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Introduction




Neutrino Oscillation in a

Micro-Nutshell

B Neutrinos can be observed as mass (i=1,2,3) or flavor (a=e,u,1) eigenstates

8 + This Neutrino Flavor Mixing makes neutrino oscillations possible :
|Ua) = Z Uai |Vz> A neutrino created in given flavor state can be measured later in a
=1 A=imen different flavor, even in the absence of interaction.

B Neutrino mixing described via the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.
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. . . (Parameterisation assuming unitarity)
l The oscillation probability
Oscillation can take many forms,
depending on :
. L ) .
P(vg — 1) = ZL U;,jUa,kU,B,jUg,k X exp (—ZEAmkj + The neutrino E
g ’/' /‘ + The distance from production L (~time)
AmZ; = m} —m + The channel
012, 023, 613, dcp I practicasAml, Ar? a->a  (survival/disappearance)
a -> X (oscillation/appearance)




Neutrino Oscillation in a

Micro-Nutshell

B Many kinds of neutrino experiments in the past decades...
B Among the main ones now or soon, experiments observing neutrinos in ~ GeV regime:
+ Survival of v,

+ Appearance of v ina v, beam.
+ Produced by an accelerator or in the atmosphere.

+ Measured hundreds of kms later.
+ Compare the oscillations of neutrinos vs. antineutrinos.



Neutrino Oscillation in a

Micro-Nutshell

B Many kinds of neutrino experiments in the past decades...

B Among the main ones now or soon, experiments observing neutrinos in ~ GeV regime:

+ Survival of v, Open questions in neutrino physics
| Neutrino Mass Ordering (NMO) I

v' CP-violating phase

v Octant of 0,3 mixing angle
ADSOolIUTe ma - adle

v Origin of neutrino mass

v" 0Ovpp & (Dirac vs Majorana)

v Existence of sterile neutrino

v" Non-Standard Interactions in lepton sector

+ Appearance of v_ inav_beam.
e H

+ Produced by an accelerator or in the atmosphere.

+ Measured hundreds of kms later.

Linked

+ Compare the oscillations of neutrinos vs. antineutrinos.

NOVA, T2K, DUNE, (T2)HK, IceCube, KM3Net, ....
Bl These experiments measure the NMO thanks to the interaction of neutrinos with
matter, and are sensitive at the same time to the NMO, to &_,, 10 6,,...

=> Interest for an experiment which can measure the NMO without having to disentangle all this, and
undergoing no matter effect (where New Physics could appear !).



Motivations of the JUNO Experiment

m? m?
A LY
. . Normal ‘| Inverted
B Neutrino Mass Ordering (NMO) Ordering | ¥ Ordering
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+ To beftter understand the mechanisms at . (NO) 10) .
my" —+-m,-
play to generate flavor & mass. 3 solar~7x109¢V2 | .
—m,=
atmospheric !
B Precision measur't of Flavor Mixing in lepton sector ~2x107%eV? .
atmospheric
2 ~2x1073eV?
2 2 S 2 i X0 solar~7x10-3eV2
Ams,, Ams;, sin® 012 e L
+ Challenge the 3-v model to explore beyond the SM
(unitarity, non-standard int., ...) 3 0

B Rich physics possibilities
+ Beyond reactor neutrinos: solar neutrinos, atmospheric neutrinos.

+ Beyond neutrino physics: neutrinos as probes for astrophysics (SN) or geology (geo-v's)



Measuring the NMO P, — 7,)

B Measure the interference between
solar and atmospheric oscillations.

+ Makes the v_ disappearance probability depend on

the sign of A, oc Am?_,

+ NMO measurement depends on nothing else.

B JUNO must be able to measure very precisely

the E spectrum to tell NO from IO
B Ingredients:

+ Presence of this peculiar oscillation pattern
+ High statistics

+ A favorable detection channel.

+ Minimal backgrounds
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+ Very precise and well understood E reconstruction
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+ Presence of this peculiar oscillation pattern
-> detector ~50km from a O(1) MeV neutrino source.

+ High statistics
-> Many reactors + Large detector.

Arbitrary units, [MeV~!]
=
<

Ry = = = = =

+ A favorable detection channel (IBD).

UApP—et+n

+ Minimal backgrounds
-> Deep underground detector,
segmented for vetoes.

