8%/~E 160
Borexino 0.3 5%/~E 500 l

KamLAND 1 6%/VE 250 ¥ e
JUNO 20 3%/VE ~1600 M




| The JUNO detection process

JUNO will measure the antineutrinos (v,)
generated in the fissions occurring in
8 nuclear cores at 52.5 km

. . - D

current interaction named Inverse .

Beta Decay (IBD) on protons (p) ‘ \ -
ssffes ®

- sensitive only to electron v, ' ------------------------- >

Detection relies on a double coincidence:

« promptsignal: positron (e*) annihilation
« delayed signal: neutron (n) capture

At~ 200 ps
g

A

prompt delayed

- strong handle against most backgrounds

@O =




The JUNO physics program

JUNO can detect neutrinos and antineutrinos coming from several sources:

N / \Nr \r 2T g

Reactor Atmosphere Sun Supernovae Earth
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~50/day | >100/year >100/day ~104/10 s @ 10kpc ~400/year

Neutrino oscillation properties

Neutrinos as a probe
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The JUNO physics program

JUNO can detect neutrinos and antineutrinos coming from several sources:

Covered in this talk

Reactor

Neutrino oscillation properties



| The rationale behind JUNO

TAO Daya Bay JUNO KamLAND

Oscillation parameters Aij=ATl§jL 1 e 1 — 1 1
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| The rationale behind JUNO

TAO Daya Bay JUNO KamLAND
Oscillation parameters Aij=AT]§L 1 ——— 1. I 1 . 1
Let’s write the v, survival probability: o} _
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The rationale behind JUNO

2
Oscillation parameters A = Amj;L

J 4E

Let’s write the v, survival probability:
Pee =1 — P31 — P31 — P3;

P21 = COS4 013 Sin2 2812 Sinz A21

P31 = COS2 912 Sin2 2913 Sinz A31

FAST P;, = sin? @4, sin? 20,5 sin® A5,

- probability does not depend on 6.p and 9,5
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| The rationale behind JUNO

2
Oscillation parameters A = Amj;L

J 4E

Let’s write the v, survival probability:
Pee =1 — P31 — P31 — P3;

SLOW P21 — COS4 013 Sin2 2812 Sinz A21

. . N\
P31 = COS2 012 Sln2 2813 Slrl2 A31

FAST | p,, = sin? 0, sin? 26, sin? A,
J

—> probability does not depend on 8.p and 6,3
- JUNO is sensitive to Am3,, 81,, Am3, and 043
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| The rationale behind JUNO

2
Oscillation parameters A = Amj;L

j AE

Let’s write the v, survival probability:
Pee =1 — P39 — P34 — P3;
P,; = cos* 8,3 sin? 20, sin? A,
P3; = cos? 84, sin? 20,5 sin? A3,

P32 — Sin2 912 Sinz 2913 Sin2 Agz

- probability does not depend on 6.p and 9,5

- JUNO is sensitive to Am3,, 81,, Am3, and 043

Neutrino Mass Ordering (NMO)
NMO sensitivity manifests as an energy dependent phase

- JUNO sits at the baseline maximizing NMO sensitivity
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| Antineutrino oscillations in JUNO

JUNO rich spectrum contains a lot of information:

* simultaneously observe fast and slow oscillations
- independently observe Am3,, 0,,, Am%, and 03
 sensitive to neutrino mass ordering (NMO)

JUNO aims in 6 years at:
- determining NMO @ >30

- place <1% precision on Am3,, 0,,, Am%,

Main systematics:

« Detector response

« Backgrounds

« Reference spectrum

Events per 1 MeV

x10°
100F .
. 6 years of data taking —— No oscillations
[ 4 m? Only solar term
BD_— U3 I —— Normal ordering
- —— Inverted ordering
| 2 )
- | v
60
Uy
3 . 2
in“ 2
40} sin” 261,
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lsm 2015
e NN
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D_J ' T | Lo oo oo by v v b s v o by oo o by 0y
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Ey, (MeV)
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Antineutrino energy

