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Big Picture
• We have key unknowns we want 

to answer about neutrinos:

− The Standard Model (SM) needs to be 
extended to accommodate neutrino 
oscillations and neutrino masses 

− For example, the physics involved 
in supernova explosions

Neutrinos are everywhere!

• Reactor antineutrino experiments 
help with both types of questions!

• We also have unknowns we want 
to answer using neutrinos:

− Excellent laboratory for studying reactor neutrino oscillations, and more recently also a powerful tool 
for studying low-energy neutrinos from the Earth and the cosmos
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Refresher: 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 in Neutrino Oscillation Physics

• 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, International Neutrino Summer School 2026
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• 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

Open Questions in Neutrino Oscillation Physics
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Open Questions

Increasing the precision of our 
measurements is key

From PDG 2025

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?
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What we need
• To answer these questions, we need: 
− Very intense neutrino source

− With well-understood flux(es)

P. Ochoa-Ricoux, International Neutrino Summer School 2026

• Nuclear reactors fit the bill!



Basic Principles 
of Reactor Neutrino Experiments
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Nuclear Reactors as Antineutrino Sources
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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 year

− Caveat: antineutrinos are produced isotropically (in all directions)

GWth

Credit: nobelprize.org

✘Fission

• Nuclear reactors are a flavor-pure and extremely intense source of electron antineutrinos:

∼ 1020 ν̄e/(s ⋅ GWth)
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Nuclear Reactors 
as Antineutrino 
Sources
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• Nuclear reactors are also cost-
effective (for researchers) and 
widely available
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Nuclear Reactors as Antineutrino Sources
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− Reactor antineutrino flux predictions have been greatly 
improved in the last years


− And the last decade saw an explosion of measurements with 
unprecedented statistics 

• If the operating conditions of a nuclear reactor are known, 
namely the thermal power and the fission fractions, the total 
antineutrino flux and spectral shape to the few-percent level

− Caveat: discrepancies between model and measurement persist


(We will discuss this in more detail later in the talk)

• Finally, nuclear reactors are also a very well-understood source 
of antineutrinos:

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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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, International Neutrino Summer School 2026



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

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 
(nH) or Gadolinium 
(nGd) and subsequent 
gamma-ray emission

n °

• This light is detected by 
extremely sensitive light 
detectors surrounding the LS 
volume, typically photomultiplier 
tubes (PMTs)

2) Light detection:

°
• Ionizing particles produced as a result of the  interaction make the 

medium (typically liquid scintillator, or LS) “shine” 
• Specifically, two flashes of light originating from the same region (within 

~1m) and and in short succession (mean lifetime of ~200 µs) are produced

ν̄e

1) Light production:

Spatial and temporal coincidence 
between  and  signals allows for 

powerful background rejection
e+ n

PMTs

PMTs
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Antineutrino Detection
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• The energy spectrum of reactor ’s before oscillation peaks around 3.5 MeVν̄e

But only ’s are detectable; other 
flavors are kinematically inaccessible

ν̄e

If you only detect the neutrino flavor with 
which you started, it will look as if neutrinos 

are disappearing

P. Ochoa-Ricoux, International Neutrino Summer School 2026

the ω̄e energy: Eprompt → Eω ↑ 0.8 MeV, where the kinetic energy of the neutron (about tens of keV) can be ignored to

the first order. The neutron loses most of the kinetic energy by elastically scattering with nearby nuclei until it reaches

thermal energy. It is then captured by a nearby proton and releases a 2.2 MeV ε-ray with a capture time of ↓200 µs

in a typical liquid scintillator detector. This creates a mono-energetic delayed signal. This time and spatially correlated

prompt-delayed signal pair is unique to the IBD reaction and a powerful tool to reject backgrounds, which are mostly

isolated single events from radio-impurity or cosmic-ray spallation. A factor of 10
6 background rejection with respect to

all recorded events has been commonly achieved in reactor antineutrino experiments with this technique. Typical analysis

cuts to select an IBD event include a prompt energy cut to select the e+ signal, a delayed energy cut to select the neutron

capture signal, a time correlation cut, a spatial correlation cut, a muon veto cut to reject events after cosmic-ray muons,

and a multiplicity cut to remove ambiguous events when two or more IBD-like pairs are found in a group of coincident

signals.
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Figure 2.2: Reactor antineutrino detection using the inverse beta decay (IBD) reaction. The bottom figure shows the reactor ω̄e flux from the

four main fission isotopes, 235U, 238U, 239Pu, and 241Pu, weighted by their typical fission fractions in a commercial reactor. The IBD cross

section is shown as the blue curve. Their product is the ω̄e energy spectrum measured by the detectors, shown as the red curve. The top figure

shows an illustration of the steps involved in the IBD detection. See text for more details. Figure taken from Ref. [7].

Organic liquid scintillator is the most commonly used detector technology in reactor antineutrino detection. Primary

scintillation fluors, such as 2,5-Diphenyloxazole (PPO), are dissolved in an organic solvent, such as linear alkylbenzene

(LAB) or pseudocumene (PC). Secondary wavelength shifters are often added to the solvent to match the sensitive range

of the scintillation photon detectors, such as photomultiplier tubes (PMTs). There are many advantages of organic liquid

scintillator compared to other neutrino detectors. Organic liquid scintillator is relatively low-cost and can be scaled up to

kilotons of mass. The scintillator mostly consists of hydrogen and carbon at an approximate ratio of 1:2, which provides

9

• Energy of positron preserves information about energy of incoming :  ν̄e Eν̄e
≈ Eprompt + 0.78 MeV



Oscillation Probability
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• Consequently, 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 )

− Look at how ’s 
oscillate (disappear) into 
other flavors

ν̄e

− Baseline is set by 
physics goals
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of Sciences, IN2P3, INFN, and JINR, which are
essential for data processing and analysis within
the JUNO Collaboration.

Author contributions

The JUNO detector was designed, constructed,
commissioned and is being operated by the JUNO
Collaboration. All aspects of the hardware and
software developments, data taking, detector cali-
bration, data processing, Monte Carlo simulation,
as well as data analysis were performed by JUNO
members, who also discussed and approved scien-
tific results. All authors reviewed and approved
the final version of the manuscript.

Methods

Oscillation of reactor ω̄e

In the three-neutrino oscillation framework, the
flavor states (ωe/ω̄e, ωµ/ω̄µ, ωω/ω̄ω ) are connected
with the mass eigenstates (ω1/ω̄1, ω2/ω̄3, ω3/ω̄3)
by the leptonic mixing matrix [7, 8] parametrised
by three mixing angles ε12, ε23, ε13 and one com-
plex phase ϑ [3]. The oscillation frequencies are
determined by the three mass-squared di!erences
”m2

ij → m2
i ↑ m2

j , (i, j = 1, 2, 3, i > j), where
mi is the ωi mass. Typical approximate values for
the mixing angles are ε12 ↓ 33→, ε23 ↓ 45→, and
ε13 ↓ 8.5→. The solar mass-squared splitting is
”m2

21 ↔ 7.4 ↗ 10↑5 eV2, while the atmospheric
splitting is about two orders of magnitude larger,
|”m2

31| ↔ 2.5 ↗ 10↑3 eV2. While ordering of
the first two mass states (m2 > m1) is known,
the ordering of m3—normal or inverted—remains
undetermined.

When neutrinos propagate in matter, oscilla-
tion parameters acquire the corrections from the
e!ective matter potential [59, 60], denoted by

tilded quantities ε̃ij and ”m̃2
ij . For JUNO, matter

e!ects are minor [64] and its main sensitivity to
oscillation parameters sin2 ε12, ”m2

21, and ”m2
31

and to NMO arises from vacuum oscillations.
The IBD interaction used to detect reactor

neutrinos is sensitive only to the electron flavor;
consequently, the relevant oscillation observable
is the electron antineutrino survival probability
Pee → P(ωe ↘ ωe) that can be expressed as:

Pee = 1 ↑ sin2 2ε̃12 c̃4
13 sin2 ”̃21

↑ sin2 2ε̃13

(
c̃2
12 sin2 ”̃31 + s̃2

12 sin2 ”̃32

)
, (1)

where c̃ij → cos ε̃ij , s̃ij → sin ε̃ij , and ”̃ij =
”m̃2

ijL/4Eε̄e , with Eε̄e being the antineutrino
energy and L the baseline from reactor cores to the
detector. The first “solar term” represents the slow
oscillation associated with ”m2

21, while the second
“atmospheric term” characterizes the fast oscilla-
tion, as illustrated by the red and blue curves in
Fig. 5, respectively.

