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Brief Introduction 
to Neutrino Oscillations



Neutrinos Matter!
• We need to understand neutrinos if we want to understand our universe!

− They are invaluable 
astronomical (and terrestrial) 
messengers

− They are the second 
most abundant particle 
in the universe

− Their behavior is beyond the 
Standard Model

Neutrinos are everywhere!
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Neutrino Oscillation Refresher
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• The principle behind neutrino oscillations: 
neutrino mixing

ii i vUv ∑= *
αα

How they interact 
( )νe, νμ, ντ

How they propagate 
( )ν1, ν2, ν3

where the Pontecorvo-
Maki-Nakagawa-Sakata 

(PMNS) matrix U is 
parameterized in terms of 

three mixing angles 
( ) and one 
CP-violating phase  
θ12, θ23, θ13

δCP

For example, as a rough approximation at short 
baselines, the  “survival” probability is: ν̄e

(where the  are the 
so-called “mass splittings”)

Δm2
ij = m2

i − m2
j

P(ve → ve ) ≅1− sin
2 2θ13 sin

2 Δm32
2 L
4E

amplitude
frequency

Illustration of neutrino oscillation:
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Open Questions
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• Neutrino oscillation implies that neutrinos are 
massive

• Have many open questions:
− What are the values of the oscillation parameters?

− What is the ordering of the neutrino masses 
(i.e. sign of )?Δm2

32

− Do neutrinos obey the CP symmetry 
(is )?δCP = 0

− Are there additional neutrino states?

Normal 
ordering (NO)

Inverted 
ordering (IO)

sin2 θ12, Δm2
21 sin2 θ23, Δm2

32, sin2 θ13

Credit: H. Murayama

There are other questions but those require more than 
oscillation experiments to be answered

From PDG 2024
4.2 %
2.4 %
3.2 %
1.1 %
3.2 %

0.307 ± 0.013
(7.53 ± 0.18) × 10−5 eV2

0.558+0.015
−0.021

(2.455 ± 0.028) × 10−3 eV2

0.0219 ± 0.0007

Precision

Note:  can be determined from the other two 
mass splittings if the mass ordering is known

Δm 2
31

Parameters are 
currently known 

to a few 
percent, but 
need more 

precision. Also, 
octant of  is 

unknown
θ23



Rest of This Talk
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Atmospheric 
(+Accelerator)

Reactor 
(+Accelerator)

Solar 
(+Reactor)

• Some types of experiments have traditionally been more effective at probing certain sectors of 
the PMNS matrixNeutrino oscillations

Reactors 
θ13 ~ 10°

LBL
θ13 and δCP  

Solar and reactors
θ12 ~ 35°

Δm221 ~ 7.5x10-5 eV2

νe
νμ
ντ

=
1 0 0
0 cos θ23 sin θ23
0 −sin θ23 cos θ23

cos θ13 0 sin θ13e−iδCP

0 1 0
−sin θ13eiδCP 0 cos θ13

cos θ12 sin θ12 0
−sin θ12 cos θ12 0

0 0 1

ν1
ν2
ν3

• Long baseline (LBL) experiments sensitive to 5 of the PMNS parameters 

• θ23, |Δm232| → LBL provides the most precise measurements of these 

parameters

• θ13 → dominated by reactor experiments

• δCP and sign of Δm232 (normal or inverted ordering) → still unknown and 

accessible to LBL

Atmospherics and
 LBL

θ23 ~ 45°
 |Δm232| ~ 2.5x10-3 eV2

2

− The only way to probe three-neutrino (standard) oscillations at “short” baselines is with reactor experiments

But anomalous ( ) 
oscillation signatures can also be 

probed at short baselines with reactor, 
accelerator and source experiments

Δm2 ⪆ 1 eV2

Rough values of L/E ideal 
for observing three-flavor 

neutrino oscillations:


- 15 km / MeV for 

- 500 m / MeV for 

Δm2
21

Δm2
32

Reactor 1-10 MeV  few m to ~200 km
Accelerator sub-GeV to a few GeV < 1,300 km
Atmospheric sub-GeV to a few GeV < 12,000 km
Solar 1-15 MeV 106 - 108 km

Baseline Neutrino Energy First part of this talk

Second part 
of this talk

We’ll call 
reactor 

baselines 
“short” for the 
purposes of 

this talk

• Short baseline experiments are at the forefront in helping us address some of these questions
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Three-Neutrino Oscillations  
with Reactor Experiments



Reactor Antineutrinos
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νeνe

νe νe

νe

νe νe

νe

n→ p + e- + ν̄e
− A 1  core produces in one minute more neutrinos than the NuMI and BNB beams produce in a yearGWth

Credit: nobelprize.org

✘Fission

• Nuclear reactors are a flavor-pure, widely available, cost-effective, extremely intense and well-
understood source of electron antineutrinos:

∼ 1020 ν̄e /s/GWth



Oscillation Probability
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• Therefore, reactor experiments focus on electron antineutrino disappearance:

− Independent of 
 and θ23 δCP

− Access to 4/6 
oscillation parameters: 

and 
 ( )

θ12, θ13, Δm2
21,

Δm2
31 Δm2

32
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− Physics goals drive 

choice of baseline

• Muon and tau neutrinos from reactor electron antineutrino oscillations lack sufficient energy for 
charged-current interactions

Pν̄e→ν̄e
(L, E ) = 1 − sin2 2θ12 cos4 θ13 sin2 Δm 2

21L
4E

− sin2 2θ13 (cos2 θ12 sin2 Δm2
31L

4E
+ sin2 θ12 sin2 Δm2

32L
4E )



Antineutrino Detection
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− Coincidence between prompt positron and delayed neutron signals allows for powerful background rejection

− Energy of positron preserves information about energy of incoming :ν̄e

• The primary detection channel is the Inverse Beta Decay (IBD) reaction:

Eν̄e
≈ Eprompt + 0.78 MeV

nucleus

n

e+

μs

ns

γ

γ

γ

p
νe
_

Prompt 
signal:  
kinetic 
energy loss + 
annihilation

e+
Delayed signal:   
capture on nucleus (e.g. 
Hydrogen, Lithium, 
Gadolinium) and 
subsequent gamma-ray 
emission

n

• The medium of choice for most reactor neutrino experiments has been scintillator (plastic or liquid)

ν̄e + p → e+ + n



number of Monte Carlo signal events in the ith energy bin
with L > Lcut

i . Bi is calculated similarly using the acciden-
tal coincidence event pairs. The choice of the Ep distribu-
tion in f !!e affects only the discrimination power of the
procedure; substituting the oscillation-free reactor spec-
trum by an oscillated spectrum with the parameters from
Ref. [2] changes our oscillation parameter results by less
than 0:2". The selection efficiency #!Ep" is estimated from
the fraction of selected coincidence events relative to the
total generated in R< 6 m in the simulation, see Fig. 1
(top).