Events/bin [#/20 ke V]

| Detector response: what JUNO actually sees
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:> Edep

light emission

Deposited energy

:> Evis

Visible energy

light detection

::> ETBC

Reconstructed energy
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- Visible energy [MeV] N
- —— Reconstructed spectrum -
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Energy [MeV]

Calibration campaigns

« automated multiple-position and
multi-source calibration (link)

» periodic calibration campaigns

 dual-calorimetry system (link)

Energy resolution

2 2
7 (L) 5+ ()
E J\VE E
Stochastic term: light yield
(from source calibration)

p Dominated by non-uniformity
(from multi-source calibration)

¢ PMTdark noise
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| JUNO detector response: state of the art

Response

Eur. Phys. J. C 82, 1168 (2022)

Eur. Phys. J. C 82, 1168 (2022)

Realistic MC simulation Measured data
L oon @2 1000 PMT Detection Efficiency
JEP OB o o . . _ 9
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- ‘ 108 o 4 o R _ 800t Dynode (PDE) = 28.5%
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IBD selection cuts Efficiency IBD rate

| IBD backgrounds in JUNO 15@?0 “g:l

Fiducial volume 91.5 52.5
JUNO employs various selection cuts to retain high IBD selection 98.1 511
efficiency and assure high purity in the IBD signal: Energy range 998 ]
« Cosmogenic backgrounds = muon veto Time correlation (AT,,.4) 99.0 -
. .. . . Spatial correlation (AR, 4) 99.2 -
« Accidental coincidences = fiducial volume + IBD cuts , ,
Muon veto (Time+spatial) 91.6 47.1
* Irreducible backgrounds = negligible (~1/20 of signal) Combined selection 82.2 47.1
022 e e e .
02l AP i TFT T aemonnos I — e Residual Rate  Rateunc.  Shape
048ttt MY N oot — Ao backgrounds [day’] [%] unc. [%]
— =S Y " S . T S Y I R — i........ = FastNeutrons
B 016 R .Y . T : _ Geoneutrinos 1.2 30 5
7 0.16F : : =.
% 0.14FH - \ 7 E World reactors 1.0 2 5
S 0.42E4--N 5 . Accidentals 0.8 1 negligible
[V — : ; » :
£ 0.081 : : : ' -
DON: Atmospheric 0.16 50 50
D 006 st e BD Gignal T neutrinos
0.04 : : : - IBD +residual BG - Fast neutrons 0.1 100 20
002 - .......................... 13C(a,n)160 005 50 50
L e R e T e . . | . . .
2 4 6 8 10 12 Total background 4.11 - -

Visible Energy [MeV]



| TAO: a reference spectrum for JUNO

Accurate and precise reference spectrum = boost JUNO precision in parameters and NMO
« Conversion and ab-initio reactor spectrum models affected by large uncertainties
* Models and data (e.g. Daya Bay) inconsistent, current data has low energy resolution

- Taishan Antineutrino Observatory (TAO)

l\ ~30m

saffes
o o—

Taishan core

TAO main features:

2.8 ton of LS with Gd
~10 m2(94%) of SiPM
working at-50° C

<2% /\[E [MeV]

~4000 1BD/day

Reactor antineutrino spectral shape uncertainty
T |' T T I T T [ T T |' T T I T T T

0.10
—— 3-years-TAO-based (arXiv:2005.08745)
| —— 6-years-TAO-based (arXiv:2005.08745) .
>0.081—— DYB-based (Phys. Rev. Lett.123, 111801) [
.% Model-based (Phys. Rev. Lett. 112, 202501) il-'f' ]
+ ---- JUNO Yellow Book (J. Phys. G: 43 030401) li.-,"'
o 0.06 |-
O
- |
: -
Lo.04-
=
L
Q
@ 0.02
L I I L 4 1 | I L I [ 1 | I L 4 I |
0'001 2 3 4 5 6 7 8
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Relative Precision [%]

| Subpercent precision on oscillation parameters
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®

sin2913 ]