Fig. 5 Reactor neutrino oscillation at di!erent
baselines. Survival probability Pee of 4 MeV reactor ω̄e
vs. baseline. Red: slow solar oscillation (!m2

21); blue:
total Pee including fast atmospheric oscillations (!m2

31).
Experimental baselines: JUNO (orange, 52.5 km) near solar
oscillation maximum, Daya Bay near/far (pink), Kam-
LAND (green). Circle sizes scale with detector sizes.

For a typical antineutrino energy of 4 MeV, the
solar oscillation length is ≃60 km, while the atmo-
spheric oscillation length is about 2 km. JUNO’s
52.5 km baseline is near the first solar oscilla-
tion maximum, allowing it to probe the inter-
ference with atmospheric oscillations and thus
determine the NMO. Simultaneously, Pee is near
its minimum, forcing JUNO to be an exception-
ally large detector to gather su#cient statistics for
its physics goals.

JUNO detector setup

The main JUNO detector components, CD, WP,
and TT, are shown in Fig. 1.

The CD [24] represents the core part of the
experiment. It contains 20 kton of LS enclosed in
a 35.4 m diameter spherical AV, constructed from
highly transparent acrylic panels and held in place

16
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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, International Neutrino Summer School 2026
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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-
present)

Focus of the rest of today’s lecture

Short-Baseline 
Experiments 
(~2015-2023)

Focus of Part 2

P. Ochoa-Ricoux, International Neutrino Summer School 2026



Legacy Experiments 
Neutrino Discovery and KamLAND
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Discovery of the Neutrino: First Attempt
• Even though neutrinos were proposed in 1930, they were not observed until several decades later 

by Frederick Reines and Clyde Cowan

Had to wait until a strong enough 
source became available: a 

nuclear reactor

(roughly consistent with the 0.2 counts/min expected)

F. Newton Hayes, W.A. Walker, T.J. White
F. Reines, E.C. Anderson, C.L. Cowan

Reactor ON:    2.55 +/- 0.15 count/min
Reactor OFF:  2.14 +/- 0.13 count/min

  0.41 +/- 0.20 count/min

A first attempt was made in 1953 
using a 300 liter LS target doped 

with Cadmium and surrounded by 
45 2-inch PMTs near the Hanford 

Nuclear Reactor (250 MWth)

Reactor ON: 2.55 ± 0.15 count/min
Reactor OFF: 2.14 ± 0.13 count/min
Difference: 0.41 ± 0.20 count/min

P. Ochoa-Ricoux, International Neutrino Summer School 2026



22

Discovery of the Neutrino: Second Attempt
• A definite observation was made in 1956 with an improved experimental setup:

− Stronger reactor (Savannah 
River P-reactor, ~700 MWth)


− Better shielding

− Longer run time

− Better electronics

 …and it worked!

Reines and Cowan, Nature 178, 446 (1956)

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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interact with a nucleus through the weak
force and will induce the transformation
of a proton into a neutron. This inverse
of the usual beta-decay process results 
in a nucleus with one less unit of 
positive charge. That charge is picked 
up by the antineutrino, which transforms
into a positron:

nw + N (n, p) → e+ + N (n+1, p–1)  ,

where n equals the number of neutrons
and p equals the number of protons. 
If the nucleus happens to be that of 
hydrogen (a single proton), then the 
interaction produces a neutron and a
positron:

nw + p → n + e+ . 

Reines and Cowan chose this latter
reaction, the inverse beta decay on 
protons, to detect the free neutrino. The
nuclear fission bomb would be their
source of an intense flux of neutrinos
(Figure 1). But they also needed to 
design a very large detector containing
a sufficient number of target protons
that would stop a few neutrinos. As
Reines observed (unpublished notes),

“Our crude knowledge of the expected
energy spectrum of neutrinos from a fis-
sion bomb suggested that the inverse
beta decay reaction would occur several
times in a several-ton detector located
about 50 meters from the tower-based
explosion of a 20-kiloton bomb. 
(Anyone untutored in the effects of 
nuclear explosions would be deterred
by the challenge of conducting an 
experiment so close to the bomb, but
we knew otherwise from experience
and pressed on). The detector we
dreamed up was a giant liquid 
scintillation device, which we dubbed
‘El Monstro.’ This was a daring extrap-
olation of experience with the newly
born scintillation technique. The biggest
detector until Cowan and I came along
was only a liter or so in volume.”

Their initial scheme was to use the
newly discovered, liquid, organic scin-
tillators as both the target for the neutri-
nos (these liquids had a high proportion

of hydrogen) and the medium to detect
the positron from inverse beta decay.

In 1950, several groups discovered
that transparent organic liquids emit
flashes of visible light when a charged
particle or a gamma ray passes through
them. These liquids had first been 
purified and then added to certain
compounds. The light flashes are very
weak but useful because their intensity
is proportional to the energy of the
charged particles or gammas. In a 
liquid scintillation counter, the light is
collected by highly sensitive photo-
multiplier tubes located on the bound-
ary of the detector. These phototubes
convert light into electrical signals 
in proportion to the light intensity. 

Figure 2 outlines the processes that
would convert the energy of a positron
from inverse beta decay into a measurable
signal. The first small liquid-scintillation
counters had already been developed, and
one of those initial developers, F. B.
(Kiko) Harrison, was at Los Alamos.

Wright Langham, leader of the Health 
Division’s research group, had recruited
Harrison to help design such counters for
measuring radiation in biological samples.
Harrison was one of the designers of the
prompt-coincidence technique (see the
section “The First Large Detector” on
page 14) to distinguish spurious noise in
the photomultiplier tubes from the signals
generated by light flashes.

Once the idea for a new detector had
been shaped, Reines and Cowan devel-
oped an audacious design for their 
experiments (shown in Figure 1). 
As Cowan (1964) vividly described it, 

“We would dig a shaft near ‘ground
zero’ about 10 feet in diameter and
about 150 feet deep. We would put a
tank, 10 feet in diameter and 75 feet
long on end at the bottom of the shaft.
We would then suspend our detector
from the top of the tank, along with its
recording apparatus, and back-fill the
shaft above the tank.

“As the time for the explosion 

The Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

hick before it would have a good
hance of stopping a neutrino. The pos-
ibility of detecting the neutrino
eemed nil. But two things changed
hat prospect: first, the advent of very
ntense sources of neutrinos—fission

bombs and fission reactors—and, sec-
ond, the intense drive of a young man
rom New Jersey to make his mark in
he world of fundamental physics.

Fred Reines and Los Alamos

Fred Reines had become interested
n mathematics and physics while
tudying at the Stevens Institute of

Technology, and during graduate stud-
es at New York University, he wrote 
 Ph.D. thesis elaborating on Bohr’s
iquid-drop model of nuclear fission. In

1944, he joined the Manhattan Project
t Los Alamos and became a member

of the Theoretical Division. 
During the late forties and early

fifties, after the first atomic bomb had
been built at Los Alamos, the Labora-
ory’s mission was intensely focused on

building a reliable stockpile of fission
weapons and developing the thermonu-
lear bomb. Reines was in charge of
everal projects related to testing 

nuclear weapons in the Pacific. In ret-
ospect, Reines explains (unpublished

notes for a talk given at Los Alamos):
“Bomb testing was an exercise in

hinking big, in the ‘can do’ spirit. In
he George Shot, for example, the sig-

nal cables running from the shot tower
o the instrumentation bunker had to 

be shielded from the enormous gamma-
ay flux from the explosion; otherwise,
hat flux would generate a huge current
urge in those cables that would 

destroy all our electronics. The only
hing available for shielding on the
cale we needed was the island itself.

So we dug up one side of the island
nd put it on top of the other.

“That can do spirit permeated our
hinking. Whenever we thought about

new projects, the idea was to set the
most interesting (and fundamental) goal
without initial concern as to feasibility

or practical uses. We could count on
the latest technology being available 
to us at Los Alamos as a result of the
instrumentation needs of the weapons
program, and that fact fed our confi-
dence. To his credit, Norris Bradbury,
the Director who took over after 
Oppenheimer, lent enormous support 
to surrounding the nuclear weapons 
effort at Los Alamos with a broad 
scientific and technological base.” 

The bomb-test steering and liaison
group, in which Fred Reines partici-
pated, was interested in fundamental
questions. New physics experiments
that could be mounted as part of 
nuclear weapons tests were the topic 
of numerous free-ranging discussions
in the group. It seemed appropriate that
the unusually intense flux of thermal
radiation, neutrons, and gamma rays
produced by the bomb be used to study
new phenomena. 

