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JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose neutrino
experiment under construction in South of China
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JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose neutrino
experiment under construction in South of China

» 20 kton of Liquid Scintillator (LS) inside a 35 m diameter
acrylic sphere surrounded by a 35 kton water Cherenkov
detector

<% 52.5 km from 8 nuclear reactors (26.6 GW,,)

% Energy resolution ¢ < 3% at 1 MeV

% Energy scale uncertainty < 1%
T voua |
Main physics goals with reactor antineutrinos: | ks scintillator|
% Determine Neutrino Mass Ordering (NMO) | ' ,\\é |
< Measure oscillation parameters sin“8;,, Am3,, and Am?%, | E |
with sub-percent precision [ARNAN TIEZANN, N T
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Neutrino mixing

Weak (e, u, ) and mass (1,2,3) eigenstates differ:

cij = cosb;j, sij = sinb;;

ci2 S12 O V1

—s12 c12 O 12

0 0 1 V3
B,

Ve 1 0 0 C13 0 Slge_iécp

Vi =1 0 C23 523 0 . 1 0

Vr 0 —s23 23 —s13e€%CP () C13
—

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
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Neutrino mixing

Weak (e, u, ) and mass (1,2,3) eigenstates differ:

cij = cosb;j, sij = sinb;;
Ve 1 0 0 C13 0 Slge_iécp ci2  S12 O 1
Vn =10 C23 523 0 1 0 —S12 C12 0 V9
Vs 0 —s93 cCo93 _813615cp 0 C13 0 0 1 Vs
/
——

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Mixing is parametrized by:
% Three mixing angles: 04,,0,3,013

% CP-violating phase: Ocp
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Neutrino mixing

Weak (e, u, ) and mass (1,2,3) eigenstates differ:

cij = cosb;j, sij = sinb;;
Ve 1 0 0 C13 0 Slge_iécp ci2  S12 O 1
Vn =10 C23 523 0 1 0 —S12 C12 0 V9
Vs 0 —s93 cCo93 _813615cp 0 C13 0 0 1 Vs
/
——

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Mixing is parametrized by:
% Three mixing angles: 04,,0,3,013

% CP-violating phase: Ocp
2 2):

Three neutrino mass splittings (Amiz]_ =m; — m;

% Involved in oscillation probability calculations

< Only two independent: Am3,,|Am%,| (or equivalently |AmZ,|)
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Status of neutrino oscillation physics

What we know (PDG 2024):

v’ Am%,~7.5 X 107° eV? (£2.4%)
|AmZ,|~2.5 x 1073 eV? (£1.1%)
sin?0,,~0.3 (+4.2%)
sin?0,3~0.02 (£3.2%)
sin?0,3~0.5 (£3.2%)

D N NI NN
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Status of neutrino oscillation physics

What we know (PDG 2024): Two possibilities for
v AmZ,~7.5 % 1075 eV? (+2.4%) Neutrino Mass Ordering
v |AmZ,|~2.5 x 1073 eV2 (+1.1%) (L —
v Sin2912~0.3 (i4‘2%)
2
v sin20,5~0.02 (+3.2%) Ams,
v Sin2023~0.5 (i32%) J
5 Vo | III I2 Vo | Iil I2
ions: m Amy Amy
Open questions: v vy ] V1 BT
® Mass ordering: Am3; >0 or Am5; <0
Ami,
V3 o]
Normal ordering Inverted ordering

velm Vu@m Vo
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Status of neutrino oscillation physics

What we know (PDG 2024):

v Am%,~7.5 X 107° eV? (£2.4%)
|AmZ,|~2.5 % 1073 eV? (£1.1%)
sin?0,,~0.3 (+4.2%)
sin?0,3~0.02 (£3.2%)
sin?0,3~0.5 (£3.2%)

D N NI NN

Open questions:
® Mass ordering: Am3; >0 or Am5; <0
® 6,3 octant: 6,3 > 45° or 6,53 < 45°
® CP phase: §.p value? CP parity violated or not?

