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• The Future: JUNO (and others)
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Why Study Neutrinos? 
Brief Reminder
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Why Study Neutrinos?
• 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 oscillatory behavior is 
beyond the Standard Model

Neutrinos are everywhere!

P. Ochoa-Ricoux, Neutrino University 2025



Neutrino Oscillation
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How they interact 
( )νe, νμ, ντ

How they propagate 
( )ν1, ν2, ν3

• The basic principle behind neutrino 
oscillations: neutrino mixing

where the matrix U is parameterized in 
terms of three mixing angles (θ12,θ13,θ23) 

and one CP-violating phase δ 

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

(where  are the so-called “mass splittings”)Δm2
ij = m2

i − m2
j

amplitude
frequency

Illustration of neutrino oscillation:

P(ve → ve ) ≅1− sin
2 2θ13 sin

2 Δm32
2 L
4E
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Open Questions

• However, key questions need to be answered 
before the picture can be considered complete:

• Most neutrino data collected across a wide 
range of energies and from many different 
sources are well described by the three-
neutrino oscillation framework.

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

Big implications in cosmology!

Currently, we have some indications of 
CP violation but none definitive

− What is the octant of ?θ23

P. Ochoa-Ricoux, Neutrino University 2025



7

Open Questions

• However, key questions need to be answered 
before the picture can be considered complete:

• Most neutrino data collected across a wide 
range of energies and from many different 
sources are well described by the three-
neutrino oscillation framework.
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− What is the ordering of the neutrino 
masses (i.e. sign of )?Δm2

32

Currently, we have some indications of what is 
the mass ordering but none above 3σ

Credit: H. Murayama

Normal 
ordering 

(NO)

Inverted 
ordering 

(IO)

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

− What is the octant of ?θ23
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Open Questions

Increasing the precision of our 
measurements is key

From PDG 2024

4.2 %
2.4 %

3.2 %
1.1 %
3.2 %

All oscillation parameters are currently 
known to a few percent!

In addition to providing important key constraints 
for experiments and theoretical models, improved 
precision enables: 

- Model-independent tests of the 3-neutrino 

framework (notably PMNS non-unitarity)

- Stringent cross-checks between different 

experiments

Precision

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

• We also want to know if the three-neutrino 
paradigm is the full story. For example:

− Are there additional neutrino states?

− Are there non-standard interactions?

P. Ochoa-Ricoux, Neutrino University 2025



Basic Principles 
of Reactor Neutrino Experiments
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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 typical 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)

P. Ochoa-Ricoux, Neutrino University 2025
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Types of Nuclear Reactors
• Nuclear reactors fall into two main categories:

Low-Enriched Uranium (LEU)-fueled 
power reactors

Highly-Enriched Uranium (HEU)-fueled  
reactors

− Commercial reactors

− Several GW of thermal 

power

− ’s originate from 

fission products of 4 
isotopes: 235U, 239Pu, 
241Pu and 238U


− Fuel evolves as 235U is 
consumed and 
239,241Pu is produced 

ν̄e

1212 Open slide master to edit

Case Study: HFIR (PROSPECT)
� 85 MW highly enriched uranium reactor

² HEU fueled, > 99.5% of fissions from 235U
² Nominal 24 day cycle
² Compact core

� Supports several high-impact scientific missions
² Cold and thermal neutron scattering
² Isotope production
² Materials irradiation
² Neutron activation analysis
² Gamma irradiation

− Research reactors

− 50-100 MW of 

thermal power

− Almost all fissions 

are 235U

P. Ochoa-Ricoux, Neutrino University 2025



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
_ + p → e+ + n  ν̄e

Prompt signal: 
 kinetic 

energy loss + 
annihilation

e+ Delayed signal:   
capture on Hydrogen 
and subsequent 
gamma-ray emission

n

• Only ’s are detectable via CC interactions; other flavors are kinematically inaccessibleν̄e

P. Ochoa-Ricoux, Neutrino University 2025



Oscillation Probability
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• Reactor neutrino experiments are “disappearance” experiments:

− No dependence 
on  and θ23 δCP

− Access to 
 and the mass ordering

θ12, θ13, Δm2
21,

Δm2
31

Pν̄e→ν̄e
(L, E) = 1 − sin2 2θ12 cos4 θ13 sin2 Δm2

21L
4E

− sin2 2θ13 (cos2 θ12 sin2 Δm2
31L

4E
+ sin2 θ12 sin2 Δm2

32L
4E )
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− Look at how ’s 
oscillate (disappear) into 
other flavors

ν̄e

− Baseline is set by 
physics goals
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Anatomy of a Reactor Neutrino Experiment

Note: using Daya Bay 
detectors for illustration

ν

ν

’s are emitted 
isotropically (in all 

directions)

ν̄e

− Sampling at multiple baselines  reduce flux uncertainties

− Using identical (or functionally-identical) detectors  reduce 

correlated detection systematics (e.g. efficiency and cross-section)

→
→

Sample the neutrino flux in at least one location:

Can predict reactor 
antineutrino flux and 

shape to a few % 
precision

Reactor ’s are ~MeV in 
energy, so need target 
material with high light 

yield

ν̄e

Thus, reactor neutrino detectors typically have low thresholds but limited topological information

Typical reactor neutrino detector: a 
liquid scintillator target observed 

by photomultiplier tubes (PMTs) and 
surrounded by an instrumented 

buffer and/or shield

see the surrounding and internal 
radioactivity, so need clean detectors

get total energy, time and position of 
event, but not detailed spatial structure

P. Ochoa-Ricoux, Neutrino University 2025
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Several Generations of Reactor Neutrino 
Experiments

Discovery of the 
Neutrino (1956)

KamLAND 
(2002-2011)

The  generation 
(~2011-2023)

θ13
K.K. Joo
Chonnam National University
February 15, 2011

Status of the RENO Reactor 
Neutrino Experiment

RENO = Reactor Experiment for Neutrino Oscillation
(For RENO Collaboration)

Research Techniques Seminar @FNAL

JUNO (2025-?)

Focus of the rest of the talk

Short-Baseline 
Experiments 
(~2015-2023)

P. Ochoa-Ricoux, Neutrino University 2025



The  Generation 
of Reactor Neutrino Experiments

θ13
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• There are three  reactor neutrino experiments:θ13

− < 2 km baseline means only need “small” detectors (tens or hundreds of tons)
− Looking for small  (<10%) disappearance, so key is keeping systematics 

under control 

Data taking: 2011 - 2020 Data taking: 2011 - 2017 Data taking: 2011 - 2023
Notes: all reactors are LEU; flags indicate location of experiment, not composition of collaboration

− Near/far relative comparison allows to essentially cancel uncertainties in flux 
prediction and correlated detection efficiencies

Basic Layout

Background: understanding 
if  was different from zero 

was a priority in 2012 
θ13

− -driven oscillations offer a 
pathway for measuring the 
neutrino mass ordering

θ13

− Last unknown mixing angle in 
the PMNS matrix

− Intrinsically linked to the 
possibility of observing CP 
violation in the leptonic sector

The discovery that  
set in motion the next-

generation program under 
preparation (DUNE, HyperK, 

JUNO)

θ13 ≠ 0

P. Ochoa-Ricoux, Neutrino University 2025
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The Detectors

RPCs 
inner water shield

AD

PMTs
Tyvek

outer water shield

AD support stand
concrete

Gd-doped  
liquid scintillator

liquid 
scintillator 
γ-catcher

mineral oil

192 
PMTs

NIM A 811, 133 (2016) NIM A 773, 8 (2015)

• The three experiments use very similar 
technology. Here we show Daya Bay:

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

• Three-zone detectors 

P. Ochoa-Ricoux, Neutrino University 2025
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Selection of Pictures

P. Ochoa-Ricoux, Neutrino University 2025
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Oscillation Measurements

Prompt-energy Spectra
19

EH1 EH2

12

EH3

− From spectral distortion simultaneously extract 
 and sin2(2θ13) Δm2

32

− 3158 days of data 

χ2/ndf = 559/518

− Excellent fit to standard three-neutrino framework

Far hall

• As an example, these are the latest results from 
Daya Bay

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

P. Ochoa-Ricoux, Neutrino University 2025
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Global Landscape

Great agreement with accelerator experiments!

Current reactor measurements of θ13 will likely 
remain the most precise for a long time

These experiments also have good 
sensitivity to Δm2

32

P. Ochoa-Ricoux, Neutrino University 2025



Data vs. Models 
and Sterile Neutrino Searches
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Characterizing  emissionν̄e
• The  experiments have greatly advanced the characterization of the reactor antineutrino 

emission and the comparison with prediction models:
θ13

• Two main approaches for predicting the reactor  
rate and spectral shape: 

ν̄e

− Summation (ab-initio) method:

− Conversion method:

• Bottom-up calculation using fission yields, Q values 
and decay branching ratios from nuclear data bases

• Converting measured beta spectra from thermal-neutron induced 
fission (235U, 239Pu, 241Pu) at ILL in the 1980s to  spectraν̄e

• Smaller estimated uncertainties (few %) 

• Latest implementation is the so-called 
Huber+Mueller (HM) model 

− Important for fundamental physics, non-proliferation 
applications, and as a stringent test of nuclear data inputs

2LLNL-PRES-835814

Reactor Neutrino Production & Prediction

Courtesy of R. Carr; RMP 92, 011003 (2020) 

A. Sonzogni, AAP 2019

Reactors produce electron (anti)neutrinos via 
the b-decay of neutron rich fission daughter 
products

Fission isotopes populate different fission 
product distributions à the neutrino flux and 
spectrum differs between isotopes

Conversion Prediction Method
Use fitting & correction procedure to convert measured 
integral b-electron spectra measured at ILL in 1980s to 
neutrino spectra.
Commonly referred to as Huber-Muller (HM) model 