The dominant background is caused by 13C!$; n"16O
reactions from $-decay of 210Po, a daughter of 222Rn
introduced into the LS during construction. We estimate
that there are !5:56# 0:22" $ 109 210Po $-decays. The
13C!$; n"16O reaction results in neutrons with energies up
to 7.3 MeV, but most of the scintillation energy spectrum is
quenched below 2.7 MeV. In addition, 12C!n; n0"12C%, and
the 1st and 2nd excited states of 16O produce signals in
coincidence with the scattered neutron but the cross sec-
tions are not known precisely. A 210Po13C source was
employed to study the 13C!$; n"16O reaction and tune a
simulation using the cross sections from Refs. [10,11]. We
find that the cross sections for the excited 16O states from
Ref. [10] agree with the 210Po13C data after scaling the 1st
excited state by 0.6; the 2nd excited state requires no
scaling. For the ground state, we use the cross section
from Ref. [11] and scale by 1.05. Including the 210Po
decay-rate, we assign an uncertainty of 11% for the ground
state and 20% for the excited states. Accounting for #!Ep",

there should be 182:0# 21:7 13C!$; n"16O events in the
data.

To mitigate background arising from the cosmogenic
beta delayed-neutron emitters 9Li and 8He, we apply a
2 s veto within a 3-m-radius cylinder around well-
identified muon tracks passing through the LS. For muons
that either deposit a large amount of energy or cannot be
tracked, we apply a 2 s veto of the full detector. We
estimate that 13:6# 1:0 events from 9Li=8He decays re-
main by fitting the time distribution of identified 9Li=8He
since the prior muons. Spallation-produced neutrons are
suppressed with a 2 ms full-volume veto after a detected
muon. Some neutrons are produced by muons that are
undetected by the OD or miss the OD but interact in the
nearby rock. These neutrons can scatter and capture in the
LS, mimicking the !!e signal. We also expect background
events from atmospheric neutrinos. The energy spectrum
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FIG. 1 (color). Prompt event energy spectrum of !!e candidate
events. All histograms corresponding to reactor spectra and
expected backgrounds incorporate the energy-dependent selec-
tion efficiency (top panel). The shaded background and geo-
neutrino histograms are cumulative. Statistical uncertainties are
shown for the data; the band on the blue histogram indicates the
event rate systematic uncertainty.

TABLE II. Estimated backgrounds after selection efficiencies.

Background Contribution

Accidentals 80:5# 0:1
9Li=8He 13:6# 1:0
Fast neutron & Atmospheric ! <9:0
13C!$; n"16Ogs, np! np 157:2# 17:3
13C!$; n"16Ogs, 12C!n; n0"12C% (4.4 MeV %) 6:1# 0:7
13C!$; n"16O 1st exc. state (6.05 MeV e&e') 15:2# 3:5
13C!$; n"16O 2nd exc. state (6.13 MeV %) 3:5# 0:2

Total 276:1# 23:5
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FIG. 2 (color). Allowed region for neutrino oscillation pa-
rameters from KamLAND and solar neutrino experiments. The
side-panels show the "&2-profiles for KamLAND (dashed line)
and solar experiments (dotted line) individually, as well as the
combination of the two (solid line).

PRL 100, 221803 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
6 JUNE 2008

221803-3

KamLAND
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• The KamLAND experiment still provides us with the 
most precise estimate of  to dateΔm2

21

χ2Borexino ¼ Min
ϕi

ððr − rSSMÞT · V−1
SSM · ðr − rSSMÞ

þðr − rBorexinoÞT · V−1
rate · ðr − rBorexinoÞÞ.

The minimum χ2 is then

χ2Borexino ¼ rTSSM · V−1
SSM · rSSM þ rTBorexino · V

−1
rate · rBorexino

− rTbest · V
−1 · rbest;

V−1 ¼ V−1
SSM þ V−1

rate;

rbest ¼ V · ðV−1
SSM · rSSM þ V−1

rate · rBorexinoÞ;

which is Borexino’s contribution to the global χ2. We
convert the rate vector and covariance matrix back to the
neutrino flux vector and covariance matrix.
The SSMþ Borexino neutrino flux vector and covari-

ance are modified by the SKþ SNO determination of the
8B and hep neutrino fluxes (and covariance), so that there is
no impact of either the SSM 8B or hep neutrino flux
uncertainty on the analysis. The radio-chemical covariance
matrix VRC is obtained from the flux covariance matrix V
via the cross sections (and errors) of the target isotopes of
the radio-chemical experiments (for some details about the
covariance method see Ref. [81]). The radio-chemical rate
measurements are then fit via

χ2RC ¼
X

n;m

ðRobs
n − Rexp

n ÞV−1
RC;nmðRobs

m − Rexp
m Þ; ð27Þ

where Robs and Rexp are the observed and expected signal
rate, respectively. The indices n and m run over Chlorine
and Gallium (Gallex/GNO and SAGE are combined into
one Robs). The χ2 of the solar global fit is defined as

χ2solar ¼ χ2Borexino þ χ2SK;SNO þ χ2time þ χ2RC: ð28Þ

To extract the best values of θ12 and Δm2
21 we combine

solar experimental neutrino data and KamLAND reactor
anti-neutrino data [24] (solar þ KamLAND) by simple
addition of the χ2 functions, assuming no correlation of
the solar and KamLAND results:

χ2global ¼ χ2Borexino þ χ2SK;SNO þ χ2time þ χ2RC þ χ2KamLAND:

ð29Þ

Both Eqs. (28) and (29) are evaluated with an external
θ13 constraint of sin2 θ13 ¼ 0.0218% 0.0007. Figure 47
shows the oscillation parameters allowed by SK and
SNO data, all solar data, KamLAND data, and all solar þ
KamLAND data.
The best-fit result from the solar global analysis is

sin2 θ12;solar ¼ 0.306% 0.013;

Δm2
21;solar ¼ ð6.10þ0.95

−0.81Þ × 10−5 eV2:

The best-fit oscillation parameters from all solar experi-
ments and KamLAND are

sin2 θ12;global ¼ 0.307% 0.012;

Δm2
21;global ¼ ð7.50þ0.19

−0.18Þ × 10−5 eV2:

The oscillation results of this analysis show a tension of
Δm2

21 between the neutrino and anti-neutrino of about 1.5σ
as shown in the right panel in Fig. 47, and it is slightly
stronger for the global solar analysis compared to the
SKþ SNO analysis.
The global solar neutrino analysis has some sensitivity to

θ13 independently from reactor antineutrino measurements
since the high-energy solar neutrino branches (8B and hep)
undergo MSW flavor conversion while the low-energy
solar neutrinos (pp, 7Be, and pep) change flavor by
averaged vacuum oscillations. Figure 48 shows the result-
ing contours of the mixing angles θ12 and θ13. The best-fit
value from all solar data of

sin2 θ13 ¼ 0.032þ0.021
−0.022 ;

is statistically consistent with zero as well as the reactor
anti-neutrino measurements. When combining all solar data
with KamLAND data (whose anti-neutrinos are subject to
nonaveraged vacuum oscillations), the best-fit value is
almost unchanged, but the preference for a nonzero value
gets somewhat stronger:

sin2 θ13 ¼ 0.030þ0.015
−0.014 :

!m
2 21

 in
 1

0-5
eV

2

5

10

15

2 4 6 8
"# $# %#

!&2sin2('
12

)
0.1 0.2 0.3 0.4 0.5

2
4
6
8

!&
2

FIG. 47. θ12 and Δm2
21 allowed by the global analysis. The

green (light gray) area is the solar global contour (3σ), the blue
(medium gray) area is the KamLAND contour (3σ) and the red
(dark gray) area is the Solar þ KamLAND combined (3σ). Green
(light gray) solid lines are solar global contours (1 − 5σ C.L.),
blue (medium gray) dashed line: KamLAND contours (1 − 3σ
C.L.), and red (dark gray) dotted line: Solar þ KamLAND
contours (1 − 3σ C.L.). The dashed-dotted contours are
SKþ SNO contours for comparison.

SOLAR NEUTRINO MEASUREMENTS USING THE FULL DATA … PHYS. REV. D 109, 092001 (2024)

092001-29

PRD 109, 092001 (2024)

Solar data 

KamLANDGlobal 
Analysis

~  tension1.5σ

− 1 kton liquid scintillator (LS) detector 

− Surrounded by ~50 nuclear reactors at an 

average baseline of ~180 km

PRL 100, 119904 (2008)

KamLAND:

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.221803
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• A generation of three experiments designed to precisely measure  recently finished 
collecting data

θ13

− < 2 km baseline, so only need “small” detectors (tens or hundreds of tons)
− Looking for small  (<10%) disappearance, so key is keeping systematics under control 
− Near/far relative comparison allows to essentially cancel uncertainties in flux prediction and 

correlated detection efficiencies

 Experimentsθ13

 Daya Bay 

17.4 GWth

Near
2×2×20 t

Far
4×20 t

 Double Chooz  RENO 

8.5 GWth

16.8 GWthFar
8 t

Near
8 t

Near
16 t

Far
16 t

Data taking: 2011 - 2020 Data taking: 2011 - 2017 Data taking: 2011 - 2023
Notes: flags indicate location of experiment, not composition of collaboration
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 Experimentsθ13
• The three experiments use similar detection technologies: 

• Surrounded by instrumented shields (water or liquid scintillator (LS)) that also veto muons
• LS doped with Gadolinium (GdLS) to enhance capture signal

• Three-zone detectors 

water, mineral oil, LS, GdLS

(diagrams courtesy of S. Jetter)
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 Mixing Angleθ13

yields sin22θ13 ¼ 0.0851" 0.0024, and Δm2
32 ¼ ð2.466"

0.060Þ × 10−3 eV2 for the normal mass hierarchy or
Δm2

32 ¼ −ð2.571" 0.060Þ × 10−3 eV2 for the inverted
mass hierarchy. Using Eq. (2), we obtained sin22θ13 ¼
0.0852" 0.0024 and Δm2

ee¼ð2.519"0.060Þ×10−3 eV2

with the same reduced-χ2 value. Results determined with
the other fitting methods described in Ref. [16] were
consistent to < 0.2 standard deviations.
The best-fit prompt-energy distribution is in excellent

agreement with the observed spectra in each experimental
hall, as shown in Fig. 2.
Figure 3 depicts the normalized signal rate of the three

halls as a function of Leff=hEν̄ei with the best-fit curve
superimposed, where Leff and hEν̄ei are the effective

baseline and average ν̄e energy, respectively [16]. The
oscillation pattern related to θ13 is unambiguous.
The present improved result in sin2 2θ13 is consistent

with our previous determinations [3,16,17] and agrees with
other measurements of reactor ν̄e disappearance by RENO
[28] and Double Chooz [29,30] as well as electron neutrino
and antineutrino appearance measurements by T2K [6].
Daya Bay’s measured Δm2

32 is consistent with the results of
NOvA [5], T2K [6], MINOS/MINOS+ [31], IceCube [32],
and SuperK [33] that were obtained with muon (anti)
neutrino disappearance. The agreement in sin2 2θ13 and
Δm2

32 between Daya Bay measurements using ν̄e and the
muon neutrino and antineutrino determinations provides
strong support of the three-neutrino paradigm.
To conclude, we have presented a new determination of

sin2 2θ13 with a precision of 2.8% and the mass-squared
differences reaching a precision of about 2.4%. The
reported sin2 2θ13 will likely remain the most precise
measurement of θ13 in the foreseeable future and be crucial
to the investigation of the mass hierarchy and CP violation
in neutrino oscillation [34,35].