Two possibilities for
Neutrino Mass Ordering

A Vs [ | |
A
2
Ams3,
A 4
5 Vo 1T 1 |2
ms;, IAm21
V1| L]

Normal ordering
Vel VuO
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Status of neutrino oscillation physics

What we know (PDG 2024):
v’ Am%,~7.5 X 107° eV? (£2.4%)
v’ |Am3,[~2.5x 1073 eV? (£1.1%)
v sin?0,,~0.3 (+4.2%)

Open questions:
® Mass ordering: Am3; > 0 or Am%; <0

JUNO will both contribute to precise
measurements of oscillation parameters and
answer the NMO question

Two possibilities for
Neutrino Mass Ordering

A Vs [ | |
A
2
Ams3,
\4
27/2I|||2 V2||||2
m, { Am3, { Am3,
Uy [ 1] Uy | [ [ ]
A
2
Ami,
Y
Vs [ | |
Normal ordering Inverted ordering
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Reactor v, oscillations

Cij = COSHU, Sij = Sineij, Aij = Am?jL/éLE Juro
% JUNO will observe deficit of v, due to oscillation Lo T
< ¥, survival probability: o
i . 9 42 2 ool
P(U,—7,) = 1— sin”26019c]5 sin” Ag; £ 06
2 2 2 :
— sin”“ 2643 C19 sin“ Asgy 3 04k
.2 2 2
sin® 26013 s7, sin” Asg L
—— Total
0.0E ; —rrr ———— i
1072 107! 10° 10!
L/E [km/MeV]
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Reactor v, oscillations

cij = cosbij, sij = sinb;, Ay = Am?jL/‘lE JU{IO
< JUNO will observe deficit of v, due to oscillation o N\/ —Y
< ¥, survival probability: o
= =\ . 2 4 i 2 2 |
P(Ve — I/e) — 1 — [S111 2912 013 S11 A21 —g 0.6
2 2 2 TEU
— sin”“ 2643 C19 sin“ Asgy 3 04k
- 2 2 i 2
sin“ 26013 s75 sin” A3 |
Ams3,
— Total Slow
0.0L ; e ———
1072 10-1 100
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Reactor v, oscillations

Cij = COSHU, Sij = Sin@ij, Aij = AmgjL/éLE Juro
% JUNO will observe deficit of v, due to oscillation Lo ' ] |
% 7, survival probability: P
=y . 9 4 2 2 06l
P(U,—7,) = 1— sin”26019c]5 sin” Ag; £ 06
2 2 2 E
— [sin” 2013 c{5 sin” Asgy S ol
FAST =
.2 2 2
sin“ 26013 s75 sin” A3 Sl
— Total —— Fast
0.0' L T | i T | i S |
1072 1071 10° 10!

L/E [km/MeV]
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Reactor v, oscillations

Cij = COSHU, Sij = Sin@ij, Aij = AmgjL/éLE Juro
% JUNO will observe deficit of v, due to oscillation Lo i | 1
< ¥, survival probability: P
Q Am%l
_ — N . 9 4 .. 2 8 ocl
P, —>7,) = 1—sin”2013c]s sin” Ag; 5 06
2 2 2 g
— [sin” 2013 c{5 sin” Asgy 5 o4l
FAST =
.2 2 i 2
sin“ 26013 s75 sin” A3 L
Ams3,
‘— Total Slow — Fast
0.0k i i
1072 1071 100 10!
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Reactor v, oscillations

Cij = COSHU, Sij = Sineij, Aij = Am?jL/éLE Juro
% JUNO will observe deficit of v, due to oscillation o
< v, survival probability: o
E’- Am%l
_ _ B . 9 4 . 9 2
P(U,—>7,) = 1—sin”26013cy5 sin” Agg 5 06
2 2 2 :
— [sin 2(913 C19 sin Agl 3 0.4
FAST =
.2 2 i 2
sin® 26013 s7, sin” A3 L
Ams3,
< JUNO sensitive to the Am2,, Am2,, sin?6,,, and 7 Al S
. 10~ 1071 10 10!
sin® 913 L/E [km/MeV]

% Probability does not depend on 8., and 6,5
— No degeneracies
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v, oscillations in JUNO