- of Neutrino Oscillation Parameters withiJUNO, 2022,
L (https://doi.org/10.48550/ar)l(iv.2204.13|;249)

1
- JUNO collaboration, Sub-percent Precisi:on Measuremerjt

=

] 1 1 |
102 103 104
JUNO Data Taking Time [days]

In <2 years 0,,, Am5,, Am%, precision
- unprecedented <1% level

In 6 years 6,,, Am5,, Am3, precision
- 0.5%, 0.3% and 0.2%

PDG Nufit JUNO

2020 5.2 6 years
Sin2 913 32% 26% 12%
Sin2 012 42% 40% 0.5%
AmZ, 24%  28%  0.3%
AmZ, 14%  11%  0.2%


https://doi.org/10.48550/arXiv.2204.13249

| Determination of Neutrino Mass Ordering (NMO)

JUNO NMO sensitivity: 3o (reactors only) in 6.7 y (with 26.6 GW,))

Reactor v signal IBD event number (x10°)
0.5 1.0 1.5 2.0 2.5 3.0

_ Exposure 6.7 years Axhin

o
o

= =

stat. + 1 syst.

; Statistics 11.3 --..-.
; Stat.+Flux error 0.6 .-...[
_: Stat.+Backgrounds 1.4 .-...—
_ Stat.+Nonlinearity 0.4 .-..-[

JUNO Simulation Preliminary ==

II|I]

o
|

|III|III|

s NO: stat. only 1
2:_ — NO: stat.+all syst. E Stat.+Others <-0.05 .-..-.

- T 10: stat. only . —

I — 10: stat.+all syst. [ Total 9.0 .....:_
T A T e T8 10 12 14 16 18 20  JUNOSmuhion Prelminary © 2 4 6 8 10 12

JUNO exposure [yearsx26.6 GW;,]

« Combination reactor + atmospheric neutrino analysis ongoing = further improve NMO sensitivity

- Combination with external Am3, long baseline experiments constraint  enhanced NMO sensitivity ;.
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| Final remarks

JUNO will inaugurate a high precision era in the neutrino
oscillation field. In ~6 years:

- <1% precision on 6,,, Am3, and Am3,

- neutrino mass ordering at 3o with reactor neutrinos only
(completely independent from &.p and 0,3)

JUNO timeline 2013 2015 2022 2023 2024

Detector construction ‘— mmmsn ‘

Filling and data taking @
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| Detection channels in JUNO

Liquid scintillator: Reaclor Bl CC on proton

Linear alkylbenzenes 0|

H(CH,) (CH)H I
C-88% e 0 |

CC on Carbon
H-12%
o NC on electron :
£ i
) -43
10 c

— Vv, +p—oet+n

—— V+p-o>V+p 10 E
— Vo —p (CC) be — 12C (CC) 1

—_— V+e—o>v+4e . — ve—e(NC) —— vy, —12c(cC) ]
10 —— Do — e (NC) —— Ve —p (NC) 3

12 ., 12 e~ P AT 3

— Ve + C — e + N _ VH/T—e(NC) - De/u/r_p(NC) E
12 12 e 7€ 1O |

ve _I_ C - e+ _I_ B 10‘46 I 1 1 1 1Ijo 1 1 1 1 2I0 1 1 1 1 3|0 1 1 1 1 4IO 1 1 1 1 20

V/v energy [MeV]



| Changes respect to JPG 43, 030401 (2016)

inl
N
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|AxE,
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Resolution a8 [%]
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0.5

1.5

Reactor v, signal IBD event number (x10°)
1.0 2.0 2.5

3.0

T | T T T T '|

[

—— Resolution &: 2.8% _|

—— Resolution a: 3.0%

Resolution &: 2.9% |

JUNO Simulation
Preliminary

JUNO exposure:
6 yearsx26.6 GWy

T
-.'-‘

= i =4.0
= | =3.9
3 | =3.8
3 i =3.7

3 i =3.6
g_ = \ : _53'46\0
= ERR 233~
— — '\ : —_3|2"U
£ = v 43.1&
5 =R =302
3 E ) *%gg
5 = o\ 2.