Summation or Ab Initio Method
Build spectrum 
from FPY and b-
decay nuclear data

• A recent implementation is the SM2023 model

P. Ochoa-Ricoux, Neutrino University 2025
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SM2023 model at 3σ significance in the 4 to 6 MeVenergy
range using the method from Ref. [43].
The total IBD yield can be considered as the combination

of the four major isotopic yields from 235U, 238U, 239Pu, and
241Pu. Each nuclear isotope yields unique ν̄e spectrum and
flux due to different fission yields and beta decay branches.
With the burning of reactor fuel, the fraction of isotopes
evolves, inducing an evolution of the total IBD yield. The
effective fission fraction Fi viewed by one AD is defined as

Fi ¼
X6

r¼1

Wth;rfi;r
L2
r
P

i fi;rei
=
X6

r¼1

Wth;r

L2
r
P

i fi;rei
ð2Þ

to study the IBD yield evolution. In commercial reactors,
during one fuel cycle, the 235U fraction decreases mono-
tonically, and the 238U fraction remains approximately
constant, while the 239Pu and 241Pu fractions both increase
monotonically. Based on the data from all near ADs, the
average effective fission fractions of the four isotopes are
determined at Daya Bay to be F̄235∶ F̄238∶F̄239∶F̄241 ¼
0.564∶0.076∶0.304∶0.056.
The F239 is chosen to represent the fuel evolution status.

In the following analysis, the F239 is first calculated on a

weekly basis; then 20 groups are defined based on the
weekly F239 values; the IBD data is then categorized into
the 20 groups, leading to an evolved IBD yield with F239.
The evolution of the IBD yield rate can be approximated
with a linear relation with respect to F239, where the slope
dσf=dF239 is determined to be ½−1.96% 0.11ðstatÞ %
0.07ðsystÞ& × 10−43 cm2=fission.
The evolution of the total IBD yield spectrum sf enables

a decomposition of the isotopic spectra, denoted as si,
according to the following χ2 analysis:

χ2 ¼ χ2ðsf;F; si; ϵÞ þ χ2ðs238; s241Þ: ð3Þ

The χ2 analysis constructs for each F239 group the differ-
ence between measured total spectrum (sf) and correspond-
ing prediction that is the combination of isotopic spectra
(si) according to the effective fission fractions F. The ϵ
represents nuisance parameters encompassing systematic
uncertainties from the reactor, detector, and background
[43,45,56]. The evolution of isotopic fission fractions is
degenerate because the 239Pu and 241Pu fractions evolve in a
similar manner, and the 238U fraction is stable during the
fuel burning. In order to reduce the degeneracy and extract
the 235U and 239Pu spectra, external constraints based on the
HM model are introduced on the 238U and 241Pu spectra
through χ2ðs238; s241Þ, given that 238U and 241Pu are minor
contributions at Daya Bay. The external constraints are
loosely set by considering enlarged uncertainties with
respect to the HM original ones. The shape uncertainty
of the 238U spectrum is set to be 10%–35% in 0.7–8 MeV,
and the rate uncertainty is set to be 10%, which covers the
uncertainties from data and also the difference between the
data and model [33]. The uncertainty of the 241Pu spectrum
is set to be 7%–35% for the shape, and 10% for the rate.
Consistent results are obtained when the SM2023 model
replaces the HM model in the χ2ðs238; s241Þ term.
The extracted 235U and 239Pu spectra, i.e., s235 and s239,

are shown in Fig. 2. The 235U and 239Pu spectra reach an
unprecedented precision of 3% and 8%, respectively, in the
3 MeV region, leading to a 15% improvement compared to
previous Daya Bay results [22]. The statistical uncertainty
still contributes more than 50% for both spectra.
The 235U spectrum measured at Daya Bay differs from

the HM model with a deficit below 4 MeV with more than
4σ significance. However, it differs from the SM2023
model most notably with an excess between 5 and 7 MeV,
which reaches about 3σ significance. The SM2023* model,
despite showing agreement with the STEREO 235U spec-
trum [27], disagrees with the Daya Bay 235U spectrum
above 5 MeV as illustrated in Fig. 2. The precision of the
Daya Bay 239Pu spectrum is insufficient to differentiate
between models.
In terms of the shape-only comparison, the Daya Bay

235U and 239Pu spectra differ from both the HM and
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FIG. 1. The total IBD yield spectrum measured at Daya Bay is
shown as the black points in the top left panel, in comparison with
the HM (red) [31,32] and SM2023 (blue) [36] models. The ratio
between data and HM model is shown in the bottom left panel, as
well as the ratio of SM2023 to HM. The top right panel compares
the total flux measured by Daya Bay to the HM (6.15% 0.15),
SM2023 (5.92% 0.19), and KI [34] (5.90% 0.14) in units of
10−43 cm2=fission. The KI spectral shape is consistent with the
HMmodel and omitted from the lower panel for clarity. The error
bars in the data points represent the square root of the diagonal
elements of the covariance matrix for the total spectrum,
incorporating both statistic and systematic uncertainties. The
error bands for different models reflect the uncertainties inherent
to each specific model.