4

% JUNO studies fine interference pattern
caused by quasi-vacuum oscillations in the
oscillated antineutrino spectrum

% Interference pattern depends on NMO

< To resolve peaks » need good energy
resolution

% To define peak positions - need well
defined energy scale

% Complementary to other neutrino
oscillation experiments (accelerator and
atmospheric)

e
ot

Survival probability

JUNO spectra,
perfect energy resolution, 6 years of data taking

X100 e No oscillationsx1/7

________ "L —— Normal Ordering

— Inverted Ordering

\ Only solar term:
\ ———- sin®fyy = 0.282,
A Sil’l2 013 =0

o
o

Neutrino energy [MeV]
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Antineutrino detection in JUNO

% Inverse Beta Decay (IBD) reaction is
used for v, detection:

/
\

V.+p-oet+n n v,/
<+ v, transfers most of its energy to the Ve ->@
positron p . prompt
. ~ fewns
\
X

\ -
-

\ - \

delayed \\, - ~
~ 220 HS ’
y

Y
(2.2 MeV)

V< - -0- - >
e (511 keV)

(511 keV)
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Antineutrino detection in JUNO

*

Inverse Beta Decay (IBD) reaction is
used for v, detection:

\ - - \
/ \

_ ! | P

ot et b n NS
v, transfers most of its energy to the ve ->@ (2 ZyMeV)
positron P = prompt |

. ~ fewns

Prompt signal: energy deposited by \\
positron in the LS (kinetic + annihilation), V< - -0- — >

(511 keV) g7 (511 keV)
Delayed signal: photon emission from
neutron capture on hydrogen (~99%) or
carbon (~1%)
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Antineutrino detection in JUNO

*

% Inverse Beta Decay (IBD) reaction is
used for v, detection:

\

_ layed
Vv,.+p—-oet+n n ,\C,lez%eps
% v, transfers most of its energy to the 178 °* ->@ (2 ZyMeV)
positron P prompt |
. ~ fewns
 Prompt signal: energy deposited by \\
positron in the LS (kinetic + annihilation), V< - -0- - >7

(511 keV) g7 (511 keV)

<+ Delayed signal: photon emission from
neutron capture on hydrogen (~99%) or
carbon (~1%)

\ -~

Energy signature, temporal and spatial correlation of prompt-delayed pairs

allows effective separation of the signal from the background
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JUNO’s detector response

Approximate energy conversi

Ev - Edep - Evis -

Antineutrino
energy

Visible
energy

Deposited
energy

JUNO 6 years data taking

on model

Erec

Reconstructed
energy

500 :__ T T T T T T | T T T I T T ].05-' I _I_
Z s IF ] _
L ‘u_.}j: ‘ NL ] _
- . 2095F - - —
> 400 |— S ; —
O — 0.9 . ‘ . . ‘ - -
=< C 2 4 6 8 10 12 ]
8 - Deposited Energy Edcp [MeV] -
= 300 — < 25— B
o, : = 20F — LPMT 7]
2] - S <P -
= 200 w/o NL&Res EBN: — SPMT i
2 TF |
&8 - — w/NL ﬂi Se g -
L & 0t , , , — 3 ]
100 — || —— LPMT w/ NL&Res 5 2 4 6 8 10 12—
L i - Visible Energy E_ [MeV] -
- ) ---- SPMT w/ NL&Res ‘ .
0 B L | 1 ! 1 | 1 1 1 | 1 1 N - 1 | L 1 1 | 1 n

0 2 4 6 8 10 12

Energy [MeV]
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1. IBD reaction kinematics and
annihilation -» e* deposited energy

Egep = Ey, — 0.782 MeV

2. Quenching — Liquid Scintillator
Non-Linearity (NL):

Evis = fLSNL(Edep) : Edep

3. Smearing due to
Energy Resolution (Res):

O'Erec
Evis

LY ( ¢ )
_ /EViS-l_ + EViS
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JUNO’s expected signal and backgrounds

% IBD selection efficiency: 82.2%

% Expected IBD rate: 47.1/day

» Cuts: fiducial volume, energy,

time, and relative distance < Expected Background rate: 4.11/day
» Cosmogenic background rejection: % High signal to background ratio
muon veto
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JUNO-TAO reference spectrum

