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Overview

Introduction 
Measurement of θ13 mixing angle 
JUNO 
• JUNO-TAO 
Very short baseline neutrino experiments 
Conclusions
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Spoiler alert: Future is bright! Unfortunately, all cannot be covered.

I focus mainly on fundamental neutrino properties 
(from reactor neutrino oscillation measurement)
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Workhorse of Fundamental ν Physics
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1950s: Savannah River
Discovery of (anti)neutrinos

2000s: KamLAND
First evidence  

for Δm221-driven oscillations 

2012: Daya Bay, RENO,
Double CHOOZ

Non-zero θ13 mixing angle
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the observed ⌫e survival probability as a function of effective
baseline Le↵ divided by the average antineutrino energy hE⌫i.
Almost one full oscillation cycle was sampled, given the range
of L/E⌫ values which were measured. The data from all
three experimental halls were consistent with the three-flavor
oscillation hypothesis.
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FIG. 40. Measured reactor ⌫e spectral distortion, displayed as
the oscillation survival probability versus Le↵/E⌫ . The effective
propagation distance Le↵ was estimated for each hall based on
the distribution of reactors contributing to the signal (see Eq. 56).
The average true ⌫e energy hE⌫i was determined for each bin in
the observed prompt positron spectrum based on the model of the
detector response. The ⌫e survival probability was given by the
observed signal in each bin divided by the prediction assuming no
oscillation. The measurement sampled ⌫e survival over almost one
full cycle, demonstrating distinct evidence in support of neutrino
flavor oscillation.

The confidence regions for �m
2
ee versus sin2 2✓13 are

shown in Figure 41. The confidence regions were obtained
using the change of the �

2 value relative to that of the best
fit, ��

2 = �
2 � �

2
min, as a function of sin2 2✓13 and���m

2
ee

��. All other model parameters were profiled during
the determination of the value of ��

2. The confidence
regions are defined as ��

2 less than 2.30 (68.27% C.L.), 6.18
(95.45% C.L.), and 11.83 (99.73% C.L.). The 1-D distribution
of ��

2 are also provided for each individual parameter, where
the alternate parameter has been profiled. A table of ��

2

values as a function of sin2 2✓13 and
���m

2
ee

�� is provided as
Supplemental Material [39].

The precision of this measurement of ✓13 was limited by
statistics, although systematic uncertainty from differences
of the ⌫e efficiency between detectors and predicted reactor
flux also contributed significantly. For

���m
2
ee

��, statistical
and systematic uncertainties were approximately equal in
size. The largest systematic uncertainty arose from potential
variation in the energy calibration of the far versus near
detectors, which was well characterized using multiple
redundant low-energy radioactive sources. Systematic
uncertainty from ⌫e interactions in the IAV also contributed.

Figure 42 compares the estimate of sin2 2✓13 with those
values obtained by other experiments, while Figure 43
provides a similar comparison for measurements of �m

2
32.

The measurements relied on a variety of ⌫ observations:

• the disappearance of MeV-energy reactor ⌫e’s over

FIG. 41. Confidence regions of sin
2
2✓13 and

���m2
ee

�� from a
combined analysis of the prompt positron spectra and rates. The
1�, 2�, and 3� 2-D confidence regions are estimated using ��2

values of 2.30 (red), 6.18 (green), and 11.83 (blue) relative to the
best fit. The upper panel provides the 1-D ��2 for sin

2
2✓13

obtained by profiling
���m2

ee

�� (blue line), and the dashed lines mark
the corresponding 1�, 2�, and 3� intervals. The right panel is the
same, but for

���m2
ee

��, with sin
2
2✓13 profiled. The point marks the

best estimates, and the error bars display their 1-D 1� confidence
intervals.

⇠km distances,

• the disappearance of ⌫µ produced by particle ac-
celerators with mean energies of ⇠600 MeV [67],
⇠3 GeV [68], and ⇠2 GeV [69] which had propagated
distances of ⇠295 km, ⇠735 km, and ⇠810 km
respectively,

• the appearance of ⌫e in those same neutrino beams, and

• the disappearance of ⌫µ produced by particle interac-
tions in the upper atmosphere [70, 71], with energies
>1 GeV and baselines up to the diameter of the Earth.

The consistency of the values of �m
2
32 measured via these

various techniques firmly establishes the three-flavor model
of neutrino mass and mixing.

VI. SUMMARY

From Dec. 4, 2011 to Jul. 28, 2015, the Daya Bay
experiment measured the rate and energy spectrum of electron
antineutrinos emitted by the six 2.9 GWth reactors of the
Daya Bay and Ling Ao nuclear power facilities. Combining
217 days of data collected using six antineutrino detectors
with 1013 days of data using eight detectors, a total of
2.5 ⇥ 106 ⌫e inverse beta decay interactions were observed.
The unprecedented statistics of this sample allowed the most
precise measurement of ⌫e disappearance to date. A relative
comparison of the rates and positron energy spectra of the
detectors located far (⇠1500-1950 m) relative to those near

2020+: JUNO, Various
 short baseline experiments

Keep on ploughing
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Source of Reactor Antineutrinos
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Credit: nobelprize.org

✘

Credit: wikipedia

Credit: HyperPhysics

Fission

Commercial nuclear reactors: Fission of primarily 4 isotopes:  
235U, 238U, 239Pu, 241Pu 
Produce neutron-rich fission daughters
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Antineutrino energy [MeV]
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Neutron-rich fission daughters undergo β decays 
Reactor: a powerful source of pure  ’sν̄e

Source of Reactor Antineutrinos
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⇠6 ⌫̄e per fission

2⇥ 1020 ⌫̄e/second/GWth
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Reactor Antineutrino Detection

Primary detection method - Inverse beta decay (IBD) 
Powerful background rejection with positron-neutron coincidence 
• Very often, protons (atoms of hydrogen) are naturally present in 

active detector volume
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Inverse beta decay candidates selection