PHYSICAL REVIEW LETTERS 134, 201802 (2025)

201802-4

24

Disagreements with Predictions

PLB 829, 137054 (2022) 

Rate Shape 

− ~6% deficit in total flux with respect to the 
HM model at short baselines is known as 
the “reactor antineutrino anomaly” (RAA)

− Primary motivation for SBL sterile 
neutrino searches

− Not seen with recent summation models − Main disagreement is often referred to as “the 5 MeV bump”
− Seen with both summation and conversion models

the “5 MeV bump”

PRL 134, 201802 (2024)

(using Daya Bay data 
to illustrate)

• These experiments exposed significant disagreements with prediction models during the last decade

P. Ochoa-Ricoux, Neutrino University 2025

https://www.sciencedirect.com/science/article/pii/S0370269322001885
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802
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Causes?
• What could be behind the reactor antineutrino anomaly? 

− Experimental systematics? Extremely unlikely… 
− New Physics (oscillations to a ~eV sterile neutrino )? Maybe…  

− Unaccounted systematics and/or biases in the prediction? Likely… see next slides

P. Ochoa-Ricoux, Neutrino University 2025
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+ (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)

Short Baseline (SBL) Experiments
• It is possible to test the sterile neutrino hypothesis by placing a detector at a O(10 m) 

baseline from a reactor

P. Ochoa-Ricoux, Neutrino University 2025
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Non-Standard Flavor Mixing Landscape

• No significant evidence so far for non-standard flavor mixing from either SBL or km-scale 
experiments

• All SBL experiments have released results 
by now

Disposition : Titre et contenu

18

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.
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− Only one of these experiments has 
claimed an observation: Neutrino-4 
(PRD 104, 032003 (2021))

• 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 2.7σ

P. Ochoa-Ricoux, Neutrino University 2025

https://agenda.infn.it/event/37867/contributions/233974/
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
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Evolution with fuel composition
•  experiments brought an additional handle to the table for understanding the RAA: evolution 

with fuel composition
θ13

Evolution of fission fractions with burn-up:

Yield (basically ’s per fission) and shape vary from isotope 
to isotope

ν̄e

PRL 118, 251801 (2017)

Refresher: neutrinos from commercial 
nuclear reactors created from fission of 

235U, 239Pu, 241Pu, 238U 
In particular, yield of 235U is larger than that of 239Pu. 

Therefore,  rate (total yield) goes down as reactor burns fuelν̄e

(fission fraction FX = fraction of fissions from isotope X) fission fraction for 239Pu

P. Ochoa-Ricoux, Neutrino University 2025

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.251801
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From the evolution data it is possible 
to extract the yield  of the two main 

isotopes: 235U and 239Pu 
σ

Get a consistent story: the HM model overestimates the predicted  flux from 235U fission ν̄e

Showing Daya Bay as an 
example, but RENO also 
makes this measurement

of 239Pu as the sole contributor is more significantly
disfavored by 2.6σ; moreover, the hypothesis of the four
isotopes as the contributors is merely disfavored by 1.4σ.
Because of the deficits observed in both 235U and 239Pu in
the final dataset, Daya Bay has no strong preference for
235U as the sole offending isotope in the HM prediction.
The aforementioned measurements on total, 235U or

239Pu IBD yield spectra are achieved in terms of recon-
structed energy for positron signals, which contains detec-
tor response effects such as energy scale nonlinearity and
resolution. The neutrino energy spectrum can be obtained
by applying unfolding technique, such as singular value
decomposition (SVD) regularization [59], Wiener SVD
[60], and Bayesian iteration [61] methods. The unfolded
neutrino energy spectrum facilitates a direct comparison
with models or experiments, and can also serve as an input
spectrum for other reactor neutrino experiments.
As Daya Bay extracts simultaneously the reconstructed

energy spectra of 235U and 239Pu, where correlation exists
between s235 and s239, the correlation should be taken into
account when performing unfolding. In addition, as shown
in Ref. [62], a generic unfolded neutrino energy spectrum
(sνg) can be constructed primarily based on the Daya Bay’s
total spectrum (sνf), with isotopic spectra (s

ν
i ) as corrections

according to the fission fraction difference between experi-
ments. In this context, the correlation among the Daya Bay
reconstructed energy spectra of sf, s235, and s239 should all
be included when performing unfolding.