The scientists in this group were
even aware of the incredibly intense
flux of antineutrinos produced when the
fissioning, or splitting, of atomic nuclei
during the neutron chain reaction gives
rise to a host of unstable nuclei. The
weak interactions then become impor-
tant in changing the identity of those
nuclei as they follow their decay paths
to lower and lower energy states. Each
fission event gives rise to an average of
six beta-decay processes, each of which
produces an antineutrino. Thus, those
beta decays result in a short but intense
burst of antineutrinos.

In 1951, Reines thought about 
using that intense burst in an experi-
ment designed to detect the neutrino.
He had returned from the very success-
ful Greenhouse tests in Eniwetok Atoll,
in the Pacific, and became captivated
by the “impossible challenge” to detect
the elusive free neutrino using neutri-
nos from the bomb. After having 
been involved for seven years in the
weapons program, Reines asked J. Car-
son Mark, leader of the Theoretical 
Division, for some time to think about
more fundamental questions.

The bomb was not only an intense
neutrino source but also so short-lived

that the number of background events
mimicking neutrino-induced events
would be minimized. That summer,
Reines mentioned his plan to Enrico
Fermi and even described the need for
what was then considered to be a very
large scale detector. Reines estimated
that a sensitive mass of about one ton
would be needed to stop a few neutri-
nos. At the time, Reines did not know
how to build such a large detector, and
evidently, neither did Fermi. However,
both Fermi and Hans Bethe thought
that the bomb was the most promising
neutrino source. 

A few months later, Reines was able
to interest one of his Los Alamos col-
leagues to participate in his quest. As
Reines observed (unpublished notes),
“It was my singular good fortune to be
joined by Clyde L. Cowan, Jr., whom I
had met in connection with Operation
Greenhouse and who became my very
stimulating and capable collaborator.” 

Cowan had studied chemical engi-
neering as an undergraduate and, 
during World War II, was awarded 
the Bronze Star for his work on radar
at the British Branch of the Radiation
Laboratory of the Massachusetts 
Institute of Technology. His Ph.D. 
thesis at George Washington University
was on the absorption of gamma radia-
tion. In 1949, he joined Los Alamos
Scientific Laboratory. Like Reines, 
he became heavily involved in the
weapons testing program in the Pacific.
In late 1951, Reines and Cowan 
began “Project Poltergeist,” the first 
experiment in neutrino physics. 

The Signal of the Poltergeist

What happens when neutrinos enter
matter? Most of the time, they pass
straight through without scattering, 
but Fermi’s theory of the weak force 
predicts that the neutrino can induce 
an inversion of beta decay (see the box
“Fermi’s Theory of Beta Decay and
Neutrino Processes” on page 8). In par-
ticular, the antineutrino (the antiparticle
of the neutrino) will occasionally 
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Figure 1. Detecting Neutrinos from a Nuclear Explosion 
Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla-
tion detector suspended in the hole dug below ground at a distance of about 
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan,
the antineutrinos would induce inverse beta decay, and the detector would record 
the positrons produced in that process. This figure was redrawn courtesy of Smithsonian 

Institution.

− Concerning the detector, Reines’ wrote: “The 
detector we dreamed up was a giant liquid 
scintillation device, which we dubbed ‘El 
Monstro’ (…) The biggest detector until Cowan 
and I came along was only a liter or so in volume”

(For more information, please see here)

− A ~1 ton liquid scintillator (LS) detector 
surrounded by photomultiplier tubes in free-
fall during a nuclear explosion

surface radioactivity had died away 
sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 

The Reines-Cowan Experiments
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pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta
decay, a reaction in which an incident antineutrino (red dashed line) interacts with a
proton through the weak force. The antineutrino turns into a positron (e1), and the
proton turns into a neutron (n). In the figure above, this reaction is shown to take
place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it
has been created, the positron encounters an electron, and the particle and antiparticle
annihilate each other. Because energy has to be conserved, two gamma rays are emit-
ted that travel in opposite directions and will cause the liquid scintillator to produce a
flash of visible light. In the meantime, the neutron wanders about following a random
path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting
nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid
to produce a tiny flash of visible light. This sequence of two flashes of light separated
by a few microseconds is the double signature of inverse beta decay and confirms the
presence of a neutrino. 

Incident
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Neutron capture

Liquid scintillator 
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eines and Cowan planned to build a
ounter filled with liquid scintillator and
ned with photomultiplier tubes (PMTs),
he “eyes” that would detect the
ositron from inverse beta decay, which

s the signal of a neutrino-induced
vent. The figure illustrates how the liq-
id scintillator converts a fraction of the
nergy of the positron into a tiny flash
f light. The light is shown traveling

hrough the highly transparent liquid
cintillator to the PMTs, where the 
hotons are converted into an electronic
ulse that signals the presence of the
ositron. Inverse beta decay (1) begins
hen an antineutrino (red dashed line)

nteracts with one of the billions and 
illions of protons (hydrogen nuclei) in

he molecules of the liquid. The weak
harge-changing interaction between the

antineutrino and the proton causes the
proton to turn into a neutron and the
antineutrino to turn into a positron (e1).
The neutron wanders about undetected.
The positron, however, soon collides
with an electron (e2), and the particle-
antiparticle pair annihilates into two
gamma rays (g) that travel in opposite
directions. Each gamma ray loses about
half its energy each time it scatters
from an electron (Compton scattering).
The resulting energetic electrons 
scatter from other electrons and radiate
photons to create an ionization cascade
(2) that quickly produces large numbers
of ultraviolet (uv) photons. 
The scintillator is a highly transparent
liquid (toluene) purposely doped with 
terphenyl. When it becomes excited by
absorbing the uv photons, it scintillates

by emitting visible photons as it returns
to the ground (lowest-energy) state (3).
Because the liquid scintillator is trans-
parent to visible light, about 20 percent
of the visible photons are collected by
the PMTs lining the walls of the 
scintillation counter. The rest are 
absorbed during the many reflections
from the counter walls. A visible 
photon releases an electron from the
cathode of a phototube. That electron
then initiates the release of further 
electrons from each dynode of the PMT,
a process resulting in a measurable
electrical pulse. The pulses from all the
tubes are combined, counted,
processed, and displayed on an 
oscilloscope screen.

igure 2. Liquid Scintillation Counter for Detecting the Positron from Inverse Beta Decay

• Reines and Cowan’s original plan to detect neutrinos 
was to use a nuclear bomb as the neutrino source

Aside: “El Monstro” (ca. 1951)

P. Ochoa-Ricoux, International Neutrino Summer School 2026

https://permalink.lanl.gov/object/tr?what=info:lanl-repo/lareport/LA-UR-97-2534-02


24

KamLAND

• KamLAND is an experiment in Japan that studied 
the neutrinos from over 50 nuclear reactors

P. Ochoa-Ricoux, International Neutrino Summer School 2026

− 1 kton liquid scintillator (LS) detector 

−Average baseline of ~180 km
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KamLAND Key Results

• The experiment has now been reconfigured to search for neutrinoless double-beta decay

P. Ochoa-Ricoux, International Neutrino Summer School 2026

of these backgrounds is assumed to be flat to at least
30 MeV based on a simulation following [12]. The atmos-
pheric ! spectrum [13] and interactions were modeled
using NUANCE [14]. We expect fewer than 9 neutron and
atmospheric ! events in the data-set. We observe 15 events
in the energy range 8.5–30 MeV, consistent with the limit
reported previously [15].

The accidental coincidence background above 0.9 MeV
is measured with a 10- to 20-s delayed-coincidence win-
dow to be 80:5! 0:1 events. Other backgrounds from (",
n) interactions and spontaneous fission are negligible.

Antineutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt energies
below 2.6 MeV. The expected geoneutrino flux at the
KamLAND location is estimated with a geological refer-
ence model [9], which assumes a radiogenic heat pro-
duction rate of 16 TW from the U and Th-decay chains.
The calculated !!e fluxes for U and Th-decay, including
a suppression factor of 0.57 due to neutrino oscillation,
are 2:24" 106 cm#2 s#1 (56.6 events) and 1:90"
106 cm#2 s#1 (13.1 events), respectively.