The Daya Bay experiment is supported in part by the
Ministry of Science and Technology of China, the U.S.
Department of Energy, the Chinese Academy of Sciences,
the CAS Center for Excellence in Particle Physics, the
National Natural Science Foundation of China, the
Guangdong provincial government, the Shenzhen munici-
pal government, the China General Nuclear Power Group,
the Research Grants Council of the Hong Kong Special
Administrative Region of China, the Ministry of Education
in Taiwan, the U.S. National Science Foundation, the
Ministry of Education, Youth, and Sports of the Czech
Republic, the Charles University Research Centre UNCE,
and the Joint Institute of Nuclear Research in Dubna,

FIG. 2. The measured prompt-energy spectra of EH1, EH2, and EH3 with the best-fit and no-oscillation curves superimposed in the
upper panels. The shape of the backgrounds are apparent in the spectra with a logarithmic ordinate shown in the insets. The backgrounds
shown in the legend are in descending order according to their contribution. The lower panels shows the ratio of the observed spectrum
to the predicted no-oscillation distribution. The error bars are statistical.

FIG. 3. Measured disappearance probability as a function of
the ratio of the effective baseline Leff to the mean antineutrino
energy hEν̄ei.

PHYSICAL REVIEW LETTERS 130, 161802 (2023)

161802-6

• These experiments can use neutron capture on Hydrogen (nH) and/or on Gadolinium (nGd) 
to identify ’s, resulting in essentially independent measurements:ν̄e

Current reactor measurement of  likely to 
remain the world’s most precise for a long time

θ13

− Excellent fit to three-neutrino framework

(Plot courtesy of H. Yu, shown in Z. Yu’s talk at Neutrino 2024)

Global comparison θ13

28

Daya Bay leads the precision measurement, nGd+nH gives 2.6% precision
By combining all reactor results, ultimate precision of sin22θ13: 2.5%
Consistent results from reactor and accelerator experiments

Figure by Hongzhao Yu

Note: average is error 
weighted average 
assuming no correlation

The significant difference in selection criteria and in
signal and background features makes the systematic
uncertainties of this sin2 2θ13 measurement virtually inde-
pendent from those of the nGd study. Using the result from
analysis A, the combined, weighted-average value of
sin2 2θ13 yields 0.0833! 0.0022, which represents an
8% improvement in precision with respect to the nGd

estimate alone that was obtained with 3158 days of data [7].
The combination of Δm2

32 results suffers from more
correlations between the nGd and nH analyses, requiring
additional study.
In summary, a measurement of reactor ν̄e disappearance

relying on both rate and spectrum is reported using a
sample identified via neutron capture on hydrogen col-
lected over 1958 days by the Daya Bay experiment. This
work provides an estimate of sin2 2θ13 with an uncertainty
of about 6.6% that is consistent with and virtually
independent of Daya Bay’s nGd result [7]. It also provides
the first estimate of Δm2

32 from Daya Bay using the nH
sample, which is in good agreement with measurements
relying on significantly different neutrino energies, base-
lines, and detection technologies, such as those from
accelerator experiments [28–32]. This result enhances
the global precision of both of these parameters and
showcases techniques and lessons that can be relevant
to other experiments, such as JUNO [33], which aims to
determine the neutrino mass ordering and other oscillation
parameters to high precision using the nH channel. The
energy response model and the measured prompt spectra
used in the analysis are included as Supplemental
Material [34].
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Kong Special Administrative Region of China, the
University Development Fund of The University of
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Chiao-Tung University, and NSC fund support from
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FIG. 3. Measured prompt-energy spectrum in EH3 after back-
ground subtraction with the best-fit and no-oscillation curves
superimposed in the upper panel. The shapes of all candidates and
backgrounds are shown in the inset. The lower panel shows the
ratio of the observed prompt spectra after the background
subtraction to the predicted no-oscillations one. The error bars
are statistical.
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The error bars include both the statistical and systematic
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PHYSICAL REVIEW LETTERS 133, 151801 (2024)

151801-7

PRL 133, 151801 (2024)

− Excellent agreement with accelerator and atmospheric experiments (also for )|Δm2
32 |

Example: final nGd 
measurement from 

Daya Bay

Example: latest 
nH measurement 

from Daya Bay

PRL 130, 161802 (2023)

https://agenda.infn.it/event/37867/contributions/233972/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.161802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.161802


Prospects: JUNO
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• The Jiangmen Underground Neutrino Observatory (JUNO) 
is a large multi-purpose experiment under construction in 
China:

- 35 m diameter sphere with 20 ktons of liquid scintillator (LS) 
surrounded by 35 kton water Cherenkov detector

~52.5 km

JUNO

Yangjiang NPP
6×2.9 GWth

Taishan NPP
2×4.6 GWth

TAO

8 reactors 
26.6 GWth

JUNO

~700 m

smaller ~3 ton 
satellite 
detector

- 53 km from two major nuclear power plants (8 reactors)



Energy Resolution
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• Most obvious (although not sufficient) requirement for achieving the target energy 
resolution: seeing enough photons. 

- No approach can singlehandedly provide all the light needed. Have to attack the problem 
from different angles:

KamLAND JUNO Relative Gain

Total light level 250 p.e. / MeV >1200 p.e. / MeV 5

Photocathode 
coverage 34% ~78% ~2

Light yield 1.5 g/l PPO 2.5 g/l PPO ~1.5

Attenuation length / R 15/16 m 20/35 m ~0.8

PMT QE⨉CE 20%⨉60% ~ 12% ~30% ~2

use 
KamLAND 

as reference 

target 

lots of PMTs

optimized LS

more efficient 
PMTs

• With 3% @ 1 MeV, JUNO will be the LS detector with the best energy resolution in history 
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• The energy resolution allows to extract a wealth of 
information from the oscillated spectrum

• This includes the neutrino mass ordering
- Exploit interference effects in the fine structure of the 

oscillated spectrum
- 3σ sensitivity within ~7 years

- Measurement is independent of  and , and 
does not rely on matter effects

θ23 δCP

- Complementary information to that of other 
experiments

- Sensitivity can be boosted in combination with 
other experiments (e.g. PRD 101, 032006 
(2019), Sci Rep 12, 5393 (2022))

Principle: fitting with the wrong ordering yields 
the wrong  value. Therefore, external 
constraints can help! 