Oscillation probability

OOIIIII
2 3 4 D 6 7 8

Neutrino energy [MeV]

+ Very precise and well understood E reconstruction
-> Optimized liquid scintillator
-> Sophisticated reconstruction
-> Instrumental redundancy.
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Design overview

B Optimized LS in the Central Detector (CD)

B Muon veto

B Redundant PMT systems
+ 17612 20-inch PMTs (LPMTs)

+ 25600 3-inch PMTs (SPMTs)
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The Jiangmen Underground Neutrino Observatory

,’,,52 5 km\\ Taishan NPP
’ . 2X4.6 GW,,
Yangjiang NPP % «s? TAO
6X2.9GW,, ‘..o R
> o™ ,‘5;1«‘
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26.6 GW,,,

(%
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Underground lab (700 m), A35m dlamerer sphere 20kron of LS GW,, in total
located in China. Surrounded by a Cerenkov detector
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Physics operations started in Aug. 2025.



B After years of design & construction, JUNO's now taking data (physics: since Aug. 25)

B Sensitivity studies suggested world leading solar parameters with early data.

From Chin.Phys.C 46 (2022) 12, 123001, arXiv:2204.13249

Central Value PDG2020 100 days
Am3, (x107° eV?) 2.5283 +0.034 (1.3%)  +0.021 (0.8%)
Am3; (x107° eV?) 7.53 +0.18 (2.4%)  +0.074 (1.0%)
sinZ 0y 0.307 4+0.013 (4.2%) 40.0058 (1.9%)
sin? ;5 0.0218 +0.0007 (3.2%) £0.010 (47.9%)

How up to this first challenge we've been is presented today.
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B After years of design & construction, JUNO's now taking data (physics: since Aug. 25)

B Sensitivity studies suggested world leading solar parameters with early data.

B Above dll, the first years of operations are a learning phase, to design methods to...

+ Characterise and calibrate detector effects.

+ Reconstruct events

+ Identify & reject backgrounds, determine the shape and rates of what remains.

+ Interpret statistically the IBD e* energy spectrum to extract oscillation physics,
via a model that incorporates :

-> Initial antineutrino spectrum, inclusion of reactor information
-> Energy model (resolution and non linearity)
-> Systematic uncertainties (dozens of nuisance parameter).

..with enough precision and robustness to eventually be able to measure the NMO,

and oscillation parameters at the subpercent level.
13



Reconstruction and Calibration

See Arxiv:2511.14590
Initial performance results of the JUNO detector*

JUNO Collaboration « Angel Abusleme (Chile U., Catolica) Show All(1138)
Nov 18, 2025

38 pages
Published in: Chin.Phys.C 50 (2026) 4, 043001
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Energy and position reconstruction B a i ( ¢ )2
Evis VES EVvis

B Needed for the NMO : 6E/E = 3% @ 1 MeV & E-scale understood @ < 1%.

B 2 key ingredients (>1600 PE @ 1 MeV + 78% PMT coverage) do not suffice !
=> A sophisticated reconstruction is also essential essential.

B Main E & vertex reconstruction methods maximize likelihoods. Ex:

Unhit LPMTs Hit LPMTs
L(Erec) - H Pj(unhit‘uj,exp) X H Pi(Qi,obs',ui.exp)
i

i

+ Based on the Charge and Hit time PDFs expected in each PMT, as a function of
the value and position of the E deposit.

+ Determining these PDFs: a precision work. Relies on : calibration sources, 214Po decays, laser sources, ...

+ Impacted by: spatial & time variation of gains, of LS state, transparency, radiopurity, WF recons., ...

=> Long work with calibration & control samples, progressively reach design perf.

15



JUNO's calibration

B 5 vy and 2 neutron sources: characterise a large E span.
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JUNO's calibration

Automatic Calibration Unit

a1

B 5 y and 2 neutron sources: characterise a large E span. ROV guide ra
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JUNO's calibration

I Non linearity known @ 1 %

. Role of the SPMT system
a5
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JUNO's calibration

1 Energy scale uniformity

1.04 ey !
OMILREC
¢ 1.02 4 nH Capture ¢ 214pg ______ d
&) | | | | 5
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+ Uniformity better than 1% within R < 16.5 m (FV)

214-Po visible E ~0.9 MeV

1 Energy resolution

PY Iti%CS
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o n-H
@ Co i
| | nC o 180
i L L l : l
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+ 34% @ 1 MeV @ detector center
Stochastic term @ 3.3%



IBD sample selection
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Selecting the antineutrino sample The final selection needs more complex

B criteria to mitigate backgrounds which
I Main signal detection principle mimic this coincidence.