With no !!e disappearance, we expect 2179! 89$syst%
events from reactors. The backgrounds in the reactor en-
ergy region listed in Table II sum to 276:1! 23:5; we also
expect geoneutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected
!!e events and the fitted backgrounds. The unbinned data
are assessed with a maximum likelihood fit to two-flavor
neutrino oscillation (with #13 & 0), simultaneously fitting

the geoneutrino contribution. The method incorporates the
absolute time of the event and accounts for time variations
in the reactor flux. Earth-matter oscillation effects are
included. The best fit is shown in Fig. 1. The joint con-
fidence intervals give "m2

21 & 7:58'0:14
#0:13$stat%'0:15

#0:15$syst% "
10#5 eV2 and tan2#12 & 0:56'0:10

#0:07$stat%'0:10
#0:06$syst% for

tan2#12 < 1. A scaled reactor spectrum with no distortion
from neutrino oscillation is excluded at more than 5$. An
independent analysis using cuts similar to Ref. [2] gives
"m2

21 & 7:66'0:22
#0:20 " 10#5 eV2 and tan2#12 & 0:52'0:16

#0:10.
The allowed contours in the neutrino oscillation parame-

ter space, including "%2-profiles, are shown in Fig. 2. Only
the so-called LMA-I region remains, while other regions
previously allowed by KamLAND at(2:2$ are disfavored
at more than 4$. For three-neutrino oscillation, the data
give the same result for "m2

21, but a slightly larger uncer-
tainty on #12. Incorporating the results of SNO [16] and
solar flux experiments [17] in a two-neutrino analysis with
KamLAND assuming CPT invariance, gives "m2

21 &
7:59'0:21

#0:21 " 10#5 eV2 and tan2#12 & 0:47'0:06
#0:05.

To determine the number of geoneutrinos, we fit the
normalization of the !!e energy spectrum from the U and
Th-decay chains simultaneously with the neutrino oscilla-
tion parameters using the KamLAND and solar data. There
is a strong anticorrelation between the U and Th-decay
chain geoneutrinos, and an unconstrained fit of the indi-
vidual contributions does not give meaningful results.
Fixing the Th/U mass ratio to 3.9 from planetary data
[18], we obtain a combined U' Th best fit value of $4:4!
1:6% " 106 cm#2 s#1 (73! 27 events), in agreement with
the reference model.

The KamLAND data, together with the solar ! data, set
an upper limit of 6.2 TW (90% C.L.) for a !!e reactor source
at the Earth’s center [19], assuming that the reactor pro-
duces a spectrum identical to that of a slow neutron artifi-
cial reactor.

The ratio of the background-subtracted !!e candidate
events, including the subtraction of geoneutrinos, to no-
oscillation expectation is plotted in Fig. 3 as a function of
L0=E. The spectrum indicates almost two cycles of the
periodic feature expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of "m2

21 to date and
improving the precision of tan2#12 in combination with
solar ! data. The indication of an excess of low-energy
antineutrinos consistent with an interpretation as geo-
neutrinos persists.

The KamLAND experiment is supported by the
Japanese Ministry of Education, Culture, Sports, Science
and Technology, and under the United States Department
of Energy Office Grant No. DEFG03-00ER41138 and
other DOE grants to individual institutions. The reactor
data are provided by courtesy of the following electric
associations in Japan: Hokkaido, Tohoku, Tokyo,
Hokuriku, Chubu, Kansai, Chugoku, Shikoku, and
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FIG. 3 (color). Ratio of the background and geoneutrino-
subtracted !!e spectrum to the expectation for no-oscillation as
a function of L0=E. L0 is the effective baseline taken as a flux-
weighted average (L0 & 180 km). The energy bins are equal
probability bins of the best fit including all backgrounds (see
Fig. 1). The histogram and curve show the expectation account-
ing for the distances to the individual reactors, time-dependent
flux variations, and efficiencies. The error bars are statistical
only and do not include, for example, correlated systematic
uncertainties in the energy scale.

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

221803-4

PRL 100, 119904 (2008)

− First clear observation of  dependence in 
neutrino oscillations

L/Eν

− First observation of neutrinos from the Earth 
(geoneutrinos)

− Best measurement of  (until last year)Δm2
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
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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 

KamLAND

(reactor ) ν̄eGlobal 

Analysis

~  tension1.5σ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.221803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092001
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• There are three  reactor neutrino experiments that recently stopped operating: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, International Neutrino Summer School 2026
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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, International Neutrino Summer School 2026
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Selection of Pictures
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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

• These are the latest results from Daya Bay (with 
neutron capture on Gadolinium):

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, International Neutrino Summer School 2026



the systematic error of sin2 2θ13. The measured value of
jΔm2

eej corresponds to jΔm2
32j ¼ ð2.52# 0.12Þ× 10−3 eV2

for the normal neutrino mass ordering and jΔm2
32j ¼

ð2.62# 0.12Þ × 10−3 eV2 for the inverted neutrino mass
ordering, using measured oscillation parameters of sin2 θ12 ¼
0.307#0.013 and Δm2

21 ¼ ð7.53# 0.18Þ × 10−5 eV2 [31].
Figure 7 compares the observed IBD prompt spectrum

after the background subtraction and the expected spectra at
the far detector. The expected spectrum with no oscillation
is obtained by weighting the spectrum measured in the near
detector with the no-oscillation assumption to incorporate
the oscillation effect between the near and far detectors and
the 5 MeV excess. The expected spectrum with the best-fit
oscillation parameters is obtained by applying the mea-
sured parameters to the expected spectrum with no oscil-
lation at the far detector. The observed spectrum at the far
detector shows a clear energy-dependent disappearance of
reactor ν̄e events, consistent with neutrino oscillation.
Figure 8 shows the allowed regions of 68.3%, 95.5%,
and 99.7% confidence levels in the neutrino oscillation
parameters of jΔm2

eej and sin2 2θ13.
The survival probability of reactor ν̄e depends on a

baseline L and neutrino energy Eν, as given in Eq. (1). With
multiple reactors serving as neutrino sources, an effective
baseline Leff is calculated as the average reactor-detector
distance weighted by the IBD event rate in a detector and
expected from a reactor. Note that Leff is time dependent

because it is weighted by the IBD rate. The neutrino energy
Eν is converted from the IBD prompt energy. A daily ratio
Leff=Eν is obtained from the background-subtracted IBD
spectrum combined with the daily Leff. The overall dis-
tribution of Leff=Eν is obtained by collecting the daily ratios
that are weighted by a daily IBD rate. The measured
survival probability is determined by the ratio of the
observed IBD rate to the expected rate with no oscillation
for each bin of Leff=Eν. Figure 9 presents the measured
survival probability of reactor ν̄e at the far detector as a
function of Leff=Eν. A predicted survival probability is
calculated from the observed distribution in the near
detector and the best-fit values of oscillation parameters.

FIG. 7. Top: comparison between the observed background-
subtracted IBD prompt spectrum in the far detector (dots) and the
expected spectra with (yellow shaded histogram) and without
(blue shaded histogram) oscillation at the far detector. The
expected spectra are obtained from the measured IBD prompt
spectrum in the near detector. The bands represent uncertainties.
Bottom: comparison between the ratio of IBD events measured in
the far detector to the no-oscillation prediction (dots) and the ratio
from the MC simulation with best-fit results incorporated (shaded
band). The errors are statistical uncertainties only, although both
statistical and systematic uncertainties are considered in the χ2

fitting.

FIG. 8. Allowed regions of 68.3%, 95.5%, and 99.7% confi-
dence levels in the jΔm2

eej vs sin2 2θ13 plane. The black dot
represents the best-fit values. The Δχ2 distributions for jΔm2

eej
(right) and sin2 2θ13 (top) are shown with 1σ bands (yellow
shaded).