The Wiener-SVD method achieved a smaller mean
squared error (MSE) than other methods in the previous
Daya Bay analysis where each spectrum was unfolded
individually [62]. The correlation among spectra affects the
Wiener filter undesirably but does not affect the traditional
SVD regularization. Therefore, the SVD regularization
method is adopted to unfold the sf, s235, and s239 together,
which is achieved by minimizing the following χ2:

χ2 ¼ ðS − RSνÞTV−1ðS − RSνÞ þ τðCSνÞTðCSνÞ: ð4Þ

S is composed of the three reconstructed energy spectra, sf,
s235, and s239, and Sν is composed of the corresponding
neutrino energy spectra, sνf, sν235, and sν239. V is the
covariance matrix of the three reconstructed energy spectra.
R is the response matrix, which contains the conversion
relation between reconstructed energy and neutrino energy,
and it contains three submatrices for the three spectra.
τ is the regularization strength that minimizes the MSE
between data and the model. C is composed of three
second-order derivative matrices arranged diagonally,
through which the smoothness of each individual spectrum
is imposed. The total, 235U and 239Pu spectra are unfolded
together, bringing about the neutrino energy spectra as
presented in Fig. 4. Consistent results are obtained when
using different models for the MSE minimization. The
additional smearing matrices and covariance matrices
associated with the unfolded neutrino energy spectra, as
well as the unfolding inputs can be found in Supplemental
Material [57].
In summary, this Letter presents a comprehensive meas-

urement of reactor ν̄e spectrum and flux based on the
full IBD dataset collected with Daya Bay near detectors.
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FIG. 4. Unfolded neutrino energy spectra for the total, 235U and
239Pu IBD yields. The unfolding imposes a smoothness condition
while the characteristic spectral features persist in the energy
range between 5 and 7 MeV. The error bars for the data points
represent the square root of the diagonal elements of the
covariance matrix.
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FIG. 3. The extracted isotopic reactor ν̄e fluxes of 235U and
239Pu in terms of IBD yield are represented by the black point.
The green contours indicate the σ235 and σ239 two-dimensional
allowed regions with 1σ, 2σ, and 3σ significance. For compari-
son, the HM, KI and SM2023 model values are provided
for σ235 as 6.62% 0.14, 6.27% 0.13, and 6.16% 0.20, and
for σ239 as 4.34% 0.11, 4.33% 0.11, and 4.41% 0.15, in units
of 10−43 cm2=fission.

PHYSICAL REVIEW LETTERS 134, 201802 (2025)

201802-6

PRL 134, 201802 (2024)

Yield Measurements

PRL 125, 201801 (2020)

From SBL experiments at HEU 
reactors it is also possible to 

measure the 235U yield

Note: from these 
measurements it 
is also possible 
to extract the 

reactor  
spectra for 235U 

and 239Pu fissions 
(not shown here)

ν̄e

P. Ochoa-Ricoux, Neutrino University 2025

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201801
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Recent Beta Ratio Measurement
• Another important piece of the puzzle:

2

• 1985 – the final measurement at 4 MW, but cali-
bration has been performed at 57 MW.

All measurements show excellent agreement in the spec-
tral shape, virtually coinciding within 1%. However, the
absolute � yields per fission of these spectra di↵ered at
the level of several percent, which has been associated
with a number of reasons noted by the authors of Ref. [3].
The final measurement, generally used as a reference, ex-
hibits the normalization uncertainty of 1.8%1. For 239Pu,
only one measurement of the cumulative � spectrum was
performed in 1982 [2] at full reactor power of 57 MW.
The calibration error according to the data [2] was 2.3%.
The results of all the ILL �-spectra measurements were
republished in 2014 with a finer grid [11]. In the analysis
below we use these data.

The study of long-term data in the Daya Bay reactor
experiment, presented in [12, 13], shows a deficit in the
events rate caused by the yield of 235U antineutrinos, as
compared with the HM prediction. At the same time,
the rate associated with 239Pu antineutrinos is in a rea-
sonable agreement. Similar results were obtained by the
RENO collaboration [14]. A lower antineutrino rate was
also observed in the STEREO experiment [15] at the ILL
reactor in an antineutrino flux from 235U.

Taking into account, as already mentioned, the good
agreement of the shape of the measured � spectra for
235U, it is most likely that systematical errors could have
occurred during the absolute normalization procedure in
235U experiments, in particular, as a result of inconsistent
calibration and measurements at di↵erent reactor powers,
uncertainties in cross-section values for calibration tar-
gets, etc. The normalization was discussed, e. g., in [16].
While the preliminary results of Ref. [16] show no clear
evidence for the normalization bias, the authors point
out that the data used for calibration (cross sections and
internal conversion coe�cients) underwent some changes
since the ILL experiments. Therefore, it is important
to reexamine the ILL results and to perform direct ex-
perimental measurements of the �-spectra ratio for 235U
and 239Pu via a relative approach that is free of normal-
ization uncertainties. As it has been shown in [17], this
ratio determines the relationship (5�f/9�f ) between the
IBD cross sections integrated over the antineutrino spec-
tra per fissions of 235U and 239Pu (for brevity, further
on referred to as the ratio of IBD yields), that can be
conveniently tested in reactor experiments.