IBD selection
• Remove flashing PMT events

• Prompt Energy Cut: 0.7 MeV < Ep < 12 : MeV

• Delayed Energy Cut: 6 MeV < Ep < 12 : MeV

• Coincidence Time Cut: 1 µs < �t < 200 µs

• Multiplicity Cut: prompt and delayed signals
isolated

• Muon Veto:
-Water pool muon (nPmt > 12): 0.6 ms
-AD muon (E > 20 MeV): 1 ms
-AD shower muon (E > 2.5 GeV): 1 s

Detection method
⌫̄e + p ! e+ + n

30 µs n + Gd ! Gd⇤ ! Gd + �s (8 MeV)

200 µs n + H ! D + � (2.22 MeV)

Delayed energy (MeV)
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IBD: ⌫̄e + p ! e
+ + n

30 µ(s) n+Gd ! Gd
⇤ ! Gd+ �’s (8 MeV)

200 µ(s) n+H ! D + � (2.22 MeV)
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dE
= n(E)

Z
P (E, |~r � ~r

0|)
4⇡|~r � ~r0|2

XNA

⌧ Ar
fm(~r0)⇢(~r0)d~r0

d�(~r,E)
dE flux density [cm

�2
s
�1

]

n(E) spectrum density

P (E,L) oscillation probability

X natural isotopic mole fraction

NA Avogadro’s number

⌧ mean liftime

Ar relative atomic mass

fm(~r) mass fraction (abundance)

⇢(~r) mass density

KamLAND, DB, DC, RENO n+H ! D + � (2.22 MeV)

DB, DC, RENO n+Gd ! Gd
⇤ ! Gd+ �’s (8 MeV)

Savannah River n+ Cd ! Cd
⇤ ! Cd+ �’s (9 MeV)

BUGEY3, PROSPECT n+ Li ! Li ! ↵+ T (4.78/⇠0.5 MeV)

(�)
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P⌫̄e!⌫̄e(L,E) ⇡ 1� sin2 2✓14 sin
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41L
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Eν̄e
≃ Eprompt + 0.78 MeV
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Primary detection method - Inverse beta decay (IBD) 
Powerful background rejection with positron-neutron coincidence 
• Very often, protons (atoms of hydrogen) are naturally present in 

active detector volume
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Reactor Neutrino Detection
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Detected �  Spectrum ν̄e
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Neutrino Mixing and Oscillations (3ν’s)

�8

Atmospheric, accelerator ν

Reactor L~2 km, accelerator ν

Solar, reactor L~60 km ν

cij=cosθij 
sij=sinθij 

Δm2ij≡m2i-m2j

Parameter Value Open questions
Δm212* 7.5×10-5 eV2 —

|Δm312|≃|Δm322|* 2.5×10-3 eV2 Ordering?*⇔Δm312≶0 
θ12* 33º —
θ23 45º? Maximal?⇔θ23⋛45º
θ13* 9º —
δCP† ?º Value?
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Oscillation parameters:

Three-neutrino mixing:

*Can be measured by reactor neutrino experiments
†Highly constrained thanks to precise measurement of θ13 in reactor ν experiments

Flavor 
states

Mass 
states

Normal ordering

see talk by Iván Esteban
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Pν̄e→ν̄e
(L, E) = 1 − sin2 2θ12 cos4 θ13 sin2 Δm2
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Reactor Neutrino Oscillations
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Medium baseline

Two modes of oscillations:

Short baseline
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) eν
→ eν

P(

0

0.2

0.4

0.6

0.8

1

Near
Far

Daya Bay
Double Chooz

RENO

JUNO

KamLAND
— sin22θ13=0
— sin22θ13=0.085

Is there 3rd 
mode?!?

DANSS
NEOS

PROSPECT
STEREO

SoLid
JUNO-TAO

…

The strength of the SST has been analyzed with the Finite Element Analysis (FEA) for all
possible working conditions, such as empty tank, overturn, and during filling, at both room tem-
perature and low temperature. Due to limited height of the laboratory, the copper shell and the
acrylic vessel inside have to be installed into SST horizontally. Then, the assembled SST needs an
overturn from horizontal position to vertical position. The strength of the SST is good enough,
and the only attention needs be paid is the overturn operation.

3.2.2 SiPM support

In order to have a photosensor coverage close to 100%, design of the layout and support of the SiPMs
is challenging. The support should have a good thermal conductivity since the heat produced by the
readout as well as the SiPMs themselves need be transferred smoothly, so the working temperature
of the SiPMs keeps stable. The support should be made with very low background material as it
is only several centimeters from the GdLS. The support material should be compatible with the
bu↵er liquid and should have good a mechanical strength to avoid deformation and damage to the
SiPM tiles during the assembly, overturn (see Section 3.2.6), and lifting.

Design of the support structure is shown in Figure 3-4. It is a shell structure made of about
1200 kg oxygen-free copper. The copper shell also supports and fixes the acrylic vessel through only
two flanges on the top and at the bottom of the acrylic vessel. The 12-mm thickness is determined
by both the mechanical strength and the thermal capacity to stabilize the temperature. The sphere
is divided into 6 pieces. The upper and lower half sphere each consists of 3 pieces. They are bolted
together through the reinforcing ribs on the edge of each piece. The tolerance of the diameter
is designed to be ±2.5 mm. The deformation of the support structure is estimated to be about
2-4 mm for all working conditions.

Figure 3-4: Left: the spherical copper shell as the SiPM support structure. Middle: the sphere is
divided into 6 pieces. Right: the local drawing of the copper shell with one 50⇥ 50 mm SiPM tile
and its fixture.