FIG. 9. Measured reactor ν̄e survival probability in the far
detector as a function of Leff=Eν. The blue curve represents the
predicted survival probability, calculated from the observed
probability in the near detector, using the best-fit values for
jΔm2

eej and sin2 2θ13. The Leff=Eν value for each point is
determined as the average of the counts within each bin.
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Oscillation Measurements
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• Latest results from RENO and Double Chooz:

Double Chooz 

(capture on H, C and Gd)

Nature Phys. 16, 558-564 (2020) and 
10.5281/zenodo.4157464Phys. Rev. D 111, 112006 (2025)

RENO

(capture on Gd)

− RENO and Daya Bay also have independent measurements done entirely with capture on Hydrogen (H)

https://www.nature.com/articles/s41567-020-0831-y
https://zenodo.org/record/4157464
https://journals.aps.org/prd/abstract/10.1103/dc6j-5ky6
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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
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Searches for Sterile Neutrinos
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• These experiments are also an ideal ground 
to search for sub-eV2 sterile neutrino mixing 

To first order, signal would appear 
as an additional spectral distortion 

with a frequency Δm241 different 
from standard 3-ν oscillations

PRL 133, 051801 (2024) 

two of the automated calibration units on each far AD,
halving the rate of delayed like uncorrelated signals in the
far hall [17]. Although these accidentals dominate the
background rate, the uncertainty of the total background
rate is dominated by the contribution from correlated pairs
induced primarily by cosmic-ray muons. In particular,
cosmogenic 9Li=8He is a well-known background in liquid
scintillation detectors used for reactor neutrino experi-
ments, and in the Daya Bay experiment it is the leading
contributor to the background uncertainty. In this ana-
lysis, the relative uncertainty of the estimated 9Li=8He
background rate has been reduced from ∼35% [17] to <
25% by taking into account the correlated temporal and
energy information of the IBD candidates [19].
The antineutrino flux is predicted from thermal-power

data and from the calculated fission fractions of each fuel
cycle. Uncertainties in the thermal-power data lead to a
core-to-core uncorrelated flux uncertainty of 0.5%, while a
0.6% uncorrelated uncertainty per core in the v̄e yield was
introduced by the uncertainties of the fission fractions. The
spent nuclear fuel in the cooling pools adjacent to each core
contributes 0.3! 0.1% to the predicted neutrino flux
[21,24]. The correlated flux uncertainty includes contribu-
tions from the 0.2% uncertainties of the mean energy
released per fission [25]. However, the primary contributors
to the correlated uncertainty are the theoretical uncertainties
on forbidden decays and the missing information in
published nuclear data tables [26], which lead to a
conservative total of 5% for the core-to-core correlated
flux uncertainty. The size of the reactor cores and ADs has
negligible impact on the sterile neutrino sensitivity due to
the relatively long baselines.
The nominal reactor antineutrino spectra from 235U, 239Pu,

241Pu, and 238U were predicted using the models of Huber
[27] and Mueller et al. [28]. Multiple methods [17] were
used to account for the known disagreements between these
models and existing measurements [29]. One method
applied enlarged uncertainties, ranging from 10% to 40%
as a function of energy, to the neutrino spectra. An alter-
native method used the observations of the near detectors to
predict the observations of the far detectors, while another
used free parameters to modify the predicted antineutrino
spectra in the fit. As an additional cross-check, the analysis
was also repeated using summation spectra [30]. All of the
aforementioned methods produce consistent results.
To predict the IBD rate and reconstructed prompt-energy

spectrum at each AD, the reactor spectra were multiplied by
the neutrino oscillation probability [Eq. (2)], the IBD diffe-
rential cross section, the number of target protons, the detec-
tion efficiency, and the detector’s energy response, which
maps positron energy to reconstructed prompt energy. The
energy responsemodel considers energy resolution and non-
linearity and possible energy loss in the inner acrylic vessel.
To further improve the energy nonlinearity model, in

December 2015 a full flash ADC (FADC) readout system

was installed in EH1-AD1, recording PMT waveforms at
1 GHz and 10-bit resolution [23]. A deconvolution method
was applied to the waveforms to minimize any dependence
on the single-photoelectron pulse shape (in particular, the
overshoot) and to extract the integrated charge with
minimal bias. The residual nonlinearity in the corrected
charge from a single waveform was estimated to be less
than 1%, resulting in a 0.2% nonlinearity in the total charge
measurement for each event [23]. In addition, a special
calibration campaign in January 2017 improved the knowl-
edge of optical shadowing by the radioactive source
enclosures, reducing the energy calibration uncertainties
of γ rays from 1% to 0.5% [23]. This combination of
improvements, when applied to calibration data, led to a
significant improvement in the energy response model for
positrons. The uncertainty improved from ∼1% [17,20] to
< 0.5% [22,23] for Ep > 2 MeV.
In the region of jΔm2

41j where the Daya Bay experiment
provides world-leading sensitivity on sin2 2θ14, the bulk of
the sensitivity comes from relative measurements between
the experimental halls. Figure 1 shows the double ratio of
the measured to three-neutrino-predicted spectra of EH2
and EH3 to that of EH1. The data are compared to two four-
neutrino predictions. The data are well contained in the
uncertainty band, indicating that the data are consistent
with the three-neutrino prediction.
To quantify our measurement, several different statistical

methods have been used in this analysis, yielding consistent
results. One method used a χ2 statistic based on the binned

FIG. 1. Impact of sterile neutrino oscillation on the double
ratios (R) of the spectra, obtained at EH2(3), to EH1 as
R ¼ ðMEH2ð3Þ=P3ν

EH2ð3ÞÞ=ðMEH1=P3ν
EH1Þ, where M is the measured

prompt energy spectrum, and P3ν is the three-neutrino prediction
with the best-fit parameters. The error bands represent the total
uncertainties (statistical and systematic) of the three-neutrino
prediction. The error bars represent only the statistical uncer-
tainties. For the predictions, sin22θ14 ¼ 0.1 and two jΔm2

41j
values are shown.

PHYSICAL REVIEW LETTERS 133, 051801 (2024)
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spectral differences between the detectors of the near and
far experimental halls. For the higher mass-squared differ-
ence, the sensitivity decreases as the detectors become
insensitive to the shape of sterile-active oscillations. The
contour tends to a constant in the region jΔm2

41j ≳ 0.5 eV2

where the prediction becomes limited by the uncertainty in
the reactor antineutrino flux.
To demonstrate the effects of different types of uncer-

tainties [17], the sensitivity with the CLs method under
various scenarios is shown in Fig. 3. The main effect of the
reactor antineutrino flux uncertainties falls in the region of
jΔm2

41j≳ 4 × 10−3 eV2, where the sensitivity is dominated
by the relative spectral difference between the two near EHs
[15]. The sensitivity for jΔm2

41j≲ 3 × 10−2 eV2 is affected
by the uncertainties of the detector energy response model,
where the relative difference between EH3 and the two near
EHs plays the most important role [15]. Background
uncertainties have a negligible effect on the sensitivity
contour due to both the low background level and the
accurate estimation of the background.
A comparison with the results of other short and medium

baseline reactor neutrino experiments is shown in Fig. 4.
The Day Bay experiment is able to set the most stringent
upper limits on light sterile-active neutrino mixing for

2 × 10−4 eV2 ≲ jΔm2
41j≲ 0.2 eV2 due to its high statistics

and well-controlled systematic uncertainties. Currently,
short baseline (≲100 m) experiments like Bugey-3 and
NEOS give more stringent limits than Daya Bay in the
region of jΔm2

41j≳ 0.2 eV2. In the future, the JUNO experi-
ment will dominate in the region of jΔm2

41j ≲ 10−3 eV2,
because of its long baseline (∼53 km) and superb energy
resolution [33].
In summary, we report the results of a light sterile

neutrino search using the full dataset of the Daya Bay
Reactor Neutrino Experiment. The data are consistent with
the canonical extension of the standard model with three
massive neutrinos. No evidence of a light sterile neutrino
was found. The world’s most stringent limits on the sterile-
active neutrino mixing parameter sin2 2θ14 were obtained in
the region of 2 × 10−4 eV2 ≲ jΔm2

41j ≲ 0.2 eV2.
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FIG. 4. Comparison of the Daya Bay experiment’s results with
those from other reactor experiments. The methods used to
generate these contours are not identical. The Daya Bay experi-
ment (DYB) used the CLs method, while RENO used a traditional
method based on Wilk’s theorem [34,35], and Double Chooz
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scan (RS) [39] method. The contours from applying the RS and
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Supplemental Material [40], and are consistent with the contour
from the CLs method.
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• These experiments have also combined their measurements with those of accelerator experiments

Combination with Other Experiments
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• Most notable example:
PRL 125, 071801 (2020) 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.071801
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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

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

• Two main approaches for predicting the reactor  rate and spectral shape (next two slides)ν̄e

− Summation (ab-initio) method
− Conversion method

• Given a reactor’s operating conditions, it is possible to predict the antineutrino flux emitted by it
− The million dollar question: does the prediction match the data?