Taishan Antineutrino Observatory (TAO) satellite detector:

% 44 m from one of the Taishan NPP cores (4.6 GW,,)

% 2.8 ton of Gd-doped Liquid Scintillator

% SiPM and GD-LS at —50°C

% Energy resolution ¢ < 2% at 1 MeV

Dmitrii Dolzhikov
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JUNO-TAO reference spectrum

5100
Taishan Antineutrino Observatory (TAO) satellite detector:
% 44 m from one of the Taishan NPP cores (4.6 GW,,) Water tark
% 2.8 ton of Gd-doped Liquid Scintillator | i R
< SiPM and GD-LS at —50°C L L
% Energy resolution g < 2% at 1 MeV s = i i
®2100 %
121 — ] 1
[ JUNO: 6.5 years x 26.6 GWy, |
10 T —— TAO: 6.5 years x 4.6 GWy, |
Main goals: provide reference antineutrino spectrum < °F ]
8E 6 TAO 0/E @ 1MeV ‘-\--\..,A__‘ -
for JUNO 2 T ermen :
r - JUNO+TAO (8.5%) \\\ ]
2| — Juno-any R — ]
Why: to eliminate antineutrino model dependence in oL L R S
the determination of NMO _ Vespectralshape uncertainty [%/20keV
9 — JUNO: 6.5 years x 26.6 GWy, =
. c N_"EG_ V. spectral shape uncertainty |
How: by simultaneously analyzing JUNO and TAO z, paiebiphhalaed:
E —— 100%/20keV
Sspectra %.03 0.1 K 6 10
TAO exposure [years x 4.6 GW,]
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Sensitivity Studies
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Sensitivity to oscillation parameters

< JUNO will achieve sub-percent precision s e S ]
on Am2,, Am2,, and sin%6,, during first 2 e | ' T etemy | ]
years of data taking TR : @ amn ok Ama
g ot T : « sin?61; ® sin%6s |
- R S o
% Sub-percent measurements can: 2 '
g 100_._
> be used as inputs to other experiments Q
3
Ty
» provide constraints for model building R
» enable more precise searches of physics O L N

!
103

beyond Standard Model

Central value

AmZ,(x 1073 eV?) 2.5253

Am3,(x 107> eV?) 7.53
sin?0, 0.307
sinZ6;5 0.0218

Dmitrii Dolzhikov

PDG2020
+0.034 (1.3%)
+0.18 (2.4%)
+0.013 (4.2%)
+0.0007 (3.2%)

JUNQ's Physics with Reactor Antineutrinos

JUNO Data Taking Time [days]

100 days
+0.021 (0.8%)
+0.074 (1.0%)
+0.0058 (1.9%)
+0.010 (47.9%)

6 years
+0.0047 (0.2%)
+0.024 (0.3%)
+0.0016 (0.5%)

+0.0026 (12.1%)
October 24, 2024
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Systematic uncertainties

Dominant systematic uncertainties sources:

&

< Amj3,: antineutrino spectrum shape
uncertainty, detector non-linearity,
backgrounds

< Am5,: backgrounds, spent nuclear fuel,
non-equilibrium (particularly in the low
energy region)

4

% Sinzelz,Sinzelgl reactor flux
normalization, detector efficiency

Dmitrii Dolzhikov

Am3, 10 (%) Am3, 10 (%)

Statistics o7 | ] Statistics 016 | ]

Reactor: Reactor:

- Uncorrelated <0.01 | - Uncorrelated 0.01 l

- Correlated 0.01 ' - Correlated 0.03 -

- Reference spectrum 0.05 - - Reference spectrum 0.07 -

- Spent Nuclear Fuel <0.01 - Spent Nuclear Fuel 0.07 -

- Non-equilibrium <0.01 - Non-equilibrium 0.14 _

Detection: Detection: I

- Efficiency 0.01 . - Efficiency 0.02 .

