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Discovery of non-zero value 
of  θ13(2010, 2013, 2015)
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Unknowns
Mass ordering 

 |Δm2
31 | → Δm2

31
mlight = ?

Dirac or Majorana
δCP = ?
V unitarity

Accessible  
@reactors

http://arxiv.org/abs/2105.08533
http://arxiv.org/abs/2203.02139


Low Enriched Uranium (LEU)
- 3-4 GW thermal power
- Consumes . Produces 235U 239,241Pu

- Refuel every 1.5-2 years

High Enriched Uranium (HEU)
- 50-100 MW thermal power

PROSPECTFuel Evolution [2102.04614]

- Refuel every 1-3 months
- Almost pure 235U
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- Extended core ⌀ few m - Compact core ⌀  m ≃ 0.5
- 6 ⋅ 1020 ν/s @3GWth

e−

νe

e−

νe

Reactor Neutrino Experiments with km-scale baseline

- 6ν/fission

https://indico.cern.ch/event/833568/contributions/3655147/attachments/1957820/3252786/Contributions_of_Non-Fuel_Antineutrinos_at_the_High_Flux_Isotope_Reactor.pdf
https://arxiv.org/pdf/2102.04614.pdf
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(8 × 20)

distance, m10 1600 52 000

mass, t
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160

20 000

Three neutrino mixing
Sterile neutrino: Δm2

41 (eV2)

Spectrum @reactors
Neutrino mass ordering
Geo-, solar, atmospheric, Nucleon 
decay, SuperNova, DSNB neutrino

θ13, Δm2
31 Δm2

31, Δm2
21, θ21, θ13

≃ (2 − 10) ≃ (10−2 − 10−1) ≃ (10−5 − 10−2)

Reactor Neutrino Experiments with km-scale baseline
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Reactor Neutrino Experiments with km-scale baseline

Detection: inverse -decay (IBD) β νe + p → e+ + n

Energy, MeV

Cross-section  spectrum νe Observable 
spectrum 

3.5 91.8

Prompt =  ionisation + e+ e+e− → γγ
Delayed = n capture → γ(γ…) }Event = prompt+delayed

Percent-level control of absolute detector efficiencies and energy scale (multiple 
calibration sources, cosmogenics)

Reactor neutrino detectors = Precision Instruments

Excellent correlation with reactor power

Ex: Daya Bay



Reactor Neutrino Experiments with km-scale baseline

Ratio suppresses correlated uncertainties
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∼ 1 − sin2 2θ13
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Three neutrino oscillation due to θ13, Δm2
32
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Three neutrino oscillation due to . Global pictureθ13, Δm2
32
No running or planned 
experiment to surpass this 
precision



Reactor neutrino flux and spectrum
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Once  determined (far/near cancelation), flux and energy spectrum are measured tooθ13

Both have issues: 
1. The flux is about 6% below of a new HM model (=Reactor Antineutrino 

Anomaly, RAA) 
2. After 6% reduction the spectrum has a ‘bump’ @(4-6) MeV of prompt energy. 

1101.2663Mueller et al.
Huber 1106.0687

Double Chooz  Nature Phys.16 (2020) 558Universe 2021, 7(7), 246

https://arxiv.org/abs/1101.2663v3
https://arxiv.org/abs/1106.0687
https://www.nature.com/articles/s41567-020-0831-y
https://www.mdpi.com/2218-1997/7/7/246


Improve  flux calculation methodν
Lines of research to resolve the reactor neutrino anomalies

PRD 83 073006 So
nz

og
ni 

AA
P2

01
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Sterile neutrino state

3+1  model for the flux deficit 
 

ν
Δm2 ≈ 2eV2, sin2 2θ ≈ 0.1

A) Conversion method

B) Summation method (SM) =Ab-initio 
PRL 123, 022502
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.073006
https://indico.cern.ch/event/833568/contributions/3655258/attachments/1958551/3254251/Sonzogni_-_AAP19.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502
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What is Sterile Neutrino?

Why Sterile Neutrino? 
For  MeVEν ≈ 3.5

- Losc =
4πEν

Δm2
32

≈ 1.8km

- Losc =
4πEν

Δm2
21

≈ 59km

3-neutrino oscillation can not explain 
the rate deficit at L ≪ 1km
4 SM-neutrino excluded by Z lifetime 
and cosmology
If oscillations wanted —> a smart idea is 
required 

Sterile state = a coherent superposition of (similar to flavor) 
with vanishing interaction amplitude with W,Z

ν1, ν2, ν3, ν4…

NB! do interact with W,Zν1, ν2, ν3, ν4…
pedagogical introduction 1901.00151

https://arxiv.org/pdf/1901.00151.pdf


Lots of experimental searches for the  Sterile Neutrino 
 near detectors (Daya Bay, RENO, Double Chooz)θ13

SBL reactor experiments (NEOS (-II), STEREO, 
PROSPECT, DANSS, Neutrino-4, and more)
Radioactive sources (BEST)

Current status 
No sterile neutrino state is discovered
Neutrino-4, BEST and NEOS interpret their 
observations as evidence for sterile neutrino state
- in strong tension with other experiments

Sterile neutrino hypothesis is unlikely 
14 2203.07214

Exclusions @2σ

https://arxiv.org/abs/2203.07214


 flux and spectrum  ν
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spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)2/✏2i for
238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