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Summation (ab-initio) Method

A recent implementation is the SM2023 model

U-235

U-233 Pu-239

65%U
35%Pu
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Sr Zr Tc

Pd

Sn

129I

Cs
Cs

Sm

Nucleon Number

Fission Yields

• Summation method: build the spectrum from the 
bottom-up: fission yields and beta decay branching 
ratios from nuclear databases

• Challenges:

dϕi

dEν
= ∑

n

Yn(Z, A, t)(∑
m

bn,m P(Eν, E0, Z))

− Incomplete database data (~10% of decays)

Fission Yields beta decay 
branches

antineutrino spectra 
( )Eν = E0 − Ee

− Forbidden decays (poorly known energy-dependent shape 
factors, affects ~30% of decays)

− Pandemonium effect (bias in traditional beta decay 
measurements with HPGe detectors)

− Difficult to ascertain uncertainties

~800 
fission 

products, 
> 10k 
decay 

branches

P. Ochoa-Ricoux, International Neutrino Summer School 2026

https://indico.cern.ch/event/833568/contributions/3655258/attachments/1958551/3254251/Sonzogni_-_AAP19.pdf
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Conversion Method

− Use beta spectra measured at Institut Laue-
Langevin (ILL) in the 1980s

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

• Conversion method: convert measured beta spectra 
from thermal-neutron induced fission (235U, 239Pu, 241Pu) 
to  spectraν̄e

− Fit with ~30 virtual beta decay branches with 
endpoint energies equally spaced across the spectra

• Advantages: 

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

− Smaller, well-defined uncertainty (~2.7%)
• Caveats: 

− Relies on one and only measurement @ ILL
− Requires correction for non-equilibrium effects (small impact)
− Requires correction of nuclear effects on beta spectra (Coulomb, forbidden-transition shape 

factors, weak magnetism… etc)

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Figure 3.3: (Top) The measured reactor ω̄e rate from 27 experiments, normalized to the prediction of the Huber–Mueller model [12, 11].

The rate is corrected for three-flavor neutrino oscillation at each baseline. The blue shaded region represents the global average and its 1ε

uncertainty. The 2.3% model uncertainty is shown as a band around unity. Measurements with di!erent detection technologies are separately

labeled. (Bottom left) The ratio of measured reactor ω̄e rate to the prediction of the Huber–Mueller model [12, 11] is shown as a function of the

year of the corresponding publication. Measurements at the same year are combined for clarity. (Bottom right) The ratio of measured reactor

ω̄e rate to the prediction of the Huber–Mueller model [12, 11] is shown as a function of the baseline. Measurements at the same baseline are

combined for clarity.

required to resolve the RAA. One popular hypothesis is the existence of a sterile neutrino with its corresponding mass

around 1 eV or higher [13], which can lead to a disappearance of ω̄es at short baselines (a few meters).

Before discussing the sterile neutrinos, let us briefly review the standard three-neutrino oscillation framework in which

the three neutrino flavors are superpositions of three light-mass states ω1, ω2, ω3 with di!erent masses, m1, m2, m3:




ωe

ωµ

ωω




=





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uω1 Uω2 Uω3




·





ω1

ω2

ω3




. (3.3)
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Comparison with Data: Total Flux

PPNP 136, 104106 (2024)

− ~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 short 
baseline (SBL) sterile 
neutrino searches

− Not seen with recent summation 
models

• First thing to try: compare the total predicted flux with the measured one 

− 27 measurements at short (<1 
km) baselines since 1980

P. Ochoa-Ricoux, International Neutrino Summer School 2026

− About 2.6σ significant

https://www.sciencedirect.com/science/article/pii/S0146641024000103?via=ihub
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Causes of the RAA?
• 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, International Neutrino Summer School 2026



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.
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− Main disagreement found 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)

• The θ13 experiments were the first to 
measure the spectral shape of reactor 
antineutrinos with unprecedented 
statistics 

Comparison with Data: Spectral Shape

− Cannot be explained with sterile neutrino 
oscillations

− Now seen by over 10 experiments (see 
backup)

P. Ochoa-Ricoux, International Neutrino Summer School 2026

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.201802
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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 explanation of the RAA by placing a detector at a 

O(10 m) baseline from a reactor

Main strategy: avoid reliance 
on model prediction; instead, 
search for relative spectrum 

distortion at different 
baselines (by segmenting the 

detector or making it 
movable)

Looking for a smoking 
gun for sterile neutrino 
oscillations: a spectral 

distortion in L/E

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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SBL Null Results
• All SBL experiments have released results by now. For example:

Phys. Rev. D 103, 032001 (2021) 
 (More recent results available in Phys. Rev. Lett. 134, 151802 (2025)) Nature 613, 257 (2023)

PROSPECT STEREO

P. Ochoa-Ricoux, International Neutrino Summer School 2026

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151802
https://www.nature.com/articles/s41586-022-05568-2
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Neutrino-4 Claim

• 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. bottom plot)

− It is 2.7σ

P. Ochoa-Ricoux, International Neutrino Summer School 2026

!250 keV. Below we present the search for oscillation
parameters on the plane Δm2

14, sin
22θ14 using the Δχ2

method and the dependence of the R ratio on the parameter
L/E, i.e., the oscillation curve.

The results of the analysis of data obtained in the first
and second measurement cycles on the plane Δm2

14,
sin22θ14 are presented in Fig. 43. The colored in pink
area of oscillation parameters is excluded with a C.L.

FIG. 44. Top: results of data analysis of the first measurement cycle (I), middle: the results of data analysis of the first measurement
cycle together with the second measurement cycle (II), bottom: results of data analysis of the first measurement cycle, with the second
measurement cycle and with the third measurement cycle (III). On the left is the central part of the regionΔm2

14, sin
22θ14 and on the right

is the oscillation curve.

A. P. SEREBROV et al. PHYS. REV. D 104, 032003 (2021)

032003-28

have meaningful statistical sensitivity above 1.0 m=MeV,
with average signal-to-background ratios improving from
∼2 below 1.5 m=MeV to > 6 from 1.5–2.75 m=MeV.
Correlated cosmogenic events represent the largest back-
ground to Ml;e at the lowest L=hEνi (highest Erec), while
accidental backgrounds dominate at higher L=hEνi
(lower Erec).
Predictions of unoscillated and oscillated PROSPECT-I

Erec spectra for each baseline bin (referred to as Pl;e) and
summed over the full detector (Pe) were generated for each
period using a mixture of data-driven and model-based
approaches. First, the Daya Bay 235U Eν model [43],
analytically generated true L distributions described in [23],
and Pdis as described by Eq. (1) were used to generate
predicted oscillated and unoscillated Eν spectra for each
segment. Each period’s live time, fully functional segment
list, and per-segment detector response matrices were then
used to translate truth level distributions into Pl;e and Pe.
All Pl;e and Pe bins were then multiplied by a common
factor such that the predicted IBD count over all periods
matched the measured count, 61029. To eliminate depend-
ence of oscillation results on the assumed 235U ν̄e spec-
trum model, Pl;e are multiplied by ðMe=PeÞ, the ratio of
baseline-integrated measured and baseline-integrated pre-
dicted spectra, prior to being compared to Ml;e. The L=hEνi
distribution composed from the null oscillation prediction’s
Pl;e is also pictured in Fig. 2 after applying this ðMe=PeÞ
factor. Systematic uncertainties in Pl;e and Pe, described
later in the Letter, are much smaller than the statistical
uncertainties shown in Fig. 2.
Figure 3 depicts the ratio between measured L=hEνi

behavior and that predicted by the null oscillation hypo-
thesis. As in Fig. 2, the null oscillation prediction is
composed of per-baseline Erec spectra weighted by the

ratio of measured to predicted detector integrated spectra,
ðMe=PeÞPl;e. Any deviation of the ratio from unity thus
reflects L-dependent variations in the energy spectrum
observed within PROSPECT, as opposed to L-independent
deviations from a reference Eν model. The predicted ratio
is pictured in Fig. 3 for fluctuation-free Asimov Ml;e
datasets from the best-fit point reported by Neutrino-4,
ðsin22θ14;Δm2

41Þ ¼ ð0.36; 7.3 eV2Þ [32]. It should be
noted that while a nonzero θ14 causes L=hEνi oscillations
in Ml;e, it also affects the applied ðMe=PeÞ factor; thus, a
L=hEνi representation with multiple ðL;ErecÞ bins of
differing ðMe=PeÞ per L=hEνi bin will exhibit suppressed
oscillation features relative to the original ðL;ErecÞ repre-
sentation. This suppression is minimal for oscillation
wavelengths smaller than the detector size, as is the case
for Neutrino-4’s most favored oscillation parameters,
for which oscillatory features are resolvable below
2.5 m=MeV. Damping at higher L=hEνi is primarily caused
by energy smearing from IBD positron and annihilation
gamma energy leakage into non-active detector regions and
secondarily by baseline smearing from the reactor’s finite
size. PROSPECT-I’s IBD data is qualitatively consistent
with the null hypothesis of no oscillations.
A combined Neyman Pearson (CNP) [44] test statistic

was used to quantify the level of agreement between data
and oscillated and unoscillated predictions in ðL;ErecÞ
space:

χ2CNP ¼ ΔTV−1
totΔ: ð2Þ

The 990-element vector Δ represents the data-prediction
agreement in per-baseline Erec spectra [23], with each
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(solid blue) backgrounds during PROSPECT-I reactor-on
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Neutrino-4 Claim

Tension with PROSPECT

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003
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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The RAA allowed region is not 
included here, because the 
theoretical uncertainty that 
defined it needs to be revisited 
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Non-Standard Flavor Mixing Landscape
• Conclusion so far: no significant 

evidence so far for non-standard flavor 
mixing from either SBL or km-scale 
experiments

From C. zhang’s 
talk at Neutrino 

2026

P. Ochoa-Ricoux, International Neutrino Summer School 2026

• Question remains: if not sterile 
neutrinos, what causes the RAA 
then? 