Recently, preliminary results of an experiment at the
research reactor IR-8 at NRC Kurchatov Institute (KI)
were published [10]. In this experiment, relative mea-
surements of the ratio R between the cumulative fission
� spectra of 235U and 239Pu were carried out simultane-
ously, and therefore the neutron flux knowledge was not
required to normalize the absolute rate of fission in the

1
Hereinafter, we present all uncertainties at 1� confidence

level (68%).

target. The ratio R was determined from the equation

R ⌘
eS5
eS9

=
�9

�5
· N9

N5
· n5

n9
, (1)

where i = 5, 9 refer to 235U and 239Pu, respectively. In
Eq. (1), eSi is the cumulative � spectrum, �i is the fission
cross section, Ni is the number of nuclei in the target,
ni is the detected spectrum of � particles.
The experiment [10] uses foils of high-purity 235U and

239Pu. The fractions of 235U and 239Pu in the foils are
known with a great precision; the error of the ratioN9/N5

is 0.2%.
The neutron flux in [10] is thermal, with a small contri-

bution of epithermal neutrons, so the error of the �9/�5

ratio is mainly due to the cross section uncertainties for
235U and 239Pu fission by thermal neutrons. The de-
viation of the cross sections from the 1/v law and the
correction related to a higher temperature of the neu-
tron moderator (42� C) in the research reactor are also
sources of uncertainty. The overall error of the �9/�5 ra-
tio is 0.4%. Note that reasonable variation of the afore-
mentioned corrections does not a↵ect the value of �9/�5.
The resulting systematic error of the ratio (1) is 0.5%.
A more detailed description of the experiment and its

results can be found in Ref. [10]. Here in Fig. 1, we
present the results of the KI experiment in comparison
with the values calculated from the ILL data for 235U
and 239Pu republished in [11].
In Fig. 1, the horizontal axis corresponds to the to-

tal electron energy Ee (including the electron mass) and
only statistical errors for the data are presented. One can
clearly see that the KI measurements give a lower value
for the ratio. Nevertheless, the shapes of the curves are
consistent with each other and the di↵erence between
them in the region of 2.5 � 7.5 MeV remains practi-
cally constant. At higher energies, the statistical un-
certainty becomes too large, but a simultaneous sharp
drop in values under the same energies within the re-
gion of 8 � 8.5 MeV indicates a good correspondence of

FIG. 1. Ratios R = eS5/
eS9 between cumulative � spectra

from 235U and 239Pu from ILL data [11] (the upper curve,
blue) and KI data [10] (the lower curve, red). Total electron
energies are given. Only statistical errors are shown.

− A new measurement of the beta spectra 
ratio between 235U and 239Pu performed 
at the Kurchatov Institute (KI)

R =
eS235
eS239

− Shows a discrepancy with ILL data: 
new measurement is ~5.4% lower

Reminder: measured beta spectra from thermal-neutron 
induced fission (235U, 239Pu, 241Pu) at ILL in the 1980s 
undergirds conversion predictions like the HM model

− No significant difference in spectral 
shape with respect to ILL, so this 
cannot explain the 5 MeV bump

• In agreement with measurements from Daya 
Bay, RENO and STEREO

P. Ochoa-Ricoux, Neutrino University 2025

PRD 104, L071301 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L071301
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Current Situation
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
a recent summation 

model

− Recent 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

• In conclusion, we have made good progress in 
understanding the Reactor Antineutrino Anomaly: 

See arXiv:2203.07214 for a detailed description

• All these measurements give us tight constraints on 
the rate and spectral shape of ’s emitted by 
nuclear reactors

ν̄e

P. Ochoa-Ricoux, Neutrino University 2025

https://arxiv.org/abs/2203.07214
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Acrylic spherical 
vessel filled with 
liquid scintillator

Water pool

Top tracker and 
calibration house

Earth magnetic 
field compensation 

coils

Photo-multiplier 
tubes

Acrylic supporting 
nodes

JUNO at a Glance
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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 water Cherenkov detector

- Unprecedented energy resolution of 3% at 1 MeV 

~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)

P. Ochoa-Ricoux, Neutrino University 2025
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• The oscillated spectrum contains a wealth of 
information, including key signatures of the 
Neutrino Mass Ordering (NMO)
- Exploit interference effects in the fine structure 

of the oscillated spectrum
- 3σ sensitivity within ~7 years
- High complementarity with other experiments

- Independent of  and , no reliance on matter 
effects

θ23 δCP

- Unique information that provides a stringent test of 
the three-neutrino framework and can be combined 
with other experiments to reach ~5σ (e.g. PRD 101, 
032006 (2019), Sci Rep 12, 5393 (2022))

Fitting with the wrong ordering yields the wrong  values at 
different experiments. Therefore, external constraints can help! 