It is also possible to divide the copper shell latitudinally rather than longitudinally. In this case,
eight pieces are required. Four big pieces are in ring shape and make up about 80% of the sphere.
The other four small pieces combine as the flange cover for the top and the bottom, as shown in
Figure 3-5. Manufacture of the copper rings will be more di�cult but higher SiPM coverage could
be achieved with this option.
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Fully Independent 
on θ23 and δCP 

Directly depends on θ12, θ13, Δm212, 
Δm312 & Δm322 (or mass ordering)
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θ13  precisely measured by Daya Bay, Double Chooz and RENO 
rector neutrino experiments designed primarily for this purpose

The θ13 Mixing Angle

�10

Key elements for the success:
• Ideal distance of 1-2 km from reactors (maximal θ13-dominated osc. effect)  
• Use near-far relative measurement to mitigate systematic uncertainties 

• Powerful reactor complexes for huge statistics (millions of  ’s)  

• Overburden to reduce cosmic-ray muon flux (source of background)

ν̄e
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Experiment Value

Daya Bay nGd

0.06 0.08 0.1 0.12 0.14

sin2 2✓13

0.0856±0.0029

RENO nGd 0.0896±0.0068

Daya Bay nH 0.071±0.011

D-CHOOZ nGd+nH 0.105±0.014

RENO nH 0.087±0.015

T2K

bayessian 0.099+0.037
�0.017

NH 0.105+0.027
�0.024

IH 0.116+0.031
�0.025

Value of θ13 for Foreseeable Future
θ13 - the most precisely known angle in the mixing matrix

�11

Measurements of sin22θ13:
Daya Bay precision 3.4% 
➔~3% for the final result 
~1σ tension between Daya Bay 
and Double Chooz 

Double Chooz stopped data taking in Dec 2017 (final result soon) 
Daya Bay will pull the plug in Dec 2020 and RENO might follow 
Final result of Daya Bay will be the most precise θ13 measurement in 
foreseeable future - no successor in the pipeline 
Precision in θ13 significantly helps constrain δCP by accelerator 
neutrino experiments (T2K, NOvA)
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JUNO Overview

�12

Experiment Daya Bay Borexino KamLAND
D

JUNO
LS Mass (t) 8×20 ~300 ~1,000 20,000

Collected PE/MeV ~160 ~500 ~250 ~1,200
Energy Res. @ 1 MeV ~8% ~5% ~6% ~3%

Largest in
the world!

 4

JUNO Basics
• The Jiangmen Underground Neutrino Observatory (JUNO) is a large 

experiment under construction in China:

- 53 km from two major nuclear power plants (10 reactors)
- 35 m diameter sphere with 20 ktons of liquid scintillator

LS Detectors Daya Bay Borexino KamLAND JUNO
Target Mass 20 t x 8 300 t 1 kt 20 kt

Jiangmen Underground Neutrino Observatory (JUNO) 
20 kt liquid scintillator detector 
Superb energy resolution of 3%√E(MeV) 
700 m overburden 
Use reactor neutrino oscillations 
• To determine neutrino mass  

ordering at >3σ 
• Measure θ12, Δm221, Δm231 with  

<0.7% precision 
A lot more… (Multipurpose experiment) 
Ready for data taking in 2022
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Jiangmen Underground Neutrino Observatory (JUNO) 
20 kt liquid scintillator detector 
Superb energy resolution of 3%√E(MeV) 
700 m overburden 
Use reactor neutrino oscillations 
• To determine neutrino mass  

ordering at >3σ 
• Measure θ12, Δm221, Δm231 with  

<0.7% precision 
A lot more… (Multipurpose experiment) 
Ready for data taking in 2022

JUNO Overview

�13

Largest in
the world!

Daya Bay Borexino KamLAND JUNO
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Yury Malyshkin Daya Bay and JUNO 12 

JUNO Location  

JUNO 

N 22°07’05”, E 112°31’05” 
Jinji town, Kaiping city,  
Jiangmen city, Guangdong province 

N 22°07’05”, E 112°31’05” 
Jinji town, Kaiping city,  
Jiangmen city, Guangdong province 

Hong Kong 

Guangzhou 

Southern 
China 

JUNO Location & Collaboration

�14

52.5 km

52
.5

 k
m

JUNO

The JUNO collaboration: 
18 states, 78 institutions, 666 members
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Reactor Neutrino Sources

�15

52.5 km

52
.5

 k
m

JUNO

are surveyed with a Global Positioning System (GPS) to a precision of 1 meter. All these NPPs
are constructed and operated by the China General Nuclear Power Group (CGNPG).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1-2: Summary of the thermal power and baseline to the JUNO detector for the Yangjiang
(YJ) and Taishan (TS) reactor cores, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

In absence of high mountains in the allowed area where the sensitivity to the mass hierarchy
is optimized, the detector will be deployed in an underground laboratory under the Dashi hill.
The elevation of the hill above the detector is 268 m, and that of the dome and the floor of the
underground experimental hall is -433 m and -460 m, respectively. The detector is located in a
cylindrical pit. The elevation of the detector center is -481.25 m. Therefore, the vertical overburden
for the detector is more than 700 m. The experimental hall is designed to have two accesses. One
is a 616 m-deep vertical shaft, and the other is a 1340 m long tunnel with a slope of 42.5%. The
rock is granite. The average rock density along a 650 m borehole is measured to be 2.61 g/cm3.
The activities of the 238U, 232Th, and 40K in the rock around the experimental hall are measured
to be 130, 113, and 1062 Bq/kg, respectively. The muon rate and average energy in the JUNO
detector are expected to be 0.0030 Hz/m2 and 215 GeV estimated by simulation with the surveyed
mountain profile taken into account.

1.3.2 JUNO Detector

The JUNO detector consists of a central detector, a water Cherenkov detector and a muon tracker.
The central detector is a liquid scintillator (LS) detector of 20 kton fiducial mass with an designed
energy resolution of 3%/

√
E(MeV). The central detector is submerged in a water pool to be

shielded from natural radioactivity from the surrounding rock and air. The water pool is equipped
with Photomultiplier Tubes (PMTs) to detect the Cherenkov light from cosmic muons, acting as a
veto detector. On top of the water pool, there is another muon detector to accurately measure the
muon tracks. A schematic view of the JUNO detector is shown in Fig. 1-4. The detector design is
still developing in the carrying on of R&D.