− Additional data have come to 
light that give us a tentative 
answer (see next slides)

https://indico.global/event/15740/contributions/155564/
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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, International Neutrino Summer School 2026

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 by about 6%

(inconsistent with sterile neutrino interpretation, under which deficit should not depend on the isotope considered)

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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PHYSICAL REVIEW LETTERS 134, 201802 (2025)

201802-6

PRL 134, 201802 (2025)

Yield Measurements

PRL 125, 201801 (2020)

From SBL experiments at HEU 
reactors it is also possible to 

measure the 235U yield

P. Ochoa-Ricoux, International Neutrino Summer School 2026

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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Aside: 235U and 239Pu Spectra

P. Ochoa-Ricoux, International Neutrino Summer School 2026

Phys. Rev. Lett. 128, 081801 (2022)
• This same procedure can be done as a function of 

energy to extract the spectra for the two main 
isotopes: 235U and 239Pu 

4.0σ (1.2σ) in Ref. [50]. With the combined measurement
of Daya Bay and PROSPECT, the significance of the local
deviation from the Huber-Mueller 235U model increases by
0.2σ–0.5σ at all energies, and the maximum local discrep-
ancy increases to 4.2σ around the 5 MeV prompt energy
region. No significant change on the local deviation is
observed for the 239Pu spectrum.
Finally, 235U and 239Pu spectra expressed in antineutrino

energy are obtained by unfolding the combined prompt
energy spectra SComp from the two experiments (shown in
Fig. 3) using the Wiener-SVD unfolding technique [55],
with analysis details similar to that in Ref. [49]. For this
portion of the analysis, the Daya Bay rate uncertainties are
included. Given the detector response matrix of Daya Bay
RDYB and the covariance matrix CovCom, the Wiener-SVD
method derives:

Ŝν̄e ¼ AC · ðR̃TR̃Þ−1 · R̃T · Q · SComp ; ð4Þ

where R̃ ¼ Q · RDYB is the prenormalized detector
response matrix through the Cholesky decomposition
ðCovComÞ−1 ¼ QTQ. Ac is the smearing matrix obtained
from the Wiener-SVD procedure to suppress noise fluctu-
ations during unfolding process and maximize the signal-
to-noise ratio in the effective frequency domain, allowing
any model prediction to be smeared appropriately based on

the regularization introduced by the unfolding. The
unfolded joint spectra are presented in Fig. 5 along with
the Huber-Mueller prediction which has been smeared
using Ac. The absolute rate deficit of data relative to the
Huber-Mueller model is observed both in the full energy
spectra and in the ratios in Fig. 5. The smearing matrices,
unfolded spectra, and covariance matrices are included in
the Supplemental Material [68]. Examples demonstrating
how to apply this smearing matrix and compare to a model
are also given in the Supplemental Material and Ref. [49].
In summary, the measured prompt IBD energy spectra of

235U by Daya Bay and PROSPECT are consistent. A
combined analysis between the two experiments is done
and the results for 239Pu see no significant change, but
uncertainties in the jointly determined spectral shape of
the 235U prompt energy spectrum are reduced to 3%.
Additionally the degeneracy between 235U and 239Pu
spectra is reduced by ∼20%. This first combination of
measurements from LEU and HEU reactors provides a
more precise ν̄e energy spectrum for other reactor ν̄e
measurements and other applications [36–38,69]. The
combined result can be further improved with increased
statistics from Daya Bay and STEREO [54,70], the next
generation of the PROSPECT experiment, and other
complementary joint analyses [71].

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,
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081801-6

− Here showing the combined result from 
Daya Bay and PROSPECT 

• The 235U spectrum can also be measured directly in 
HEU experiments like PROSPECT and STEREO 

• The “5 MeV bump” is visible in both spectra 
− Suggests a common origin, such as 

inaccurate shape factors from forbidden 
decays

• Important: these measurements can be used to 
constrain the reactor antineutrino flux at other 
experiments
− Can achieve a ~2% precision (c.f.  Chin. Phys. C 45, 7 (2021))

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.081801
https://iopscience.iop.org/article/10.1088/1674-1137/abfc38
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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 was 
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

− However: 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

PRD 104, L071301 (2021)

P. Ochoa-Ricoux, International Neutrino Summer School 2026

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, International Neutrino Summer School 2026

https://arxiv.org/abs/2203.07214


spectrum up to 5 MeV. This is worth noting since the
2–5 MeV energy region dominates the detected antineu-
trino flux. There is still a shape difference between the
Daya Bay spectrum and the SM-2018 antineutrino spec-
trum between 5 and 7 MeV, but its amplitude is reduced by
the inclusion of the new data, which improve the agreement
globally with respect to SM-2017. In the lower panel of the
figure, the ratios of the summation method spectra
SM-2017 (dashed line) and SM-2018 (plain line) to the
H-M model spectra are displayed for comparison. In the
case of the 2–3 MeV energy region, the agreement with
the H-M model is equally good for the 2017 or 2018
versions of the SM. Above 3 MeV, the ratio of the two
models is rather flat and normalized on average at about
3%–4% below one. Overall, the SM-2018 model shows
a globally improved agreement with the shape of the
converted spectrum, but not with its normalization. An
important conclusion is that the reactor antineutrino energy
spectrum obtained with the SM exhibits a normalization in
the 2–5 MeV range more compatible with the Daya Bay
results than the H-M model, but it does not explain the
shape anomaly in the 5–7 MeV region.
In Fig. 2, the ratios of the individual antineutrino spectra

of the SM-2018 to those of the H-M model for the four
main contributions to the fissions in a PWR are shown
without any renormalization. The SM spectra are taken at a
time corresponding to the irradiation times of the experi-
ments of Schreckenbach et al. [15,17,18] for 235U, 239Pu,
and 241Pu, while the SM spectrum for 238U is computed
after 450 days of irradiation as was the case for Mueller’s
spectrum [13]. The normalization of the SM spectra with
respect to the H-M ones confirms the Daya Bay results of
[26,27] in which the antineutrino deficit is mainly produced
by the 235U contribution to the antineutrino flux. The deficit
found with the SM prediction is a bit smaller than the
experimental one. The 239Pu spectral ratios of DB and
SM-2018 to the H-M model show good agreement in
both shape and normalization in the 2–5 MeV range. The
individual SM spectra show an improved shape agreement
with the Huber spectra, exhibiting ratios that are flatter
between 2 and 6 MeVand closer to one for both plutonium
isotopes than in [33].

The Daya Bay experiment has also reported the reactor
antineutrino flux normalized per fission as a function of the
percentage of fissions of 239Pu (F239). It is defined as the
detected IBD yield in [26], following the equation

σfðF239Þ ¼ σ̄f þ
dσf
dF239

ðF239 − F̄239Þ: ð1Þ

The average IBD yield σ̄f is obtained by folding the IBD
cross section with the total antineutrino energy spectrum
computed by weighting the 235U, 238U, 239Pu, and 241Pu
spectra by their average fission fractions provided in [26].
F̄239 is the average 239Pu fission fraction, and dσf=dF239 is
the change of the IBD yield per unit 239Pu fission fraction.
Hayes et al. compared for the first time the IBD results
from DB and the H-M model with their own SM calcu-
lations based on ingredients that differ in particular from
those presented here in the amount of the TAGS data
included [46]. The authors found a 3.5% excess between
their predictions and DB, a discrepancy interpreted as a
confirmation of the reactor anomaly.
We have reinvestigated the calculations with our pre-

scriptions varying the different TAGS input datasets. The
associated IBD yields as a function of the 239Pu fission
fraction have been computed. They are displayed in Fig. 3
and compared with those published by Daya Bay (open
diamonds) [26]. The line corresponding to the SM-2012
model is located 3.4% above the Daya Bay measurements,
a value very close to that of [46]. The IBD yields obtained
with the SM-2015 and SM-2017 models have been drawn
with the lines labeled with the corresponding names in
Fig. 3. One can see that the effect is indeed to decrease the
IBD yield, resulting in a difference with the Daya Bay yield
of only 2.5%, quasiconstant over the F239 range. With the
SM-2018 model (line correspondingly), the remaining
difference with the Daya Bay IBD yields is reduced to
only 1.9%. These results show that the IBD yield is
strongly affected by the use of pandemonium-free data
and emphasizes the importance of the use of the TAGS
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FIG. 2. Ratios of the antineutrino energy spectra obtained with
the SM-2018 model with the converted spectra for 239Pu, 241Pu,
235U [14], and the prediction of Mueller et al. for 238U [13].
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Model Improvements

− Incorporation of new Total Absorption 
Gamma-Ray Spectroscopy (TAGS) data

− Comprehensive uncertainty treatment

• Summation models have been steadily improving 
in the last decade

P. Ochoa-Ricoux, International Neutrino Summer School 2026

− Free of pandemonium effect!