- Energy resolution <0.01 ' - Energy resolution 0.01 '

- Nonlinearity 0.04 - - Nonlinearity 0.05 -

- Backgrounds 0.04 - - Backgrounds 0.18 _

Matter density 0.01 . Matter density 0.01 '

All systematics 0.08 _ All systematics 0.27 _-

Total 019 | Total 032 |

0.0 0.1 0.0 0.2
% %
sin01, 10 (%) sin6:3 10 (%)

Statistics 0.34 ] Statistics 8.94 ]

Reactor: Reactor:

- Uncorrelated 0.10 - - Uncorrelated 2.53 -

- Correlated 0.27 _- - Correlated 6.83 _-

- Reference spectrum 0.09 - - Reference spectrum 3.48 -

- Spent Nuclear Fuel 0.05 . - Spent Nuclear Fuel 1.55 .

- Non-equilibrium 0.10 - - Non-equilibrium 2.65 -

Detection: | Detection: l

- Efficiency 0.23 _I - Efficiency 5.81 _.

- Energy resolution 0.01 ' - Energy resolution 0.39 .

- Nonlinearity 0.09 - ~ Nonlinearity 2.09 .

- Backgrounds 0.20 _ - Backgrounds 4.89 _

Matter density 0.07 . Matter density 0.98 .

All systematics 0.40 _— All systematics 8.16 —

Total 052 | Y ] Total 1211 | ]

0.0 0.2 0.4 0 5 10

% %
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Sensitivity to Neutrino Mass Ordering

% Median sensitivity to NMO is based on
Asimov dataset:

2 .2 .2
AXmin = MIN Yo — min y§o

% 30 median sensitivity to NMO after
7.1 years of data taking

» using only reactor v,

» assuming 11/12 duty cycle

2
> 6.5 years x 26.6 GW, exposure
1
% Dominant sources of uncertainty:
backgrounds, reference spectrum, non- 0

linearity

Dmitrii Dolzhikov

Reactor U, signal IBD event number (x103)
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Conclusion

% JUNO will both contribute to precise measurements of oscillation parameters and answer
the NMO question

% Using only reactor v, oscillations, JUNO:

> Will achieve sub-percent precision on Am3,, Am3,, and sin?0,, during first two years
of data taking

> Will determine the Neutrino Mass Ordering with a median sensitivity of 3o after
about 7 years of data taking

% JUNO is expected to start filling in 2024

Dmitrii Dolzhikov JUNQ's Physics with Reactor Antineutrinos October 24, 2024 16



Backup Slides

Dmitrii Dolzhikov JUNQ's Physics with Reactor Antineutrinos October 24, 2024 17



	Slide 1: JUNO's Physics with Reactor Antineutrinos
	Slide 2: JUNO and bold italic nu oscillations
	Slide 3: JUNO experiment
	Slide 4: JUNO experiment
	Slide 5: Neutrino mixing
	Slide 6: Neutrino mixing
	Slide 7: Neutrino mixing
	Slide 8: Status of neutrino oscillation physics
	Slide 9: Status of neutrino oscillation physics
	Slide 10: Status of neutrino oscillation physics
	Slide 11: Status of neutrino oscillation physics
	Slide 12: Reactor bold italic nu bar sub bold italic e  oscillations
	Slide 13: Reactor bold italic nu bar sub bold italic e  oscillations
	Slide 14: Reactor bold italic nu bar sub bold italic e  oscillations
	Slide 15: Reactor bold italic nu bar sub bold italic e  oscillations
	Slide 16: Reactor bold italic nu bar sub bold italic e  oscillations
	Slide 17: bold italic nu bar sub bold italic e  oscillations in JUNO
	Slide 18: Antineutrino detection in JUNO
	Slide 19: Antineutrino detection in JUNO
	Slide 20: Antineutrino detection in JUNO
	Slide 21: JUNO’s detector response
	Slide 22: JUNO’s expected signal and backgrounds
	Slide 23: JUNO-TAO reference spectrum
	Slide 24: JUNO-TAO reference spectrum
	Slide 25: Sensitivity Studies
	Slide 26: Sensitivity to oscillation parameters
	Slide 27: Systematic uncertainties
	Slide 28: Sensitivity to Neutrino Mass Ordering
	Slide 29: Conclusion
	Slide 30: Backup Slides