= = AV 2270
= = H 42.6%
3 E TN, 42.5
= = : \, =2.4
= = | o223
= E : N 222
e = | NEF2.1
:‘ L LA DR B I IR AT N N TN N A= T B ol o 1\32 0

2 4 6 8 10 12 14 16 18 20 10 20 '
JUNO exposure [yearsx26.6 GW;u] |Ax2|

Changes Design Now

Thermal power [GWy ] 35.8 26.6 l
Signal rate [day1] 60 471 !
Overburden [m] ~700 ~650 !
Muon flux in LS [Hz] 3 Hz 4 Hz !
Muon veto efficiency 83% 91.6% 1
Background rate [day 1] 3.75 4.11 l
Energy resolution @ 1 MeV 3% 2.95% 7
Shape uncertainty 1% JUNO+TAO 1
30 NMO exposure <6yrs ~6yrs
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| Detector response: what JUNO actually sees

interaction light emission

light detection

E, —> Egp =—> E,; C—> E.
Antineutrino energy Deposited energy Visible energy Reconstructed energy
B 1 1 1 I I 1 1 I 1 1 1 I 1 I I I_
500 | 1.05:

B 5 l- -

- . 20.95F —~NL -

> 400 — : ]

D) — 0.9_ . . . . . :

=< B 2 4 6 8 10 12 _

- - Deposited Energy E [MeV] -

N300 — dep —

5, - — B _
& L = 20f —LPMT

2 — S sk 3 —

= 200 —— w/o NL&Res I —SPMT 1 —

2 - z 10 5 N

[ - — w/NL Q:i SE 3 _

B ; || et _

100 = ]| —— LPMT w/ NL&Res 5 2 4 6 8 10 12—

| ! - Visible Energy EVis [MeV] ]

| SPMT w/ NL&Res -

0 B L’ 1 | ] 1 1 | 1 1 1 | 1 1 L 1 1 1 | 1 |_

0 > 4 6 g
Energy [MeV]

12

Calibration campaigns

« automated multiple-position and
multi-source calibration (link)

» periodic calibration campaigns

 dual-calorimetry system (link)

Energy resolution

2 2
7 (L) 5+ ()
E J\VE E
Stochastic term: light yield
(from source calibration)

p Dominated by non-uniformity
(from multi-source calibration)

¢ PMTdark noise
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| A recap of neutrino oscillations

For neutrinos, mass (v;) and flavor (v,) [ ve ve @V: |vi (S
eigenstates do not correspond. I vz L I Cyy = COS Oy
. Iva> — Z ai Ivi> vl [ | - SXY = sin HXY
The Pontecorvo-Maki-Nakagawa-Sakata “conventionally written a5 exgfcr
icitly unitary

(PMNS) mixing matrix can be parametrized by:

.. 1 0 0 €13 0 s;3e"0cP C1z  S12 0\ [el®1/2 0 0
- 3 MIXING angles (012, 013, 923) 0 ¢3Sy 0 1 0 <_512 €10 0) 0 el®2/2
- 1 CP-violating phase (6 p) 0 —sp3 C3/ \—s13¢® 0 c3 0 0 1 0 0 1
Atmospheric Reactor Solar Majorana
The non-correspondence between mass and
H [{J H ”
flavor eigenstates causes the flavor to “oscillate Normal ordering Inverted ordering
during propagation.
& propag Ee— —— R
The phase of this oscillation depends on the 1 solar: 7.5 x 105 eV?2
splitting between the mass states: atmospheric: — [Tl m}
2 2.4 x 103 eV?
- Amy,
heric:
~ AmZ atmosp
31 \ 4 -3 a\/2
m% ( A | ] 2.4 x 1073 eV
solar: 7.5 x 10> eV?