Phys. Rev. Lett. 123, 022502 (2019)

2323

Phys. Rev. Lett. 123, 022502 (2019)

Total Absorption Gamma-ray Spectroscopy (TAGS)
❑ High efficiency γ–ray detectors (e.g. NaI, BaF2), free of Pandemonium Effect

❑ Two parallel TAGS campaigns in Europe (@Jyvaskyla, Nantes–Valencia 
group) and U.S. (@ORNL)

Improve the Summation Method: 
TAGS campaigns, 2010–2023

Summation Model New TAGS nuclei added TAGS reference

SM-2012 Greenwood (49 nuclides) + 
102,104,105,106,107Tc, 
105Mo and 101Nb

PRL 105, 202501 (2010)

SM-2015 92,94Rb and 87,88Br PRL 115, 102503 (2015), 
PRC 95, 024320 (2017)

SM-2017 91Rb, 86Br PRC 96, 014320 (2017)

SM-2018 (EF) 100,100m,102,102mNb PRL 122, 042502 (2019)

BESTIOLE-2023 (CEA) 28 new nuclides ORNL+ post-2019 campaigns

Pandemonium Effect

Early Summation Method Studies that 
motivated the TAGS campaigns
Dwyer & Langford, PRL 114, 012502 (2015)
Sonzogni et al., PRL 116, 132502 (2016)
Sonzogni, McCutchan, Hayes, PRL 119, 112501 
(2017)   

❑ Since 2012, Summation model (by the Nantes–Valencia group) systematically gets better agreement with Daya Bay after 
more TAGS data sets are included. SM-2018 (EF) only differs by 1.9%.
❑ Shape discrepancy still exists (DB data/SM-2018) and needs to be understood.

From C. 
zhang’s talk at 
Neutrino 2026

− Notably, BESTIOLE implementation in Phys. 
Rev. C 108, 055501 (2023) 

2424

Improve the Summation Method: 
Uncertainty Treatment
BESTIOLE-2023 (CEA)
L. Perisse et al., Phys. Rev. C 108, 055501 (2023)

Source Uncertainty (%) Methods

Residual 
Pandemonium

2.1–2.6 Evaluated from 81 
measured nuclides and 
applied to ~29 nuclides

Tengblad integral 
β conversion

1.4–1.7 Evaluated from 23 TAGS 
and apply to 44 nuclides;

Fission yield 1.1–1.3 Cumulative uncertainty 
(JEFF-3.3), kept 
uncorrelated

Nuclides with no 
data

0.6–1.3 Statistical “Pool method”

Model correction 
(ξ-approximation, 
WM, etc.)

0.4–0.6 estimated against a few 
transitions that can be 
calculated exactly

Branching ratio + 
β⁻ intensity

0.3–0.4 ENSDF BR/intensity 
uncertainties, Monte 
Carlo propagated

• On the conversion side, we would like to see a full repeat of the ILL measurements

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502
https://indico.global/event/15740/contributions/155564/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.055501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.055501


Conclusions 
so far….
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Summary so far… 

Support from NSF and 
DOE is gratefully 
acknowledged

• Great progress has been made in the last decade in predicting and measuring the 
reactor antineutrino flux and spectral shape in the last decade

• Reactor neutrino experiments have made unique contributions to the field
− From the discovery of the neutrino to the discovery of a non-zero value of θ13 

• Nuclear reactors are excellent neutrino sources

P. Ochoa-Ricoux, Neutrino University 2025

• Of the three large next-generation experiments, one is a reactor experiment and 
recently began producing results
− Focus of part 2 of this lecture (tomorrow)

− Have an explanation for the Reactor Antineutrino Anomaly, although 5 MeV bump remains unexplained
− Existing combination of models and data allow to predict reactor antineutrino flux and shape to ~2% 
− Have not seen significant evidence for sterile neutrino mixing
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Thank you 
for your 
attention!



Backup
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Recap
• Two anomalies have come to light when comparing the predicted reactor antineutrino 

flux to the measured one

P. Ochoa-Ricoux, International Neutrino Summer School 2026
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Figure 3.3: (Top) The measured reactor ω̄e rate from 27 experiments, normalized to the prediction of the Huber–Mueller model [12, 11].

The rate is corrected for three-flavor neutrino oscillation at each baseline. The blue shaded region represents the global average and its 1ε

uncertainty. The 2.3% model uncertainty is shown as a band around unity. Measurements with di!erent detection technologies are separately

labeled. (Bottom left) The ratio of measured reactor ω̄e rate to the prediction of the Huber–Mueller model [12, 11] is shown as a function of the

year of the corresponding publication. Measurements at the same year are combined for clarity. (Bottom right) The ratio of measured reactor

ω̄e rate to the prediction of the Huber–Mueller model [12, 11] is shown as a function of the baseline. Measurements at the same baseline are

combined for clarity.

required to resolve the RAA. One popular hypothesis is the existence of a sterile neutrino with its corresponding mass

around 1 eV or higher [13], which can lead to a disappearance of ω̄es at short baselines (a few meters).

Before discussing the sterile neutrinos, let us briefly review the standard three-neutrino oscillation framework in which

the three neutrino flavors are superpositions of three light-mass states ω1, ω2, ω3 with di!erent masses, m1, m2, m3:




ωe

ωµ

ωω




=





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uω1 Uω2 Uω3




·





ω1

ω2

ω3




. (3.3)

21

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

Rate
Spectral Shape

Cannot be explained with sterile neutrinos

Can be explained with sterile 
neutrino oscillations

However, sterile neutrino searches have come out 
empty. What explains these anomalies then? 
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Comparison with 
Data: Spectral 
Shape

P. Ochoa-Ricoux, International Neutrino Summer School 2026

307/0

Figure 4.3: Summary of observations of the 5-MeV excess in prompt energy (or 6-MeV in antineutrino energy) with respect to the model

prediction [11, 12], including RENO [85], Daya Bay [18], Double Chooz [86], NEOS [134], (preliminary) DANSS [116], Neutrino-4 [114],

STEREO [139], PROSPECT [140], Gösgen [75, 141] and ROVNO [142, 143]. See text for more discussions.

Figure 4.3 compiles a collection of observations of this 5-MeV excess in prompt energy (or 6-MeV in antineutrino

energy) with respect to the model prediction [11, 12], including RENO [85], Daya Bay [18], Double Chooz [86], NEOS [134],

Neutrino-4 [114], STEREO [139], and PROSPECT [140] at various baselines from O(10) m to O(1) km. The preliminary

result from the DANSS [116] experiment is also included. In addition, re-analysis of positron spectra from the Gösgen

experiment, which was performed with a nuclear power plant in Switzerland in the 1980s [75], and the ROVNO experiment,

which was performed at the Rovno nuclear power station in the Soviet Union in the 1980s [142] also revealed a similar

excess [141, 143]. Most of these measurements are from commercial power reactors with low enriched uranium (LEU)

fuel (3-5% 235U concentration) producing electron antineutrinos from 235U, 238U, 239Pu and 241Pu. The Neutrino-4,

STEREO, and PROSPECT results are from research reactors with highly enriched uranium (HEU) fuel (>20% 235U

concentration) producing electron antineutrinos mostly from 235U. A quantitative comparison of the significance of the

31
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Scope of Reactor Neutrino Experiments

Atmospheric 
(+Accelerator)

Reactor 
(+Accelerator)

Solar 
(+Reactor)

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

− Determination of the neutrino mass ordering

• Main areas where reactor neutrino experiments have a big impact and/or make a unique 
contribution:
− Precision measurement of oscillation parameters (reactor experiments will provide leading precision 

on 4 out of 6 oscillation parameters)

− Searches for new physics beyond standard 3-neutrino mixing