Δm2
31

Oscillation Physics with 
Reactor ν̄e′ s
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Figure 1: Expected antineutrino spectra at the JUNO detector under the assumption of perfect
energy resolution (top) after 6 years of data taking with and without oscillations. The blue and
red lines indicate the normal and inverted ordering, respectively. The dotted line is scaled down
by a factor 7 for better visibility. The survival probability is shown for the baseline of 52.5 km
(bottom). The solar term refers to a case in which only oscillations due to �m

2
21

and sin2 ✓12
occur, i.e., sin2 ✓13 = 0. For this case, the value sin2 ✓12 = 0.282 is used to avoid the overlap with
red and blue curves, and other oscillation parameters are taken from PDG 2020 [13].

the 1% level for ✓12 and �m
2
21
) cause a slight degradation in the NMO sensitivity and are

essential in the precision measurement of oscillation parameters [45, 46]. The reactor electron
antineutrino survival probability at the JUNO baseline of 52.5 km is shown in Figure 1 (bottom).
For illustration, the impact of oscillations on the antineutrino spectrum expected in JUNO under
the assumption of perfect energy resolution is shown on top (more details are given in Section 3).
The values of the neutrino oscillation parameters are taken from the 2020 release of the Particle
Data Group (PDG 2020) [13]: sin2 ✓12 = 0.307 ± 0.013, �m

2
21

= (7.53 ± 0.18) ⇥ 10�5 eV2,
�m

2
32

= (�2.546+0.034
�0.040)⇥10�3 eV2 (IO),�m

2
32

= (2.453±0.034)⇥10�3 eV2 (NO), and sin2 ✓13 =
(2.18 ± 0.07) ⇥ 10�2. Figure 1 clearly shows that a spectral measurement with high energy
resolution is a prerequisite for determining the NMO with reactor antineutrinos.

JUNO was designed primarily for this purpose using a 20 kton liquid scintillator (LS) detec-
tor located approximately 52.5 km from the Taishan and Yangjiang nuclear power plants (NPPs)
in Jiangmen City, Guangdong Province, China. In this study, we update the NMO sensitivity
in JUNO from the previous estimate given in Ref. [47]. Only eight nuclear reactors are consid-
ered at the distance of approximately 52.5 km instead of the ten assumed in Ref. [47], when
the JUNO experiment was conceived. Considering the latest detector geometry, the increase in
the photomultiplier tube (PMT) detection e�ciency, and the latest PMT optical model [48],
an improved energy resolution model [49] was developed based on the latest o�cial simulation

8

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. Because the three analysis groups produce
consistent |��

2

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

|��
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 an assumed 11/12 duty
factor for the reactors (an exposure of 6.5 years ⇥ 26.6 GWth), JUNO has a median NMO sen-
sitivity of 3� (3.1�) for the normal (inverted) mass ordering. Figure 7 shows the median NMO
sensitivity as a function of JUNO and TAO data-taking times for both NO and IO hypotheses
and for the cases with and without all systematic uncertainties. We find that the sensitivity is
primarily driven by statistical uncertainty, resulting in ��

2

min
approximately following a linear

function of exposure. This relationship enables converting variations in ��
2

min
into the corre-

sponding adjustments of data-taking time required to reach a median NMO sensitivity of 3�.

Figure 7: NMO discriminator ��
2

min
as a function of JUNO and TAO data-taking times for both

NO (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. We can observe 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. We assume that JUNO and TAO begin 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.

The analysis is performed with the Asimov data produced with the oscillation parameters
from PDG 2020 [13]. Note that the previous published sensitivity [47] of JUNO was based on
PDG 2014 [91]. To demonstrate the e↵ect of the variation in the oscillation parameters on the
NMO sensitivity, another study is performed by generating Asimov data with the oscillation
parameters shifted from the nominal values described in Section 1. We scan the oscillation
parameters within ±15% to cover the 3-sigma region around their central values. We find 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
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- Unique energy and baseline

P. Ochoa-Ricoux, Neutrino University 2025

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://iopscience.iop.org/article/10.1088/1674-1137/ac8bc9
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Parameter
Current Precision* 4.2% 2.4% 1.5% 3.2%

JUNO 6 years 0.5% 0.3% 0.2% 12.1%

Δm2
21sin2 θ12 Δm2

32 sin2 θ13

* from PDG 2022

Chin. Phys. C 46, 123001 (2022)
• JUNO will also measure ,  and 

 to better than 0.5% in 6 years
sin2 θ12 Δm2

21
Δm2

31

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

- Powerful discrimination of neutrino mass 
& mixing models

Sub-percent precision in 
 

already within ~1 year of 
data-taking

sin2 2θ12 and Δm2
21

- Important input for the neutrino community:

- Constraints for other experiments (e.g. narrow 
down parameter space for  searches)0νββ

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

Oscillation Physics with Reactor ν̄e′ s

- Will allow to test three-neutrino framework 
well beyond current limits

- Comparison with other experiments will be a 
powerful test of our understanding of neutrino 
oscillations with potential for discovery
Case in point: comparison with DUNE’s NMO and  

measurement (also sub-percent precision)
Δm2

31

P. Ochoa-Ricoux, Neutrino University 2025

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


36

E. Vitagliano et al., Rev. Mod. Phys. 92 (2020) 045006
Note: fluxes are averaged 

+ New 
Physics

~50/day ~2000/day ~1/day

10-20/day O(1000)/s for 
core-collapse SN 
@10 kpc
DSNB: few/year

JUNO energy region

Proton decay, Non-
standard interactions, 
Sterile neutrinos,
Neutrino magnetic 
moment, etc.