To achieve a 3%/
√

E(MeV) energy resolution is very challenging. A Monte Carlo simula-
tion has been developed based on the Monte Carlo of the Daya Bay experiment, as described in
Sec. 13.2.1. The photoelectron yield has been tuned according to the Daya Bay data. To reach the
required energy resolution, the following improvements from Daya Bay have to be accomplished.

• The PMT photocathode covergage ≥ 75%.

• The PMT photocathode quantum efficiency ≥ 35%.

• The attenuation length of the liquid scintillator ≥ 20 m at 430 nm, which corresponds to an
absorption length of 60 m with a Rayleigh scattering length of 30 m 4.

4The Rayleigh scattering length of Linear alkybenzene was measured to be 28.2 ± 1.0 m at 430 nm recently [70]

30

26.6 GWth by 2022:

Two other  
Taishan cores

 come later

Taishan nuclear power plant

Yangjiang nuclear power plant
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The JUNO Detector
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Top muon tracker
Plastic scintillator panels

Ultra-pure water pool
Water Cherenkov detector

Stainless-steel support 
With coils to compensate  

Earth magnetic field

18,000 20-inch PMTs 
26,000 3-inch PMTs

~1.5 m water buffer

Acrylic sphere
⌀ 35.4 m

Liquid scintillator
20 kt  LAB-based

Design similar to previous LS experiments - JUNO larger and more precise

20-inch and 3-inch 
PMTs densely packed 

to provide ~78% 
photocoverage
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Neutrino Mass Ordering Determination
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Mass ordering determined by 
exploiting the fine oscillation pattern 
in reactor neutrino spectrum
Mass ordering measurement 
independent on δCP and θ23 
JUNO first experiment to observe 
solar and atmospheric neutrino 
oscillation modes simultaneously! 
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Key Aspects of JUNO Success

Large statistics: 20 kt × 26.6 GWth × 8 y >100,000 detected ’s 

Optimized baselines:
• Ideal baseline ~52.5 km 
• Equal baselines from each reactor 
Superb energy resolution: 
• 3% at 1 MeV

ν̄e
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Oscillated Spectrum - Logarithmic Scale 
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Smeared Spectrum - Logarithmic Scale
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Ideal resolution

Target resolution

Large photocoverage  
mainly due to 20-inch PMTs 

~78% ⟺ >1200 PE/MeV

Comprehensive calibration 
system & dual calorimetry
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Calibrating the Energy Response
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Laser

Calibration systems:
• Automated calibration unit (ACU) - Radioactive sources along z axis (1D) 
• Cable loop system (CLS) - Radioactive sources in plane (2D) 
• Guide Tube - Radioactive sources at edge (2D) 
• Remotely operate vehicle (ROV) - Radioactive sources everywhere (3D) 
• Laser - Gammas shot into the detector

16

Small PMT System

• 25,000 3-inch PMTs will operate 
predominantly in photon-counting mode:

• The small PMTs also bring other nice 
benefits to the table: 

- Independent physics (e.g. 
measurement of solar parameters) 

- Aid to position reconstruction 
and muon track reconstruction 

- Aid to supernova neutrino measurement
- Others (a little extra light, larger dynamic range… etc). 

√ High Quantum Efficiency

 Borosilicate low K
 Bi-alkali
1.54
 Box and Linear focused

Min Typ Max Unit
290-700 nm

404 nm

110 μA/lm
10 12 μA/lmF
22 25 %
18 20 %

Min Typ Max Unit
6.8
50 A/lmF

900 1150 1300 V
3x106

10 30 nA
1000 2000 Hz

1 %
1 %

-0.3 %/K

Min Typ Max Unit
30 mA

3.5 ns
5 ns

49 ns
1 ns

1.3 ns

K         D1         D2         D3         D4         D5         D6         D7         D8         D9         D10         A
      3            1            1            1            1            1            1            1            1            1            1            (Total: 13)

* characteristic mentioned on the test ticket of the tube

         XP72B22

Typical spectral

Typical gain curve

Photomultiplier

 Window material
 Photocathode

√ Low profile

 Description

10-stage
80mm (3.1"), Round tube

√ High energy physics
Application Features

 Refr. Index at 420nm
 Multiplier structure

             Maximum sensitivity at

 Recommended Voltage Divider

Type A for maximum gain

 Photocathode characteristics

 Characteristics with voltage divider A
 Gain slope (vs supp. Volt., log/log)
 For an anode blue sensitivity of
 Supply voltage *

 Sensitivity:

 Spectral range:

             Luminous
             Blue *

             Quantum Efficiency, at 470 nm

 Gain

             Time resolution at 511 keV with LSO

 Anode pulse:
             Rise time
             Duration at half height
             Transit time
             Center to edge difference (C.E.D)

             Quantum Efficiency, at 404 nm

             Vs temperature between 0 and +40°C
             at 420 nm
For a supply voltage of : 1000V
 Linearity (2%) of anode current up to

 Anode dark current *
 Noise
 Mean anode sensitivity deviation
             Long term (16h)
             After change of count rate
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Typical spectral

Typical gain curve

Photomultiplier

 Window material
 Photocathode

√ Low profile

 Description

10-stage
80mm (3.1"), Round tube

√ High energy physics
Application Features

 Refr. Index at 420nm
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             Luminous
             Blue *
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             Rise time
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             Transit time
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             Vs temperature between 0 and +40°C
             at 420 nm
For a supply voltage of : 1000V
 Linearity (2%) of anode current up to

 Anode dark current *
 Noise
 Mean anode sensitivity deviation
             Long term (16h)
             After change of count rate

A custom design 
for JUNO!

Basic principle: look at the same 
events with two sets of “eyes” 
that have different systematics  

(e.g. nonlinearity)

• JUNO will also have to keep the non-
stochastic term of the resolution under 
control (≲1%) < 1% never achieved before!
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A custom design 
for JUNO!

Basic principle: look at the same 
events with two sets of “eyes” 
that have different systematics  

(e.g. nonlinearity)

• JUNO will also have to keep the non-
stochastic term of the resolution under 
control (≲1%) < 1% never achieved before!