Cosmogenics (muon-induced)

°Be*)
%Li ®He W %@
Spallation neutrons.

Natural radioactivity
214gj.214p

IBD

: - 13c(a-n)*0
Ue D >N +€ ]
Accidentals

Space-time coincidence between: Other neutrinos
Prompt signal (e+)

P— intl Atmospheric neutrinos
Delayed signal: n-H capture - R90d Satiao] f

> 122 Mev Sphere IBDs: Geoneutrinos,
World Reactors
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IMuon veto BFiducial Volume: R<16.5 m.

Removes all events <5 ms after Cuts Accidental & part of muon induced u
a muon seen in the CD or WP. backgrounds.

Cuts short lived spallation products

I1Spatial & temporal veto around
spallation neutrons

Removes all events <4 m from a spallation e N < aom
neutron, for 1.2 s after this neutron. o A N I
Al o n
Cuts long lived spallation products like °Li éHe 4 Ak n - 30m
: (/i ' -l
~ IAY l
IFinally form pairs ANACT I T T .
of prompt+delayed events I o e E

Legend:

CD - Central Detector
LS - Liquid Scintillator
WP - Water Pool

TT - Top Tracker

[ - Liquid Scintillator
[] - water

| Tl - [ -Air

K O0m ] - Rock

Keep pairs with At< 1 ms and Ad < 1.5 m

|| 10m
Multiplicity cut: no additional events in

[fde/ayed- 2ms ; t +1 ms]

delayed

2



1 2379 v_ candidates in 59.1 days.

37 true IBDs / day

Signal efficiency: ~ 70%

Purity: 86 %
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Constructing the Fit Model
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L

1. True non-oscillated spectrum of detected \Te

.. B Start from Huber-Mueller prediction

.

*

L

B Elementary brick of a combination of
+ 4 isotopes (U, 28U, 2%pu, #!pu)

+ 4 fission fractions

+ 4 values of the E released per fission

+ 1 Reactor Thermal Power

Repeated over 10 reactors

L4

B Add Non-equilibrium & Spent Fuel corr.

B Split in 21 segments to apply additional

*

shape corrections.

+ Constrained by a simultaneous fit to Daya Bay's
near detectors data.

L

a

=> ~75 fitted nuisance parameters
(not counting DYB's)

.

*

*

.

L 4

.

0.9
0.8

x10742

LJ

Antineutrinos / MeV / fission

0.7
0.6
0.5
0.4
0.3
0.2
0.1

4

5 6
Antineutrino energy (MeV)

Inverse beta decay cross section (cm?)

| W Multiply by the

IBD X-section

do
d cos @

(E5, , cos 9):
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x10%

0 6 years of data taking —— No oscillations
2. Oscillation = Dnlysolar remi
8ol —— Normal ordering
—— Inverted ordering
B Apply the oscillation probability g
P, >V, = — sin®26;5c]ysin® Agy — lsin2 20,5 (sin® Agy + sin® Agy) ;,’J' . g
1 2 45' a0l S 2012
—~3 cos 26, sin? 26,53 sin Agy sin(Az; + Asp) o lsin2 20,5
. 20 f
=> 5 fitted parameters
(oscillation params + Matter density) "

Ey, (MeV)
Illustration from Chin.Phys.C 46 (2022) 12, 123001

3. Detect. effects

'% (O T\ o e e
BFromE(V) 0 E; toE  SoveMm/ B Rate & Shapes:
+ Non linearity model § o + Mostly data driven

Visible Energy (MeV)

+ Resolution model + Complemented with MC

. lBD Signa' SR
. = |BD + residual BG -

=> 7 nuisance parameters o2ft NG

B Selection eff.