With Am35,>0 and Am3, and Am%, possibly \
- : . : m3 | [ l]y:_ m3
positive (normal ordering) or negative (inverted). ! .




The JUNO physics program

Neutrino source Expected signal
Reactor 45 evis / day
Supernova burst 104 evts at 10 kpc
Diffuse supernova background 2-4 evts/ year
Sun 8B ("Be) 16 (490) / day
Cosmic rays 100+ / year
Earth crust & mantle 400 / year

Energy Hegion
R
R : :
R ' '

. . E E E I
01 1 10 102 105 10¢ MeV
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calibration house

| The JUNO detector e

A
Water pool
Main requirements: _
W e e Earth magnetic field
» <3% energy resolution @ 1 MeV AL compensation coils
« energy-scale systematics below 1% LY I | /, S
A “."-a";'i\ / £/ o / / i*‘ AR Veto Large-PMTs
* high statistics AT 5 7/\ 4/ /// SE YA YR
o N i | PMTs:
Energy Light yield "~ --,:_' "'__,.I,c B & o 17612 20" Large-PMT
resolution | [PE/MeV] 2 A ' 48 - 25600 3" Small-PMT
, N photocoverage >75%
DayaBay 0.02  8%/VE 160 |
S I SPARE — fil Acrylic sphere with 20 kton
KamLAND 1 6%/VE 250 |l il of liquid scintillator

i % s S S IR T1ER (linear alkylbenzene)
jUNO 20 3%/'\IE >1300 | SRR 08 ] | il RRE i 27




| Photomultiplier Tubes

See Yury Malyshkin’s talk

"\
5000 x 20” Hamamatsu R12860
High QE: 28 5% High efficiency of
Fine TTS’_ 1 3 e > photon detection
15012 x 20” NNVT MCP-PMTs
Highest QE: 30.1%
Good TTS: 7.0 ns

J

25600 x 3” HZC XP72B22

e Calibration of 20" PMTs’ non-linearities

e Extension of dynamic range More details about multi-calorimetry concept
in talk by Yang Han on Thursday



https://agenda.infn.it/event/33107/contributions/206378/

| The JUNO detector

Automatic Calibration Unit
-
ROV guide rail
Calibration house
Central cable i
=pool. “=poal &
Side cable -
hiia 8
L]
<
-+ T-e
o
Control spant 'QIT,?
Eee i 2
- | Bridge
I
AUROCRA

Q%%‘% : % q*éﬁﬁ
WY &
%'Q%’ dn.}“k@“‘
o,
Qf"‘dﬁ

Regular insertion of the calibration
sources into the detector:

e Understanding of the
detector response

e Testing of the
reconstruction
algorithms

e Calibration of the energy
scale non-linearities

See Yury Malyshkin’s talk

3 4 5 6
True gamma enargy [MeV]

< 1% energy
scale uncertainty

[JHEP 2021, 4 (2021)]

More details in falk by Jiagi Hui on Thursday
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Contributions to NMO sensitivity

500

S 400F
Q

R~ r
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=200f
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JUNO 6 years
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100 |

T T T T T | T T T T T T T T

T T

R PO S, e T IS P G T (Y L
—— Reactor v, signal: NO
——— Reactor U, signal: 10
—— Total background

.......

10 best-fit to NO Asimov data

o " T=B)% in each bin .

L { k J

- i —— Best-fit _zl—,;—”‘_f"’z of Ax2,, -

L ‘ 1= -

KN‘M NJL\/\A L AAAN\/\M/\MN o e, oo NPT S S A ] P )
1 3 4 5 6 7 8

Visible Energy [MeV]
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Synergy with long baseline experiments

Disappearance v, — v, Reactor N ,
' Both sensitive to atmospheric
o mass splitting
vV, =V, 2
Appearance S, Beam Ams,

Values are expected to agree only when correct ordering is assumed

A;(z

(e.g., T2K, NOvVA)

— (Correct Ordering
==== Wrong Ordering

| Am322 |

Combined analysis expected to vield significance > 4o
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