Δm2
31

JUNO’s Oscillation Physics
5.4 Results

With the nominal configuration, statistical methods, and uncertainty sources described in this
work, we numerically calculate JUNO’s expected NMO sensitivity for the Asimov dataset assum-
ing JUNO and TAO start data taking simultaneously. Since the three analysis groups produce
consistent |��

2

min
| estimations within a relative 0.5% di↵erence, only one result is shown here.

The |��
2

min
| is slightly less than 9 for 6 years of reactor antineutrino data at JUNO for

both the normal and inverted mass orderings. After 7.1 years of data taking with assumption
of 11/12 duty factor for the reactors (an exposure of 6.5 years ⇥ 26.6 GWth), JUNO has a
median NMO sensitivity of 3� (3.1�) in the case of the normal (inverted) mass ordering. Fig-
ure 7 shows the median NMO sensitivity as a function of JUNO and TAO data taking time for
both NO and IO hypotheses, and for the cases of with and without all systematic uncertain-
ties. The analysis is done with the Asimov data produced with the oscillation parameters from

Figure 7: The NMO discriminator ��
2

min
as a function of JUNO and TAO data taking time for

both the IO (red) and IO (blue). The horizontal black dashed lines represent 3�, 4�, and 5�
significances. The solid lines are for the cases of full systematic uncertainties, and the dashed
lines are for the statistical-only case. The 11/12 reactor duty cycle is considered in the conversion
of exposure to the data taking time. It can be seen that after 7.1 years of data taking, JUNO
can determine the neutrino mass ordering with 3� significance when NO is true. If IO is true, it
is 3.1� under the same exposure. It is assumed that JUNO and TAO start data-taking at the
same time. The right panel shows the sensitivity dependence on the true values of the oscillation
parameters, evaluated by shifting the values 3� (of PDG2020 [13]) from the nominal values. The
results are presented for the normal ordering for the exposure needed by JUNO to reach 3�
sensitivity.

PDG 2020 [13]. It is worth noting that the previous published sensitivity [47] of JUNO was based
on the PDG 2014 [91]. In order to demonstrate how the variation of the oscillation parameters
a↵ects the NMO sensitivity, an extra study is performed by generating Asimov data with the
oscillation parameters shifted from the nominal values described in Section 1. We scan the os-
cillation parameters within ±15% to cover the 3-sigma region around their central values. It is
found that |��

2

min
| is positively correlated with sin2 ✓12, sin2 ✓13, and �m

2
21

and anti-correlated
with �m

2
31
. The right panel of Figure 7 shows the impact of the oscillation parameter true values

on the NMO sensitivity.
The energy resolution and exposure are crucial factors for determining the NMO. We present

29
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032006
https://www.nature.com/articles/s41598-022-09111-1
https://arxiv.org/pdf/2405.18008
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JUNO’s Oscillation Physics

Parameter

Current Precision* 4.2% 2.4% 1.1% 3.2%

JUNO 6 years 0.5% 0.3% 0.2% 12.1%

Δm 2
21sin2 θ12 Δm 2

32 sin2 θ13

* from PDG 2024
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Ɣ�(OHFWURQ�DQWLQHXWULQRV�HPLWWHG�E\�GLVWDQW�UHDFWRUV�RU
FUHDWHG �LQ �WKH �8 �DQG �7K �GHFD\ �FKDLQV �LQ �(DUWK� �L�H�
JHRQHXWULQRV�
�

7KH �FRLQFLGHQFH �RI �WZR �RWKHUZLVH �XQFRUUHODWHG
HYHQWV��W\SLFDOO\�RI�UDGLRJHQLF�RULJLQ��IRUPV�WKH�VR�FDOOHG
DFFLGHQWDO �EDFNJURXQG� �7KLV �EDFNJURXQG �GRPLQDWHV �WKH
ORZ �HQHUJ\ �SDUW �RI �WKH �VSHFWUXP �GXH �WR �LWV �QDWXUH�
+RZHYHU��LW�FDQ�EH�PHDVXUHG�ZLWK�DQ�H[FHOOHQW�SUHFLVLRQ�
W\SLFDOO\�DW�WKH�SHUPLOOH�OHYHO��DQG�VXEWUDFWHG�E\�RII�WLPH
ZLQGRZ �WHFKQLTXHV� �DV �GHPRQVWUDWHG �E\ �FXUUHQW�JHQHUD�
WLRQ�UHDFWRU�DQWLQHXWULQR�H[SHULPHQWV�>��±��@�

9 8

13 16

(α,n)

&RUUHODWHG�EDFNJURXQGV�DUH�E\�GHILQLWLRQ�SURGXFHG�E\
D �VLQJOH �SK\VLFV �SURFHVV �DQG �\LHOG �ERWK �D �SURPSW �DQG �D
GHOD\HG�VLJQDO��7KH�PRVW�LPSRUWDQW�VXFK�EDFNJURXQGV�DUH
FRVPRJHQLF� /L� +H�DQG�IDVW�QHXWURQV��ZKLFK�FDQ�RQO\�EH
IXUWKHU �VXSSUHVVHG �E\ �LQFUHDVLQJ �WKH �RYHUEXUGHQ� �7KHUH
DUH�DOVR�JHRQHXWULQRV��PRVWO\�EHORZ�����0H9�LQ�DQWLQHXW�
ULQR�HQHUJ\�>��@��DQG�DWPRVSKHULF�QHXWULQRV�>��@��7KH�ODW�
WHU �FDQ �SURGXFH �QHXWURQV� �SURWRQV�� Į� SDUWLFOHV��DQG � H[�
FLWHG�OLJKW�QXFOHL�WKDW�GHSRVLW�WKHLU�HQHUJ\�LPPHGLDWHO\�RU
VKRUWO\�DIWHU�SURGXFWLRQ�DQG�FDQ�WKXV�PLPLF�WKH�,%'�VLJ�
QDWXUH�ZKHQ�IROORZHG�E\�D�QHXWURQ�FDSWXUH��7KHUH�LV�RQO\
RQH�UDGLRJHQLF �SURFHVV �OHDGLQJ �WR �D �FRUUHODWHG � EDFN�
JURXQG �GHVHUYLQJ �FRQVLGHUDWLRQ� �WKH� &�Į�� Q� 2� UHDF�
WLRQ�LQ �WKH �OLTXLG �VFLQWLOODWRU� �7KLV �EDFNJURXQG �LV � H[SHF�
WHG�WR�EH�VPDOO�LQ�-812��PRUH�VR�JLYHQ�WKH�VWULQJHQW�UD�
GLRSXULW\ �FRQWURO �WKDW �LV �HQYLVDJHG �>��@� �7KH �SURGXFWLRQ
RI�IDVW�QHXWURQV�DQG�JDPPD�UD\V�YLD�VSRQWDQHRXV�ILVVLRQV
DQG� �UHDFWLRQV�LQ�SHULSKHUDO�PDWHULDOV�RI�WKH�GHWHFWRU
>��@ �LV �H[SHFWHG�WR �KDYH�D �QHJOLJLEOH �FRQWULEXWLRQ�WR �WKLV
DQDO\VLV�

∪

∆Tp−d
∆Rp−d

,%' �VHOHFWLRQ �FULWHULD �DUH �GHVLJQHG �WR �VXSSUHVV �WKH
DIRUHPHQWLRQHG�EDFNJURXQGV �ZKLOH �NHHSLQJ �D �KLJK � HIIL�
FLHQF\ �IRU �WUXH �UHDFWRU �DQWLQHXWULQR �,%' �HYHQWV� �)LUVW�
SURPSW�DQG�GHOD\HG�FDQGLGDWH�HYHQWV�DUH�UHVWULFWHG�WR�WKH
HQHUJ\ �ZLQGRZV �>���� �����@ �0H9 �DQG �>���� ����@� � >����
���@�0H9��UHVSHFWLYHO\��,%'�HYHQWV�DUH�H[SHFWHG�WR�GRP�
LQDWH�WKH�>���� ����@�0H9�SURPSW�HQHUJ\�UDQJH� �DV�VKRZQ
LQ� )LJ� ��� �7KH �GHOD\HG �VLJQDO �HQHUJ\ �VHOHFWLRQ �ZLQGRZV
DUH�VHOHFWHG�WR�EH�FHQWHUHG�DURXQG�����0H9�DQG�����0H9�
ZKLFK �FRUUHVSRQG �WR �QHXWURQ �FDSWXUH �RQ �K\GURJHQ �DQG
FDUERQ��UHVSHFWLYHO\� �3URPSW �RU �GHOD\HG �HYHQWV �DUH � GLV�
FDUGHG�LI �WKHLU �YHUWLFHV�DUH�PRUH�WKDQ������P�DZD\�IURP
WKH�GHWHFWRU�FHQWHU� �VLQFH�WKH�H[WHUQDO �EDFNJURXQG�UDWH�LV
ODUJHU �DW �WKH �HGJH �RI �WKH �DFU\OLF �VSKHUH� �7KLV �ILGXFLDO
YROXPH �FXW �ZLOO �EH �IXUWKHU �RSWLPLVHG �XSRQ �GDWD �WDNLQJ
EDVHG�RQ�WKH�ILQDO�UDGLRSXULW\�RI�WKH�307V�DQG�WKH�GHWHFW�
RU�PDWHULDOV��7R�IXUWKHU�UHGXFH�WKH�DFFLGHQWDO�EDFNJURXQG�
WKH�VXUYLYLQJ�SURPSW�GHOD\HG�SDLUV�DUH�UHVWULFWHG�WR�RFFXU
ZLWK �D �WLPH �VHSDUDWLRQ� � VPDOOHU �WKDQ ���� �PV �DQG �D
VSDWLDO��'�VHSDUDWLRQ� �VPDOOHU�WKDQ�����P�

9 8

$ �VHULHV �RI �FRVPLF �PXRQ �YHWR �FXWV �DUH �HQIRUFHG �WR
VXSSUHVV�WKH�FRVPRJHQLF�EDFNJURXQGV��PRVW�RI�ZKLFK�VDW�
LVI\ �WKH �,%' �FRLQFLGHQFH �VHOHFWLRQ �FULWHULD� �0XRQ�LQ�
GXFHG �QHXWURQV �FDQ �EH �JUHDWO\ �UHGXFHG �E\ �LPSRVLQJ �D
WLPH�FXW�SURSRUWLRQDO�WR�WKH�FKDUDFWHULVWLF�WLPH�RI�QHXWURQ
FDSWXUH� �DV �GRQH �LQ �RWKHU �XQGHUJURXQG �OLTXLG �VFLQWLOODWRU
H[SHULPHQWV �>��± ���� ��@� �+RZHYHU� �WKLV �DSSURDFK �GRHV
QRW�IXOO\�HOLPLQDWH�WKH�ORQJHU�OLYHG�LVRWRSHV��LQ�SDUWLFXODU
/L� +H��WKDW�DUH�SURGXFHG�DORQJ�WKH�PXRQ�WUDFN��7KH�H[�
SORLWDWLRQ�RI �WKLV �WRSRORJLFDO �FRUUHODWLRQ �KDV �EHHQ � FRQ�
VLGHUHG �E\ �RWKHU �H[SHULPHQWV �>���� ��@� �$ �UHILQHPHQW �RI
WKLV�VWUDWHJ\�KDV�EHHQ�GHYHORSHG�IRU�-812�ZLWK�VWDWH�RI�

∼ 3 MeV

)LJ���������FRORU�RQOLQH��9LVLEOH�HQHUJ\�VSHFWUXP�H[SHFWHG�LQ�-812�DV�PHDVXUHG�ZLWK�WKH�/307�V\VWHP�ZLWK��JUH\��DQG�ZLWKRXW��EODFN�
EDFNJURXQGV��7KH�DVVXPSWLRQV�GHWDLOHG�LQ�WKH�WH[W�DUH�XVHG��ZKLFK�LQFOXGH�WKH�HQHUJ\�UHVROXWLRQ�IURP�5HI��>��@��7KH�LQVHW�VKRZV�WKH
VSHFWUD �RI �WKH �H[SHFWHG �EDFNJURXQGV� �ZKLFK �DPRXQW �WR �DERXW ����RI �WKH �WRWDO �,%'�FDQGLGDWH �VDPSOH �DQG �DUH �PRVWO\ �ORFDOL]HG �EHORZ

�
�

6XE�SHUFHQW�SUHFLVLRQ�PHDVXUHPHQW�RI�QHXWULQR�RVFLOODWLRQ�SDUDPHWHUV�ZLWK�-812 &KLQ��3K\V��&������������������

���������

• JUNO will also measure ,  and  to better than 0.5% in 6 yearssin2 θ12 Δm2
21 Δm2

31

Roughly one order of magnitude improvement 
over existing precision for 3 parameters! 