E [MeV] => >10 nuisance parameters
26
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World best solar oscillation parameters measurement.

a
: JUNO 2025 L L " " " " - - "
s 59.1 days JUNO % e 7.50+0.12 1.6%
= _ i i SNO+ “*, constrained —C— 7.63+£0.17 2.2%
r —— Best fit KamLAND —_—— 7.54t8:ig 2.5%
125 _ 7, signal —— +0.19
E : == Non-oscillated 7, Solar+KamLAND 7.507)15 2.5%
= 1o} oLt SNO+ 4 —e— 79383 2am
% C —— Geoneutrinos Solar global 6.10f8'§? 14.4%
:>j 75| World reactors s
: 214y 214p,, SNO s i e . j ! | 5.601190 29.5%
s0fF § Other backgrounds 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
it o Am3,, 1075 6V2
25
O F 1 J
b - :
:_3— XL s S JUNO % —_—— 3.092+0.087 2.8%
3 4.3'.---;.‘. _.____'_._ LI ..__..Q.I.’..._’.__._ ______________ 5
3 9 S O il E SNO+ %, constrained ® 3.10 012 3.9%
el 0 0 0 o 0 0 Solar+KamLAND ® 3.07 +0.12  3.9%
c { =
35 ;95 Solar global = 3.06 013 4.2%
gg 2 SNO 2.99 018 5.2%
°lg KamLAND . 3.16 103 95%
Prompt energy (MeV) 2.8 2.9 3.0 3.1 3.2 3.3 34 3.5

sin? 012, 107!
Published

sin? 615 = 0.3092 + 0.0087,
AmZ, = (7.50 £ 0.12) x 1075 eV2. 28




PDG 2025 JUNO (59.1 days) I Essential to precision physics
2 O, O, . . . .
A, 22k Lo 1 JUNO's bias killing policy based on
2 () o,
5in 017 3.9% 2.8% + Thorough comparison of 3 distincts
analysis groups.
1 o(stat) ~ % of total uncertainty. o]
1.5
i Main systematic uncertainties: , 10 lu 1 UI
g 05+
+ Backgrounds T T - 1
T i BT
+ Energy response model £
—1:00%
+ Detector efficiency =18
—=2.0
+ Reactor info S A
. - Prefit 1o e | | Il A
+ More marginal: v, spectrum shape

_ . + Blinding strategy that conceals the
=> Mostly treated via > 100 nuisance parameters oscillation parameters and reactor info until

the analysis design is frozen.
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Looking forward

1 59.1 days: not enough for a precise Amzl‘1

+ Requires a sophisticated statistical treatment
(e.g. a la Feldman-Cousins)

1 A continuous hard work to progress on the
path to precision physics (crucial for NMO!)

+ Improved Energy resolution and Energy model

+ TAO data available for future analyses.
+ Improved understanding of backgrounds.
1 Hints at the NMO may arrive earlier thanks to

synergies with experiments exploiting Accelerators
or Atmospheric neutrinos.

JUNO-only sensitivity in years to come

Reactor U, signal IBD event number (x103)
0 50 100 150 200 250 300

O L AL T L . L L O Y NN I Ot B E T o I e

—— NO: stat.+all syst. -
—— 10: stat.+all syst. ]
----- NO: stat. only E
----- 10: stat. only

T TR

R L1 TR | | | I
0 2 4 6 8 10 14 16 18 2
JUNO and TAO DAQ time [years]
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The Taishan Antineutrino Observatory (TAO)

I Will constrain the unoscillated v_ spectrum shape

+ Relies on very high statistics and
exceptional energy resolution (design: ~2 % @ 1 MeV)

1 1-ton fiducial volume of Gd-dopped LS

+ 40 m from one of Taishan'’s cores (4.6 GWth)
+ IBD rate: 30* JUNO
+ Photon detection yield : 4500 PE/MeV !!

I Detection: 10 m2 of SiPM
+ Photon detection efficiency : 50%

+ Photo coverage: 95%

5100

Water tank

®

©2100

950

®2200 ©

2800

3810

Started physics data taking in Feb' 26
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Looking forward

1 59.1 days: not enough for a precise Amzl‘1

+ Requires a sophisticated statistical treatment
(e.g. a la Feldman-Cousins)

1 A continuous hard work to progress on the
path to precision physics (crucial for NMO!)

+ Improved Energy resolution and Energy model

+ TAO data available for future analyses.
+ Improved understanding of backgrounds.
1 Hints at the NMO may arrive earlier thanks to

synergies with experiments exploiting Accelerators
or Atmospheric neutrinos.

