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Introduction
• Main question addressed by this talk:
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• Will focus on experiments using the Inverse Beta Decay (IBD) reaction, which 
is where our best knowledge currently comes from

What is the state of the art knowledge on reactor antineutrino 
emission from direct measurements?

ν̄e + p → e+ + n
prompt event

delayed event
IBD reaction:

prompt energy = kinetic energy 
of positron + annihilation with 

electron
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θ13  Experiments

Pν̄e→ν̄e
≈ 1 − sin2 2θ13 sin2 Δm2

32L
4E

sin2 2θ13 ∼ 0.08

Looking for a small effect!
• Need large statistics

• Need near & far detectors to cancel 

systematic uncertainties!

Survival Probability @ 4 MeV

Note: all of these experiments use Low 
Enriched Uranium (LEU) reactors

Need to keep uncertainties under 
control:

• There was a very significant leap forward with the advent of the experiments 
designed to measure the θ13 mixing angle: 

(Disclaimer: I am a Daya Bay collaborator)
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• Average global yield (mean cross-section per fission) now 
determined to < 1%

Total Yield

PRD 100, 052004 (2019)

Nat. Phys. 16, 558-564 (2020)

− Most precise measurements come from Double Chooz 
(~1%), Bugey4 (~1.4%), and Daya Bay (~1.5%)*

* see PRL 123, 111801 (2019). There is also a recent not-yet-published measurement from RENO that is consistent

− Discrepancy with Huber+Mueller (HM) model is the so-called Reactor 
Antineutrino Anomaly

• Start with the total yield, i.e. time-averaged yield from all isotopes (235U, 239Pu, 238U and 241Pu) 

Data/Prediction vs. Baseline

Data/Prediction

(now superseded*)
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Spectral Shape
• Have also measured the total prompt energy spectrum very precisely:

the “5 MeV bump”

Nat. Phys. 16, 558-564 (2020)

arXiv:2102.04614

Data/Model

Error bars include stat + syst 
uncertainties and are <0.6% 

for 2-5 MeV region

“5 MeV bump” (4-6 MeV excess) appears 
roughly consistent among experiments

Spectral Shape

(Daya Bay)

the “5 MeV bump”



PRL 118, 251801 (2017)
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Challenges
• These results cannot be directly adopted in 

other scenarios/experiments:

− They correspond to a specific 
combination of fission fractions 

− They are folded in with the detector 
response (i.e. they are in terms of 

)Eprompt

• Solution? Two-pronged approach: 

(i) Look at the yield’s evolution with fuel 
composition: allows to disentangle the 
contribution from each isotope

(ii) Unfold the spectra ( )Eprompt → Eν̄e

Evolution of fission fractions with burn-up

CPC 41 13002 (2017)

• 239Pu yield is lower than 235U, so total rate 
will decrease as fuel cycle progresses

Total yield with fission fraction (Daya Bay)

effective 239Pu fission fraction

• Yield and spectral shape vary from isotope 
to isotope
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(i) Isotopic Yields and Spectra
• The evolution with fuel composition allows to extract the individual yields and 

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

(suggests 235U is main contributor to 
Reactor Antineutrino Anomaly)

(first measurement of individual spectra 
with commercial reactors)

7.8%

PRL 123, 111801 (2019)

PRL 118, 251801 (2017)

Isotopic Yields

(Daya Bay)

Isotopic Spectra

(Daya Bay)

Comments: have to make conservative assumptions about the contributions from 238U and 241Pu. 
RENO released consistent yields in PRL 122, 232501 (2019)
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(ii) Unfolding
• “Remove” the detector response by unfolding the spectra (3 different methods):

arXiv:2102.04614

239Pu + 241Pu 
are grouped 
given their 

large 
correlation

Provide a 
data-based 

spectrum 
prediction for  

other 
experiments 
with different 

fission 
fractions to 

2% precision

Isotopic spectra uncertainties dominated by statistics and 238U & 241Pu model uncertainties

Unfolded Isotopic 
Spectra

(Daya Bay)
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HEU Experiments
• Placing a detector very near a Highly Enriched Uranium (HEU) reactor enables a 

direct measurement of the 235U yield and spectrum

PRD 103, 032001 (2021)

J. Phys. G 48, 075107

Joint analyses 
are ongoing 

between 
PROSPECT and 

STEREO (see 
backup), as well 

as between 
PROSPECT and 

Daya Bay


Goal is to ensure 
consistency and 

increase 
precision 

unfolded!