20-inch PMT

3-inch PMT

3-inch PMT system for dual calorimetry:
• 20-inch PMTs deliver photocoverage but has 

non-linear response (already @ 1-10 MeV) 
• Looking at the same events with different eyes 
• Photon-counting - linear response @ 1-10 MeV 
• Other benefits
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JUNO Prospects with Reactor Neutrinos

Mass ordering >3σ in <8 years of 
JUNO data taking 
Combination with other experiments 
can improve >4σ 
Updated study based on full detector 
simulation in preparation 
JUNO significantly improve sin22θ12,  
Δm212, Δm312 oscillation parameters 
sin22θ12,  Δm212 <1% with 1 year of 
data

�20

Figure 2-8: The comparison of the MH sensitivity for the ideal and actual distributions of the
reactor cores. The real distribution gives a degradation of ∆χ2

MH ≃ 5.

Considering the baseline optimization and impact of the baseline difference, we select of the
experimental site. A candidate site was identified by taking account of the physical performance
and detailed geological survey. With the spatial coordinates of the experimental site and reactor
cores, the actual power and baseline distributions for the reactor cores of Yangjiang (YJ) and
Taishan (TS) NPPs are shown in Tab. 1-2. The remote reactors in the Daya Bay (DYB) and
the possible Huizhou (HZ) NPP are also included. The reduction of sensitivity due to the actual
distribution of reactor cores is shown in Fig. 2-8, which gives a degradation of ∆χ2

MH ≃ 5. The
degradation includes ∆χ2

MH ≃ 3 due to the baseline differences of Taishan and Yangjiang NPP,
and ∆χ2

MH ≃ 1.7 with the inclusion of Daya Bay and Huizhou NPPs. Other NPPs in operation
and construction are much further away from the experimental site (larger than 400 km) and can
be neglected in the MH studies (reduction of ∆χ2

MH < 0.2). In all the following, the actual spacial
distribution of reactor cores as shown in Tab. 1-2 is taken into account.

2.3.3 Requirement on the Energy Resolution

The energy resolution as or better than the size of ∆m2
21/|∆m2

31| is required in order to precisely
measure both the fast oscillations (driven by ∆m2

31 and ∆m2
32) and slow oscillation (driven by

∆m2
21) at a medium baseline. In our nominal setup, the detector energy resolution 3%/

√
E(MeV)

is defined from the photon-electron statistics (1200 p.e./MeV), with the energy E defined as the
visible energy of the positron. To show the effects of the energy resolution and event statistics, we
illustrate the iso-∆χ2

MH contour plot as a function of the two key factors in Fig. 2-9. The nominal
luminosity is defined as the IBD event statistics in Sec. 2.3.1. From the figure, we can observe that
the energy resolution of 2.6%/

√
E(MeV) and 2.3%/

√
E(MeV) is required to achieve the sensitivity

of ∆χ2
MH ≃ 16 or ∆χ2

MH ≃ 25 with the nominal statistics, respectively. With an increase of the
statistics by 50%, the energy resolution of 2.9%/

√
E(MeV) and 2.6%/

√
E(MeV) are required to

achieve the same sensitivity of ∆χ2
MH ≃ 16 or ∆χ2

MH ≃ 25.
For a real experimental environment, there are other important factors beyond the photon-

electron statistics that affect the energy resolution, such as the dark noise from PMT and electronics,
the detector non-uniformity and vertex resolution, as well as the PMT charge resolution. A generic

44

Variable Value Δχ2

Ideal L=52.5 km, etc. 16
Core Distances Real -3

DYB and HZ Cores On -1.7
ν Spectrum Shape 1% uncer. -1

Background - -0.7

Mass Ordering Sensitivity

Parameter Current 
precision (1σ)

Improvement 
by JUNO

sin22θ12 4.5% <0.7%
Δm212 2.4% <0.6%

Δm312 2.6% 
sign unknown

<0.5% 
sign determination

J. Phys. G 43 (2016) 030401 
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JUNO-TAO Reference Detector
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Neutrino energy (MeV)
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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
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Ideally, it would be good to know reactor   spectrum with similar 
resolution as JUNO, i.e. 3%/√E(MeV) 
• Current best from Daya Bay with resolution 8.5%/√E(MeV) 
Neutrino mass ordering determination robust against micro-structures in 
the spectrum  
JUNO-TAO, a reference detector at ~30 m from a Taishan core, with a 
unprecedented resolution 1.5%/√E(MeV) will: 
• Deliver a reference spectrum  

for JUNO and other experiments 
• Provide benchmark for nuclear  

databases 
• Provide isotopic yields and spectra 
• Search for sterile neutrinos 
• Study the possibility of nuclear  

reactor monitoring

ν̄e

arXiv:2005.08745
 

JUNO-TAO <1% precision
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Introducing JUNO-TAO
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Reference detector for JUNO ➔ Precise measurement of   spectrum 
30-35 m from one of the Taishan Nuclear Power Plant cores - 4.6 GWth 
10 m underground 

Gd-doped liquid scintillator  
R=0.9 m ⟺ 2.6 t 
Fiducial volume RFV=0.65 m ⟺ 1.0 t 
~2000  ’s per day 
4500 PE yield ⟺ Resolution  
1.5%/√E(MeV) 
Light detection by ~10 m2 of SiPMs 
(~95% coverage) 
•  >50% photon detection efficiency 
•  At -50˚C to reduce dark noise 
Data taking in 2022 (along with JUNO)

ν̄e

ν̄e
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Several ton-scale very short baseline reactor neutrino experiments 
(~5-15 m) 
Placed at both commercial and research reactors 
Employ various detector designs and technologies! 
Main goals:
• Search for light sterile neutrinos with Δm2new~0.1-10 eV2 (  not 

discussed in this talk - see talk by Dr. Stefano Gariazzo) 

• Measurement of reactor �  yields and spectra for individual fission 
isotopes (mainly 235U and 239Pu) 