JUNO-only sensitivity in years to come

Reactor U, signal IBD event number (x103)
0 50 100 150 200 250 300
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Looking forward (II): JUNO's wide scientific spectrum

Reactor Atmospt7re Sun Supernovae Earth More!! (BSM)

=.- AV T
A N TT

~60/day >100/year >100/day ~10%/10 s @ 10kpc ~400/year

¥
Neutrino oscillation properties

Neutrinos as a probe
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1 JUNO has successfully started to take data and produce physics results.

1 A successful first campaign showing that the global measurement chain
- detection, reconstruction, calibration, selection, robust statistical procedure -
is already in a good shape

. PDG 2025 JUNO (59.1 days)
+ Proven by measuring solar parameters better

than the World average, as expected. Amgl 2 5% 1.6%

+ A remarkable achievement for a detector of this scale,
after only a few months of commissioning
and physics operation.

sin01s 3.9% 2.8%

1 We're now sharpening our tools to be ready for precision physics ( Am2,. , NMO)
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i Stay tuned !

+ Short term: summer conferences

+ Longer term: JUNO's wide physics program.
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Antineutrinos (7.) Candidates Summary

Antineutrinos (7.) Candidates Summary

DAQ live time (days) 59.1

V. candidates 2379
Selection Efficiencies (%) € Orel
Fiducial volume 80.6 1.6
PMT flasher rejection >99.9 negligible
p veto 93.6 negligible
Multiplicity 97.4 negligible
Prompt-delayed coinc. 95.1 0.13
Total efficiency (gtot) 69.9 1.6
Ve signal (cpd!)
w/0 etot corrected 33.6+1.7
w/ Egotr corrected 47.94+2.6
Non-oscillated 7. 150.93 2.7

DAQ live time (days)
7. candidates

Selection Efficiencies (%)
Fiducial volume
PMT flasher rejection
p veto
Multiplicity
Prompt-delayed coinc.
Total efficiency (£tot)

Ve signal (cpd?)
w/0 ot corrected
w/ €got corrected
Non-oscillated 7.

Backgrounds (cpd)
9Li/%He
Geoneutrinos
World reactors
214 214p,
13 C( a, n) 16 0)
Fast neutrons
Double neutrons
Atmospheric neutrinos
Accidentals (x10~2)

59.1
2379
E Orel
80.6 1.6
>99.9 negligible
93.6 negligible
97.4 negligible
95.1 0.13
69.9 1.6
33.5+1.7
47.91-2.6
150.9+ 2.7
Pre-fit Best-fit
43414 3.9£0.6
1.23-0.5 1.4+04
0.884+0.09 0.88+£0.09
0.18£0.10 0.20£0.10
0.041+0.02 0.04£0.02
0.02£0.02 0.02+£0.02
0.05£0.05 0.07£0.05
0.08+£0.04 0.07x£0.04
4.9+0.3 4.9+0.3
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Figure 19: Energy resolution versus R3 evaluated using ?!*Po with a reconstructed energy of
about 0.93 MeV.
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Calibration sources

Source Energy System | Activity
Gamma Sources
®3Ge 0.511 x 2 MeV ACU 595 Bqg?
s 0.662 MeV ACU 140 Bq®
54Mn 0.835 MeV ACU 521 Bq®
0K 1.460 MeV ACU 13 Bq
0o 1.173+1.333 MeV ACU 165 Bq P
Neutron Sources
neutron + 6.13 MeV (1°0*)
2414 1 1303 (n,y)p 2.223 MeV ACU 130 Bq
(n,y)12C 4.94 MeV CLS 100 Bq
(n,y)°¢Fe 7.63 MeV, etc.
neutron + 4.43 MeV (12C*
241Am—Be (0.7)p 2.22 MeV ( ) GT 30 Bq
Optical Calibration
s Optical pulses ACU 50 Hy

(420 nm and 266 nm)
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68-Ge peak
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12 0.909, o: 0.031
o/E: 3.40 %
MC: Compton
MC: e" in-flight
v~ 1.08 MeV
MC: et +4

HC pile-up ]
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