235U Spectral Measurement

(PROSPECT)

235U Spectral Measurement

(STEREO)

235U spectrum uncertainty in 2-5 MeV region is ~4% for PROSPECT, STEREO and Daya Bay 
experiments (see backup) 
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Note: there are many other short baseline LEU and HEU experiments that we do not have time to cover here 

235U Yield
• So far LEU and HEU experiments give us a consistent story for the 235U yield:

(from M. Licciardi’s talk at Moriond 2021)

With ~2.5% precision, STEREO has the most precise pure 235U yield measurement

235U Yield Data/Prediction

PRL 125, 201801 (2020)

Isotopic Yields
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Figure 1-4: Comparison of the summation spectrum [24] and three convoluted energy spectra with
respective energy resolutions of TAO, JUNO and Daya Bay. Ratio of the other three spectra to
the Daya Bay convoluted spectrum shows the di↵erence is about 2%. The TAO and JUNO spectra
reproduces similar structures as the summation spectrum to less than 1%. The bin width is set to
be 50 keV.

1.2 Reference spectrum for JUNO

The energy resolution is essential for JUNO to distinguish the multiple oscillation pattern driven
by �m

2
31

and �m
2
32

in the hypotheses of normal mass ordering or inverted mass ordering. The
uncertainty of the fine structure in the antineutrino energy spectrum has impact on the sensitivity
of mass ordering. Due to insu�cient decay information and lack of uncertainties in the nuclear
structures and fission yields in nuclear databases, the summation method has an uncertainty at
the 10% level. Current predicted antineutrino spectrum from reactor flux models, including both
summation method and conversion method, disagrees with the measured spectrum at Daya Bay
experiment and other reactor antineutrino experiments. Thus, the current reactor flux models
cannot provide a reliable reference spectrum including fine structure for JUNO as an input of the
neutrino mass ordering identification.

TAO will provide a precise reference spectrum for JUNO with sub-percent energy resolution,
and the event rate will be 33 times higher than JUNO. With the input spectrum from TAO, the
predicted antineutrino energy spectrum for JUNO without oscillations can be expressed as

SJUNO(E⌫) = STAO(E⌫) +
X

i

�fiSi(E⌫), (1.3)

where STAO(E⌫) is the reference antineutrino energy spectrum from TAO, �fi is the possible
di↵erence of fission fractions for four major isotopes, and Si(E⌫) is the antineutrino spectrum for
each isotope. If TAO has the same components of reactor antineutrino flux as JUNO, it will be an
ideal near detector for JUNO to cancel all the antineutrino shape uncertainty. However, since TAO
detects mainly the antineutrinos produced by one of the Taishan reactor cores, it could measure a
di↵erent flux with respect to the one seen by JUNO with possible di↵erent running time periods.
JUNO mainly receives the reactor antineutrinos from two Taishan reactors and six Yangjiang
reactors. Taishan and Yangjiang reactors are di↵erent types of reactors, with 4.6 GW and 2.9 GW

23
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Future
• Expect more results from Daya Bay and RENO with 

their final data sets

• The PROSPECT collaboration is pursuing an 
upgrade

• Expect new results from STEREO with 
~twice the current data

• JUNO will deploy a satellite detector called TAO 
near one of the Taishan 4.6 GWth cores:

• SiPM and Gd-LS at -50°C 
• ~1.7% @ 1 MeV energy 

resolution 

• 1 ton fiducial Gd-LS volume

235U Spectrum Uncertainties

(PROSPECT)

- Reference spectrum for JUNO 
and other experiments

- Benchmark for nuclear 
databases

- Isotopic yields and spectra 

Fine Structure and 
Stat. Uncertainty


(JUNO-TAO)
Isotopic Spectra Uncertainties


(JUNO-TAO)

(from PROSPECT II 
Snowmass LOI)

arXiv:2005.08745

arXiv:2005.08745
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Summary & Outlook
• Neutrino physics have been done with nuclear reactors to exquisite precision:

− Despite lacking a precise enough prediction of reactor antineutrino fluxes!