• Other goals such as demonstration of reactor monitoring 
capabilities with foreseen use for e.g. nuclear non-proliferation  
(not discussed in this talk) 

νs

ν̄e

Short Baseline Reactor Experiments

�23
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FIG. 2: The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

⌫ from the first 6.46⇥1020

POT data and the second 6.38⇥1020 POT data. The bottom
plot shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 ⇥ 1020 POT and
11.27⇥1020 POT, respectively. The solid (dashed) curve is the
best fit (1� fit point) to the neutrino-mode and antineutrino-
mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500-3000 MeV. Error bars in-
clude only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bot-
tom plot.

termined from frequentist, fake data studies. The fake
data studies also determine the e↵ective number of de-
grees of freedom and probabilities. With this technique,
the best neutrino oscillation fit in neutrino mode occurs
at (�m2, sin2 2✓) = (0.039 eV2, 0.84), as shown in Fig.
3. The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 9.9/6.7 with a probabil-
ity of 15.5%. The background-only fit has a �2 proba-
bility of 0.06% relative to the best oscillation fit and a
�2/ndf = 24.9/8.7 with a probability of 0.21%. Fig. 3
shows the MiniBooNE closed confidence level (C.L.) con-
tours for ⌫e appearance oscillations in neutrino mode in
the 200 < EQE

⌫ < 3000 MeV energy range.

Nuclear e↵ects associated with neutrino interactions
on carbon can a↵ect the reconstruction of the neutrino
energy, EQE

⌫ , and the determination of the neutrino oscil-
lation parameters [35]. These e↵ects were studied previ-
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FIG. 3: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 3000 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
point shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [37] and OPERA [38]
experiments.

ously [3, 36] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 4 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < EQE

⌫ < 3000 MeV within a two-neutrino oscilla-
tion model. For this oscillation fit the entire data set is
used and includes the 12.84⇥1020 POT data in neutrino
mode and the 11.27 ⇥ 1020 POT data in antineutrino
mode. As shown in the figure, the MiniBooNE 1� al-
lowed region lies mostly within the LSND 90% C.L. band,
which demonstrates good agreement between the LSND
and MiniBooNE signals. Also shown are 90% C.L. limits
from the KARMEN [37] and OPERA [38] experiments.
The KARMEN2 90% C.L. limits are outside the Mini-
BooNE 95% C.L. allowed region, while the OPERA 90%
C.L. limits disfavor the MiniBooNE allowed region below
approximately 0.3 eV2. The best combined neutrino os-
cillation fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.92).
The �2/ndf for the best-fit point in the energy range
200 < EQE

⌫ < 1250 MeV is 19.4/15.6 with a probability
of 21.1%, and the background-only fit has a �2 probabil-

Why There Might be Light Sterile Neutrinos

Observed experimental anomalies which could  
be explained by light sterile neutrino(s) with mν~1 eV2 
• LSND and MiniBooNE excesses 
• Gallium anomaly  
• Reactor antineutrino anomaly (RAA) 
Recent developments weaken anomalies
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.
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50Cr. Isotopically enriched chromium (Cr) was irradiated in the core of the Siloe reactor
in Grenoble for this purpose. The energies of the emitted neutrinos are about 750 keV
(90%) and 430 keV (10%). Several different methods were used to accurately determine
the source activities and a rather conservative approach was applied to estimate the sys-
tematic uncertainties. The best estimates for the source activities were (63.4+1.1

�1.6) PBq and
(69.1+3.3

�2.1) PBq [111].
In the SAGE experiment two different sources were used for calibration: a 51Cr source

as in GALLEX and in addition an intense source of 37Ar. In the first calibration in 1995 a
(19.11±0.22)PBq source of 51Cr was placed at the center of a 13.1 t target of liquid Ga [112].
The source was produced by irradiating a sample of enriched 50Cr with neutrons from the
high-flux N-350 fast breeder nuclear reactor in Aktau, Kazakhstan. The activity was deter-
mined by calorimetry. Cross-checks from direct measurements of characteristic �-lines with
Ge-counters and transport calculations of the reactor neutrons showed consistent results.
Almost ten years later, in 2004, the second calibration was performed with a 37Ar source,
which was produced in the (n, ↵) reaction on 40Ca [113]. Calcium oxide was irradiated in the
fast neutron breeder reactor at Zarechny, Russia. The 37Ar in the target was first dissolved
in acid. After collection from the solution it was purified, sealed, and set up next to 13 t
of Ga. The initial activity of this source providing neutrinos with energies of 811 keV was
estimated to be (15.13 ± 0.07)PBq. The number is obtained from the average of different
activity determination including calorimetric, counting, and mass/volume measurements.
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Figure 10: Ratio of measured to predicted neutrino-induced signal rate in the gallium ex-
periments GALLEX and SAGE.

If the calibration runs of GALLEX and SAGE are averaged and compared to the predicted
neutrino signal of the sources, a deficit of about 15% is observed with a significance of 3�, see
Fig. 10 [13]. This mismatch is known as the gallium anomaly. For each of the calibrations, the
experimental uncertainty on the measured production rate is statistically dominated. Since
the time of the first three of the four calibration runs, the deficit as well as its significance were
continuously increasing. In the late 1990ies, the combined result of two runs in GALLEX
as well as the first Cr calibration in SAGE were each compatible with the prediction within
less than 1�. With the Ar calibration in SAGE the combined deficit already reached the
2� level. The tension increased after a re-analysis of the GALLEX data [114] and updated
estimates on the contribution of transitions to excited states of 71Ge [115].