U235 is smaller than 
HM expectation 
- Daya Bay, RENO, NEOSS-II, 

STEREO 
- Total Absorption Gamma 

Ray Spectroscopy (TAGS) 
- Kopeikin et al 

∼ 8 %

(Se
235/Se

239)ILL = 1.054(Se
235/Se

239)KI

Pu239 agrees with the HM 
model

PRL 118, 251801

Disfavors the sterile 
neutrino hypothesis

15

PRD 104, L071301

https://doi.org/10.1103/PhysRevLett.118.251801
https://doi.org/10.1103/PhysRevD.104.L071301


 flux and spectrum  ν
Major effort to improve the 
nuclear data for summation 
method

Daya Bay data

RAA reduced to <2%

 disagrees235U

RAA is gone

16
PRL 123, 022502

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502


 flux and spectrum  ν
The bump is present in both  and  when compared to summation 
or conversion models

235U 239Pu

This similarity suggests 
common origin or 
assumptions. The spectrum 
anomaly remains 

PRL 123, 022505
17

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502


JUNO experiment
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The major mission: neutrino mass ordering determination
The requirements

 spectrum @L=52 kmνe

IBD statistics 
- 20 kt detector mass (LS) 
- 26.6 GWth nuclear reactors

Energy resolution 
 

- 78% PMT coverage 
- Transparent LS 
- 30% PDE of PMTs 
- Multiple calibrations

< 3 % / E

Precision spectrum 
- TAO satellite detector 

Background uncertainty 
- 650 m rock overburden  
- More than 99.5% muon veto 

efficiency 
- Material screening 
- Clean installation

Solar neutrinos: 1-2 orders of magnitude higher requirements on radio purity

Energy scale/nonlinearity 
uncertainty < 1%



Overburden:  
 ~650 m

Slope tunnel：1265 m @ 
slope of 42%

Vertical tunnel: 
563 m

Civil construction 
finished in Dec, 2021

Slide from Jie Zhao @Neutrino 2022

19

Detector completion in 
2023



JUNO Central Detector
Acrylic panels (220/265)

Stainless Steel Structure 
(bottom half ready)

Liquid scintillator

20’’ PMTs:~18k (CD)+2.4k (WP) 
3’’ PMTs: 25.6k 

 

Four purification plants targeting U/Th 
@ ( ) g/g and 20 m 
attenuation length @430 nm

10−17 − 10−16

OSIRIS: 20t detector to monitor radio 
purity of LS before and during LS filling

3 m

9 m

Eur.Phys.J.C 81 (2021) 11, 97320

- production,  
- performance tests, 
- waterproof potting



JUNO Veto Detector

35 kton of ultrapure water serving as passive shield and water Cherenkov detector  
2400 20-inch MCP PMTs, detection efficiency of cosmic muons larger than 99.5% 

Keep the temperature uniformity 21℃±1℃ 

Quality: 222Rn < 10 mBq/m3, attenuation length 30~40 m

TOP tracker 
Provide control muon samples to validate the track 

reconstruction and study cosmogenic backgrounds 

21



JUNO Calibrations
1D, 2D, 3D scan systems with multiple calibration 
sources to control - the energy scale

- detector response 
non-uniformity

- < 1% energy non-linearity

Uncertainty < 1%

JHEP 03 (2021) 00422



Taishan Antineutrino Observatory (TAO)
The major mission:  
measure the reactor antineutrino spectrum at best accuracy ever

TAO CDR

SiPM with ~94% coverage  
- 4500 PEs/MeV  
-  energy resolution < 2% @ 1 MeV 
Gd-LS at -50℃ to lower the dark noise of SiPM 

23

2000 IBD/day @30m from the nearest reactor.

https://arxiv.org/abs/2005.08745


JUNO Physics Program
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NMO: 3σ@ 6yrs

JUNO+TAO

Diffuse Supernova Neutrino 
Background:  and 3σ@ 3yrs
5σ@ 10yrs

Nucleon decays: 
8.3 ⋅ 1033 yrs in 10 yrs



JUNO Physics Program
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Precision as for quarks: 

Improve meas. accuracy for 
solar 7Be, pep, CNO, 8B

< 0.5 % for sin2 2θ12, Δm2
21, |Δm2

31 |

Geo-neutrino: 
400per year, 5 % in10 yrs



New detector technologies: 
opaque liquid scintillator

What: medium with  
elastic scattering and minimal 
absorption

λscat ∼ 1mm

Why: native self-segmentation

Who: LIQUIDO Consortsium

Sunset in milk:  
an example of  
such medium

26

Benefits: good PID ( ) e±, γ, n, p, …

https://liquido.ijclab.in2p3.fr


Opaque LS+fibres = highly segmented TPC

A. Cabrera talk

27

More details can be found in 

https://indico.ijclab.in2p3.fr/event/7663/contributions/23924/attachments/19341/26196/SuperChooz-FirstSeminar@IJCLab-June2022-Anatael.pdf


New detector technologies: hybrid 
of Cherenkov and Scintiallor

What: water based LS, slow 
scintillation light, fast PMT readout

Why: add directionality

Who: ANNIE, SANDI, EOS, 
Jinping 1T, …

28

νμ

μ

Cherenkov

Scintillation



Neutrino experiments @nuclear reactors 

improved our knowledge about  

- Neutrino ( ) 

- Nuclear physics (flux and spectrum 
measurements) 

provided new possibilities to search for 
physics BSM 

Are becoming very precise (sub-percent) 
instruments for further discoveries.  

θ13, θ21, Δm2
31, Δm2
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