- New era of precision for neutrino mass & mixing 
models

- Important input for the neutrino community:

- Narrow down parameter space for  
searches

0νββ

- Model independent tests of the three-neutrino 
oscillation framework (UPMNS unitarity tests )

https://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9


Other JUNO Physics
• JUNO also has a rich 

program in non-
oscillation physics, 
which are outside the 
scope of this talk

- Low threshold, excellent 
energy resolution and 
large size make it an 
excellent ground to 
study neutrinos from the 
Sun, the Earth, the 
atmosphere and 
Supernovae

- Can also search for 
new physics, such as 
nucleon decay

19



− Acrylic sphere construction was just 
recently completed


− Hope to begin filling in a few weeks

− Physics data by ~summer 2025

JUNO construction is well underway

20



Prospects: SuperChooz
• The  mixing angle will soon become the most 

poorly known
θ13

• Proposal for next-generation “SuperChooz” 
experiment is under active study

Positron

Enables imaging down to the MeV scale! 
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LiquidO detector concept: fill 
volume with an opaque 
scintillator and collect light 
with a tight array of fibers 

The opacity keeps the light near its 
creation point, preserving valuable 

topological information about the event

- Would use the LiquidO detection technology

Each of these panels assumes a 1cm fiber 
pitch, one pixel per fibre, 2MeV of energy

21

https://www.nature.com/articles/s42005-021-00763-5


Prospects: SuperChooz
• SuperChooz would have a large, LiquidO-like 

far detector in cavern of old Chooz-A reactor
• In exploratory phase; demonstrator called 

“CLOUD” approved and under 
development

22

CLOUD:
− Demonstrator of LiquidO technology

− Baseline of about ~35 m from 

reactor core

− 50-10 tons, 10,000 fibers read out 

by SiPMs on both ends

− Will operate on three phases 

focused on detection of reactor 
antineutrinos, solar neutrinos and 
geo-neutrinos

For more information, please see 
for example Diana Navas’ talk at 

ICHEP 2024

The detector

5-10 tons LiquidO-Tracker Inner Detector
Opaque scintillator + 10,000 fibres + SiPMs at both fibre ends
~1.8 m diameter, >200 PE/MeV design, sub-ns timing 

ICHEP 2024 CLOUD: the first reactor antineutrino experiment using the novel LiquidO detection technology 8

https://indico.cern.ch/event/1291157/contributions/5904067/
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Oscillation Anomalies 
with Short Baseline Reactor, Accelerator and Source Experiments



LSND/MiniBooNE
• LSND and MiniBooNE 

observed a ~6  excess of 
electron (anti)neutrinos in a 
muon (anti)neutrino beam

σ

− Could be explained via eV-scale 
sterile neutrino oscillations

MiniBooNE

• However: PRL 125, 071801 (2020)
In conflict with 
accelerator and 

reactor 
disappearance 
measurements

Excess not seen 
by MicroBooNE 
experiment as 

either BSM , 
single- , or 

e+e−

γ νe

PRD 64,112007 (2001)  and 
PRD 103, 052002 (2021)

MicroBooNE:
− 170 ton 

LArTPC

− Same L/E 

and same 
beam as 
MiniBooNE
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.071801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1127-PUB.pdf


Further Tests

• The Fermilab SBN and JSNS2 experiments will 
provide definite tests of the oscillation 
hypothesis: 

Fermilab Short Baseline Neutrino (SBN) Program:
− Two LArTPCs at near and far locations (SBND and 

ICARUS)

− Same beam as LSND/MiniBooNE

− Both detectors already in operation

− Fermilab SBN: two functionally identical 
detectors, very robust against flux and cross-
section uncertainties

JSNS2:
− Search for  appearance in  beam from J-PARC’s spallation 

neutron source

− Pulsed neutrino source from pion, muon and kaon decay at rest

νe νμ

− JSNS2: same type of source (  decay at rest), 
neutrino target (proton) and detection principle 
(inverse beta decay) as LSND, but with better signal-
to-noise and two detectors at different baselines

μ Also deploying a 
second detector 
at a baseline of 

48 m 

First detector 
already in 
operation
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teraction ⌫e + p ! e
+ + n, followed by ⇠8MeV gammas from neutron capture

on Gd. The ⌫e energy is reconstructed by the positron visible energy plus 0.8

MeV. In particular, the delayed signal identification by neutron capture on Gd

allows for a significant reduction of ambient �-ray backgrounds below 3MeV.

A coincidence requirement of 100µs between prompt and delayed events fur-

ther reduces the background event rate substantially. The requirements of the

time coincidence and their spatial correlation reduces the accidental background

by a factor of approximately 104. By taking advantage of the short pulse width

and low frequency of the RCS proton beam, a timing gate requirement of a

prompt candidate event between 1 and 10µs from the beam starting time elim-

inates most of the neutrinos from pion and kaon decays and beam-induced fast

neutrons, and also reduces the cosmic-ray induced background by ⇠105.

The detector is located on the third floor of the MLF at a baseline distance

of 24m from the neutrino source. Figure 1 shows the overall layout of the JSNS2

experiment. Data collected with the JSNS2 experiment will be sensitive to eV-

scale sterile neutrinos and can be used to perform an ultimate and direct test

of the LSND anomaly.

Figure 1: Layout of JSNS2 experiment. The detector is located on the third floor of the MLF

at a baseline distance of 24m from the neutrino source.