The ratio of the observed-to-predicted signal in the Ga calibration runs contains two
non-trivial factors to the systematic uncertainty: the neutrino interaction cross section and
the chemical recovery yield of the produced isotopes. The neutrino interaction cross section
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Why There Might be Light Sterile Neutrinos

Observed experimental anomalies which could  
be explained by light sterile neutrino(s) with mν~1 eV2 
• LSND and MiniBooNE excesses 
• Gallium anomaly  
• Reactor antineutrino anomaly (RAA) 
Recent developments weaken anomalies
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.
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Reactor Antineutrino Anomaly
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See more about sterile neutrinos not only in reactor ν experiments in Dr. Gariazzo’s talk
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Main goals: Sterile neutrinos, reactor   properties, reactor monitoring 

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

ν̄e

Current Short Baseline Reactor Experiments
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+ (mini-)CHANDLER, JUNO-TAO, NuLAT

3100 MW
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100 MW

85 MW

65 MW

58 MW

DANSS
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PROSPECT

SoLid
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6 24 m129 18
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15 21

Experiments:
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Current Short Baseline Reactor Experiments

Very similar baseline, yet large diversity in detector design
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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
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Current Short Baseline Reactor Experiments

Very similar baseline, yet large diversity in detector design
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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
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Current Short Baseline Reactor Experiments

Very similar baseline, yet large diversity in detector design
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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�
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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
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Why Sterile Neutrinos Might Not Be So Hot

�30

Reactor antineutrino anomaly: Deficit in the measured antineutrino 
yield compared to Huber+Mueller at al. prediction 
Recent measurements suggest imprecisions in the prediction

5

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.

4

netic energy which interact in the scintillator or acrylics,
the fraction passing all selection cuts. It evaluates the
global acceptance efficiency of the prompt and delayed
signals due to selection cuts, the fraction of neutron cap-
tures by Gd compared to other nuclei (mainly hydro-
gen) in the TG, and the amount of events (either neu-
trons or �-rays from the capture process) escaping to
other volumes free of Gd. For the distribution of ver-
tices obtained in the MC simulations, the total detection
efficiency amounts to ✏d = (0.2049 ± 0.0011). Even if
the MC has been extensively checked and tuned with
a variety of calibration �-sources, some corrections still
have to be applied to correctly reproduce the neutron
physics inside the detector. These corrections were eval-
uated using an AmBe �-neutron source in the experi-
ment and in the simulation. The correction factor be-
tween data and MC for the delayed signal amounts to
cData/MC

n = (0.9774± 0.0084) [47].

Finally, the predicted antineutrino rate yields to
(383.7 ± 8.1 [sys] ± 9.2 [model]) ⌫e/day, where the ex-
perimental and Huber model uncertainties were sepa-
rated as the latter is common to all experiments. The
experimental antineutrino rate is extracted by a fit to
the distributions of the pulse shape (PSD) of IBD-
candidates measured during reactor-on and reactor-off
periods [13]. Integrated over 119 days of reactor-on pe-
riods and 211 days of reactor-off periods, the IBD rate
amounts to (363.8± 5.0) ⌫e/day. The uncertainty is due
to statistics (0.88%), an added systematic uncertainty
including systematic effects in the PSD fit and covering
small discrepancies when extracting the IBD rate with
the method described in [48] (0.65%, corresponding to
half of the discrepancy), another systematic uncertainty
to cover the contribution of a possible reactor-induced
background (0.83%) [13], and a systematic uncertainty to
cover any potential bias in the off-time extraction method
of accidental coincidences (0.14%) [13].

The comparison with the prediction gives an observed
to predicted ratio of 0.948 ± 0.008 [stat] ± 0.023 [sys] ±
0.023 [model], where the first uncertainty is statistical,
the second combines all experimental systematic uncer-
tainties listed in Table I, and the third uncertainty is
from the Huber model, common to all experiments. All
systematic uncertainties are treated uncorrelated. Con-
sidering only the two experimental uncertainties, we find
very good agreement with the world average of pure 235U
measurements [2]. Our measurement confirms the devi-
ation from the Huber model as shown in Figure 1. In-
cluding our measurement, the world average is improved
from (0.950± 0.015) to (0.950± 0.013), where again only
experimental uncertainties are considered.

To determine the IBD cross-section per fission, we use
an extrapolated Huber spectrum SH(E⌫) for pure 235U
without corrections for 28Al, 56Mn, and off-equilibrium

FIG. 1. Ratios between measured antineutrino yields and
the Huber model predictions of various experiments. The
uncertainty bars represent only experimental uncertainties.
The common model uncertainty of 2.4% is shown as grey
band around unity. Values of other experiments are taken
from [2, 50, and references therein]. For Daya Bay and RENO
we show only the ratio for the 235U component. The value is
taken from a fit, where isotopic IBD yields of 235U and 239Pu
are free, while those of 238U and 241Pu are constrained to the
prediction [50].

effects. The corresponding integral

�f =

10.0MeVZ

1.8MeV

SH(E⌫)�IBD(E⌫)dE⌫ (7)

yields a predicted theoretical value of (6.69 ± 0.15) ·
10�43cm2/fission [49]. Applying our observed to pre-
dicted ratio, we get �f = (6.34± 0.06 [stat]± 0.15 [sys]±
0.15 [model]) · 10�43cm2/fission, confirming the value
in [50].

The result presented in this letter demonstrates the
ability of the Stereo experiment to achieve an accurate
measurement of the electron antineutrino rate coming
from a pure 235U fuel element. It confirms the observed
deficit from the Huber model corresponding to the RAA
and is in agreement with the measured world-average.
While our result is already the most precise among all
pure 235U measurements, further improvement is possi-
ble as additional data taking is in progress. Until the end
of 2020, a two-fold increase of the dataset is expected.

We thank the ILL divisions DRe and DPT for their
help in the precise determination of the reactor power
and solid angle. Moreover, we are grateful for the tech-
nical and administrative support of the ILL for the in-
stallation and operation of the Stereo detector. This
work is funded by the French National Research Agency

Figure 9: The normalized data-to-prediction spectral ratio is shown for several experi-
ments [105].