Reactor Solar Geo

Atmospheric Supernova

A Multipurpose Neutrino Observatory

36

There’s no time to cover this in any detail, but JUNO’s features also 
make it an ideal detector to study neutrinos from other sources

P. Ochoa-Ricoux, Neutrino University 2025



Physics with TAO
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• JUNO will also deploy a satellite detector called 
the Taishan Antineutrino Observatory (TAO)

• SiPM and Gd-LS at -50°C 
• < 2% @ 1 MeV energy resolution 

• 44 m from a 4.6 GWth reactor
• 2.8 ton (1 ton fiducial) Gd-LS volume

ar
Xi

v:
20

05
.0

87
45

°

• Measure reactor antineutrino 
spectrum with unprecedented 
energy resolution (reveal fine 
structure for the first time) 

• Search for sterile neutrinos 
• Isotopic yield and energy 

spectrum measurements 

Main Goals:

Caveat: needs 
to be re-

assessed with 
new TAO 

baseline of 44 m

P. Ochoa-Ricoux, Neutrino University 2025

https://arxiv.org/abs/2005.08745
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Bird’s Eye View of the Detector
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Completing the Acrylic Sphere

P. Ochoa-Ricoux, Neutrino University 2025
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Between the Acrylic and the PMTs
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Current Status
Filling strategy: fill 
with water first and 
then gradually 
replace water by LS 
inside acrylic 
sphere

• Filling with water has been completed
- Good detector performance 

• Now filling with liquid scintillator

Dec 18, 2024

Feb 1, 2025

Feb 8, 2025Water 
Phase

Start of 
water filling

Calibration
Test runs

End of water 
filling

Start of LS 
filling

Summer 2025

Expected end 
of LS filling

Mixed 
phase

- Start of physics data-taking by end of summer

Status 
as of 
July 15, 
2025

P. Ochoa-Ricoux, Neutrino University 2025
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Outlook 
 LiquidO and CEvNS at Reactors

P. Ochoa-Ricoux, Neutrino University 2025
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LiquidO: a New Approach
• In conventional scintillator detectors like Daya Bay and 

JUNO, the light travels through transparent volumes to 
photosensors in the periphery

• New detector concept: opaque medium traversed 
by dense array of fibers

See arXiv:2503.02541 for the latest results from a prototype Each of these panels assumes a 1cm fiber 
pitch, one pixel per fibre, 2MeV of energy

Positron

so-called “light ball”

Comm. Phys. 4, 273 (2021)

Key Advantages:
− Event-by-event ID of events 

that are currently 
indistinguishable in traditional 
liquid scintillator detectors 
( , , )e− e+ γ

− High affinity for loading 
thanks to the opacity

P. Ochoa-Ricoux, Neutrino University 2025

https://arxiv.org/html/2503.02541v2
https://www.nature.com/articles/s42005-021-00763-5


44

CLOUD and SuperChooz
• Demonstrator called “CLOUD” funded: ~30 m from CHOOZ reactor in France

Jeff Hartnell, LiquidO, Feb. '24 16

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

• There is a proposal for a next-generation  reactor experiment called SuperChoozθ13
- Soon to become the most poorly known mixing angle 
- LiquidO technology, ~10 kton mass, ~1 km baseline from Chooz reactors 

P. Ochoa-Ricoux, Neutrino University 2025
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CEvNS at Reactors
• An exciting new program using CEvNS at reactors is 

in its early stages

arXiv:2203.07214 and arXiv:2203.07361

Global Landscape of Reactor Neutrino Experiments

- Pro: very high cross-section (can be orders of 
magnitude higher than IBD)

- Con: very difficult to detect (only signal is low-
energy recoiling nucleus) 

• The race is on! 
- Vibrant effort in many reactors throughout 

the world with different technologies
- The CONUS+ experiment has recently 

reported a  observation 
(arXiv:2501.05206)

3.7σ

• Search for deviations from Standard 
Model, hidden sector particles & 
interactions

P. Ochoa-Ricoux, Neutrino University 2025

https://arxiv.org/abs/2203.07214
https://arxiv.org/abs/2203.07361
https://arxiv.org/abs/2501.05206
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Concluding Remarks

P. Ochoa-Ricoux, Neutrino University 2025
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Parting Thoughts

Stay tuned!
Support from NSF and 

DOE is gratefully 
acknowledged

• A bright future is on the horizon

• Reactor neutrino experiments continue to make unique contributions to the field
− Leading precision for 4 out of 6 oscillation parameters

• Nuclear reactors are excellent neutrino sources

− A vibrant next-generation experimental program is under preparation that includes a very large 
multi-purpose detector

− Expect some exciting results and, hopefully, some surprises

− Unique measurement of neutrino mass ordering
− Searches for physics beyond standard 3-neutrino mixing

P. Ochoa-Ricoux, Neutrino University 2025
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Thank you 
for your 
attention!