3
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https://arxiv.org/abs/2104.13169
https://arxiv.org/abs/2012.10807


Reactor Antineutrino Anomaly (RAA)

− Could also be explained by ~eV sterile neutrino oscillations 

… by about the right amount to explain the anomaly!
18

Current Status

rX = ratio of measured over predicted rate for 
isotope X with respect to the HM prediction 

conversion 
predictions 

relying on ILL 
beta spectra

Recent beta ratio 

measurement at Kurchatov 

Institute
recent summation 

model

− New data* suggests that 235U beta 
spectrum from ILL underlying all 
conversion predictions is largely 
responsible for reactor antineutrino 
anomaly 

− Shape anomaly remains unexplained 
and is caused by a yet unknown issue 
affecting both conversion and 
summation predictions

− All in all, sterile neutrino hypothesis 
not ruled out, but weakened

• Good progress in understanding the reactor antineutrino anomaly: 

See arXiv:2203.07214 for a 
detailed description

*new data = fuel evolution in LEU experiments, 
measurements in HEU experiments, measurement of 
235U/239Pu beta spectra ratio at Kurchatov Institute

See arXiv:2203.07214 for a 
detailed description

− However, new data* suggests that the HM model 
overestimates the  flux from 235U fissionν̄e

Note: there is still a discrepancy in the reactor  spectral shapeν̄e

*new data = fuel evolution in LEU experiments, 
measurements in HEU experiments, measurement of 
235U/239Pu beta spectra ratio at Kurchatov Institute

• Description: a ~6% deficit with ~3σ significance in the 
measured total reactor  flux versus the prediction from the 
Huber+Mueller (HM) model at short baselines

ν̄e

26

https://arxiv.org/abs/2203.07214


Experimental Exploration of the RAA
• Moreover, searches for sterile neutrino oscillations have been performed at very short baselines:

+ (mini-)CHANDLER, NuLAT

3100 MW

2800 MW

100 MW

85 MW

65 MW

58 MW

DANSS

NEOS

NEUTRINO-4

PROSPECT

SoLid

STEREO
6 24 m129 18

11-13 m 

24 m

6-11 m 

7-9 m 

9-11 m 

6-9 m 

15 21

Experiments:

LEU Reactors
Fission of 235U, 238U, 

239Pu, 241Pu 

HEU Reactors
Fission of 235U

0.9 t

1 t

1.5 t

4 t

1.6 t

1.7 t

(chart courtesy of B. Roskovec)

− Most of these experiments are movable and/or segmented, allowing to search for an unambiguous 
oscillation signal that is independent of reactor prediction models

27



Disposition : Titre et contenu
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Short Baselines - Global Context

Ø Success of the short baseline experimental 
program.

Ø Strong limits set on q14 from complementary 
measurements. The sterile neutrino hypothesis 
is rejected over most of the RAA phase space. 

Ø Strong tension with the BEST contour. See D. 
Gorbunov’s talk on Friday.

à Joint analysis of reactor data is of great 
interest.

• One of these experiments has 
claimed an observation: Neutrino-4 
(PRD 104, 032003 (2021)

− All other experiments so far have 
set limits

• Comments about Neutrino-4’s claim:

− It is controversial (e.g. PLB 816, 
136214 (2021) and arXiv:2006.13639)

− It is in strong tension with null 
results from other experiments 
(e.g. right plot)

− It is roughly consistent with the 
Gallium Anomaly (next slide)

− It is 2.7σ

RAA Exclusion Contours and Hint
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003
https://www.sciencedirect.com/science/article/pii/S0370269321001544
https://www.sciencedirect.com/science/article/pii/S0370269321001544
https://arxiv.org/abs/2006.13639
https://agenda.infn.it/event/37867/contributions/233974/


The Gallium Anomaly

Gallex and SAGE:
Radiochemical neutrino 
experiments that detected 
solar neutrinos via  
νe +71 Ga →71 Ge + e−

High significance (>5σ), but oscillation interpretation in strong 
tension with reactor  data and KATRIN exclusion contoursν̄e• What next? 

− Ideas for new tests are under planning & discussion

− Several short-baseline reactor  experiments are coming online or working towards an upgrade 
(DANSS, JUNO-TAO, NEOS, Neutrino-4+ and PROSPECT-II)

ν̄e

BEST:

PPNP 134, 104082 (2024)

Most of these 
measurements were 

done in the 90s

Measurements 
carried out in 

2019

− Independent test of the 
Gallium Anomaly


− Two-volume design

− High-intensity 51Cr source

− KATRIN expected to fully cover Neutrino-4 and most of BEST’s parameter space

Progress in Particle and Nuclear Physics 134 (2024) 104082

8

S.R. Elliott et al.

Fig. 3.1. A Cartoon of the BEST experiment configuration.

Fig. 3.2. A photograph of the two-target volume during assembly.

3. The BEST experiment

BEST goals included a higher intensity source, to improve counting statistics, and the introduction of two nested target volumes,
so that if oscillations were occurring, variations in the flux with distance might be identified. Fig. 3.1 shows the experimental layout.
Fig. 3.2 shows the nested target volume during construction and Fig. 3.3 shows photos of the BEST lab at the Baksan Neutrino
Observatory. The BEST source, approximately six times stronger than the SAGE sources, is described in Section 3.1.

The procedure began with adding Ge carrier to each of the two zones and then installing the source into the center of the
two-zone target volume, for an exposure of about 10 d. The source would then be moved to the calorimeter to measure its activity,
while the Ga was pumped to the chemical reactors to perform the 71Ge extraction. The extraction of the Ge (carrier and 71Ge) was
conducted over about a day. The GeH4 gas was synthesized, mixed with Xe, and inserted into proportional counters. The gas was
then counted for 60–150 d. The following subsections discuss these key experimental activities in further detail.

3.1. The 51Cr Source

3.1.1. Source fabrication
Chromium has four stable isotopes, with neutron capture on 50Cr providing the key nuclear reaction pathway for producing

radioactive 51Cr. 50Cr has a low natural abundance (4.35%) and 53Cr has a high neutron capture cross section. As a result, one must

• Description: capture rates of  from calibration 
sources on 71Ga are below expectation

νe
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Summary & Conclusions
• Neutrino oscillations are a window to physics beyond the Standard Model and an 

excellent way to measure many properties of these elusive particles

• The field is now in a precision era
− Measurements at short baselines by reactor experiments have played a critical role in 

elucidating the neutrino’s oscillatory behavior and establishing the three-neutrino framework

• The majority of the data collected to date can be explained with the three-neutrino 
framework

− Sterile neutrino oscillations not ruled out, but evidence has weakened

− Future measurements will address some of the most pressing open questions in neutrino 
physics and probe our knowledge of neutrino oscillations with unprecedented precision

− Several oscillation anomalies have arisen at short baselines

Stay tuned for more exciting results and (hopefu"y) some surprises!
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