• Great progress in characterizing reactor antineutrino emission achieved in the 
last decade by LEU and HEU experiments:

• Expect even more progress…
− Some current experiments are still producing results, and anticipate projects like 

PROSPECT II and JUNO-TAO coming online soon

− 235U and 239Pu isotopic yields and unfolded spectra determined to several %

Stay tuned!

− Can make data-based prediction of reactor antineutrino spectrum to 2 %

− Time-averaged yield and prompt spectrum measured to ≲ 1 %



Thank you for your 
attention!
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Backup
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Prompt Spectrum from Daya Bay

arXiv:2102.04614
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235U Spectra Uncertainties

Daya Bay

PROSPECT STEREO

PRD 103, 032001 (2021)

JPG 48, 075107

arXiv:2102.04614
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STEREO and PROSPECT

(from M. Licciardi’s talk at Moriond 2021)
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Design of JUNO-TAO

arXiv:2005.08745
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Detection Technology
• The three θ13 experiments rely on very similar detection technology
• Use Daya Bay as an example:

RPCs 
inner water shield

AD

PMTs
Tyvek

outer water shield

AD support stand
concrete

Gd-doped 
Liquid 

Scintillator 
(LS) LS

Mineral 
Oil

NIM A 811, 133 (2016)

Energy resolution:  
σE/E ≅ 8.5%/√E[MeV]

Double purpose: shield the detectors and 
veto cosmic ray muons

192 8” 
PMTs
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Main goals: Sterile neutrinos, reactor  measurements, reactor monitoring 

Rich program of ton scale detectors 6-30 m far from LEU&HEU reactors

ν̄e

+ (mini-)CHANDLER, JUNO-TAO, 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:

Low-Enriched 
Uranium (LEU)

Fission of 235U, 238U, 
239Pu, 241Pu 

Highly Enriched 
Uranium (HEU)
Fission of 235U

0.9 t

1 t

1.5 t

4 t

1.6 t
1.7 t

Short Baseline Neutrino Experiments
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Similar baseline, large diversity in detector design

DANSS

NEOS

PROSPECT STEREOeach optical �bre is covered by a Mylar foil with a re�ective aluminium coating, and the other
end is coupled to a Hamamatsu type S12572-050P multi-pixel photon counter (MPPC), contain-
ing 3600 pixels, arranged in a 3×3 mm2 matrix. The position of the MPPC and mirror alternates
between the parallel �bres to mitigate the attenuation of light in the �bres and to ensure a more
uniform light response throughout the detector (see Fig. 1). The detection cells are arranged into
a detection plane of 16×16 cells, where each row and column of cells is read out by the same set of
two optical �bres, accounting for a total of 64 optical �bres per detector plane, as shown in Fig. 2.

2.2.3 Plane & module design

The detection planes, with a cross sectional surface of 0.8×0.8m2, are surrounded by a lining of
white high-density polyethylene (HDPE) with a thickness of 46.0 and 46.8mm, respectively in
the vertical and horizontal directions (see Fig. 2). The HDPE bars act as re�ectors for neutrons
that would otherwise escape the detector. Each plane is structurally supported by a hollow frame
of extruded aluminium that has been chrome coated to act as a Faraday cage for the MPPCs and
their wirings. Each �bre protrudes through the HDPE lining and the frame where it is capped o�
on each end with two di�erent plastic 3D printed caps. One cap holds an MPPC sensor, while the
other end holds the aluminized Mylar mirror (see Fig. 1). Optical contact with both the mirror
and the MPPC is ensured with a drop of optical gel. The MPPC bias voltage and signal is carried
on twisted pair ribbon cables that are routed through the hollow frame and are terminated on
one of the frame sides in four insulation displacement connectors (IDCs) each grouping 16 MPPC
channels. The front-end electronics, which is described in section 3, is self-contained in an alu-
minium encasing mounted on one side of each detection plane. Each detection plane is �nally
covered with two square Tyvek sheets on each of its light sensitive faces to further ensure optical
isolation from its neighbouring planes.

Figure 2: (Left) Exploded view of a detection plane. (Right) Sketch and dimensions of a 10 planes detector
module mounted on its trolley (blue).

Frames and their attached readout electronics are grouped together by 10 units to form a
detector module, mounted on a trolley (see Fig. 2). Each module can be operated as a standalone

– 5 –
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Short Baseline Neutrino Experiments