3.2 Gallium anomaly

A rate deficit of detected neutrinos as compared to the prediction is also observed in the cal-
ibration of radiochemical experiments using radioactive sources, known as the gallium (Ga)
anomaly. The solar neutrino experiments GALLEX [108] and SAGE [109] tested the per-
formance of their detectors using intense neutrino sources from the decays of 51Cr and 37Ar.
GALLEX and the subsequent GNO experiment [110] measured low-energy solar electron-
neutrinos at the Gran Sasso Underground Laboratory (LNGS) in Italy from 1991 until 2003.
As detection reaction the inverse beta decay on 71Ga producing 71Ge was used. In the
GALLEX/GNO detector 30.3 t of gallium in the form of a concentrated GaCl3-HCl solution
were exposed to the neutrinos. The neutrino-induced 71Ge as well as some inactive germa-
nium (Ge) carrier atoms, which were added to the solution at the beginning of a run, were
extracted from the tank in form of volatile GeCl4 by a nitrogen gas stream. The nitrogen was
then passed through a gas scrubber where the GeCl4 was absorbed in water. The GeCl4 was
finally converted into GeH4 and introduced into miniaturized proportional counters. There
the number of 71Ge atoms was counted by the detection of its electron capture reaction with
a half-life of about 11 days.

The neutrino reaction channel and detection principle in the SAGE experiment was
similar to the one in GALLEX. However, in SAGE the 71Ge was extracted from metallic Ga.
The solar phase of the experiment started in 1990 and took data for almost 20 years with
a target mass of about 60 t. The Ge in the SAGE experiment was extracted from the Ga
metal into an aqueous solution by an oxidation reaction. By vacuum evaporation the volume
of the aqueous solution was reduced by a factor of 8. The Ge was swept from this solution
as volatile GeCl4 by a gas flow and trapped in 1 liter of water. By a solvent extraction the
Ge was concentrated into a volume of 100 ml. Finally, GeH4 gas was synthesized and moved
into a proportional counter in which the decays of 71Ge were counted.

In GALLEX, two intense 51Cr neutrino sources were produced by neutron capture on
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Figure 1-9: The expected relative spectrum shape uncertainty for the extracted 235U and 239Pu
antineutrino spectra for three years of data taking of TAO and their comparison with the Daya
Bay experiment results [25].

isotopic antineutrino yield and energy spectrum. Their accurate measurement is in demand since
recent antineutrino experiments revealed discrepancy from theoretical predictions [20–23,48].

TAO will bring significant improvement in the precision of both flux and spectrum measure-
ments. Based on the variation of the reactor antineutrino spectrum as a function of the fission
fractions, the individual isotope spectra can be extracted in the experiment and later used by other
experiments as an input. Using the same method performed by the Daya Bay experiment [25],
which extracted the spectra for individual isotopes from the commercial reactor for the first time,
antineutrino spectra can be acquired from the TAO data as well. The expected relative uncertainty
of the extracted 235U and 239Pu antineutrino spectra for three years of data taking is shown in
Figure 1-9. The uncertainty for TAO is smaller than in the Daya Bay result due to the advan-
tage of monitoring a single reactor as opposed to six, thus having among others a larger fission
fraction variation. TAO will also provide fine structure shape due to its superb energy resolution
<2% at 1 MeV.

TAO will join the global e↵ort towards the nuclear reactor monitoring using reactor antineu-
trinos. Among current and proposed experiments, it is envisaged to provide the most precise
measurement of the 235U and 239Pu antineutrino spectra from commercial reactors. In addition,
spectra will be measured with unprecedented fine structure resolution. The TAO measurement can
serve as an input for other reactor monitoring and safeguard studies.
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FIG. 5. (a): The measured prompt energy spectrum of inverse beta
decay events compared to prediction based on the Huber 235U model
combined with contributions from 28Al, 6He, and non-equilibrium
isotopes in the core. The error bars include only statistical uncer-
tainties, while the shaded band includes detector and model uncer-
tainties. (b): Ratio to the Huber model of the measured data and the
best-fit distortion representing the spectral discrepancy observed by
experiments at LEU reactors. (c): The �2 contribution from each bin
and the local p-value of a 1 MeV-wide sliding energy window.

for the observed LEU spectral distortion, which is disfavored
at 2.1�.

With a surface-based, segmented detector, PROSPECT has
produced the highest statistics measurement of 235U ⌫e spec-
trum to date. Despite broad agreement, the Huber 235U model
exhibits a large �2/ndf with respect to the measured spec-
trum. This observed 235U spectrum is consistent with an ad-
hoc model representing the local deviation relative to predic-
tion observed between 5-7 MeV E⌫ at LEU reactors. This is a
statistics-limited measurement and is expected to improve as
more data are collected.

This material is based upon work supported by the follow-
ing sources: US Department of Energy (DOE) Office of Sci-
ence, Office of High Energy Physics under Award No. de-
sc0016357 and de-sc0017660 to Yale University, under Award
No. de-sc0017815 to Drexel University, under Award No. de-
sc0008347 to Illinois Institute of Technology, under Award
No. de-sc0016060 to Temple University, under Contract No.
de-sc0012704 to Brookhaven National Laboratory, and un-
der Work Proposal Number SCW1504 to Lawrence Liver-
more National Laboratory. This work was performed under
the auspices of the U.S. Department of Energy by Lawrence

Livermore National Laboratory under Contract DE-AC52-
07NA27344 and by Oak Ridge National Laboratory under
Contract DE-AC05-00OR22725. Additional funding for the
experiment was provided by the Heising-Simons Foundation
under Award No. #2016-117 to Yale University.

J.G. is supported through the NSF Graduate Research
Fellowship Program and A.C. performed work under ap-
pointment to the Nuclear Nonproliferation International Safe-
guards Fellowship Program sponsored by the National Nu-
clear Security Administration’s Office of International Nu-
clear Safeguards (NA-241). This work was also supported
by the Canada First Research Excellence Fund (CFREF), and
the Natural Sciences and Engineering Research Council of
Canada (NSERC) Discovery program under grant #RGPIN-
418579, and Province of Ontario.

We further acknowledge support from Yale University,
the Illinois Institute of Technology, Temple University,
Brookhaven National Laboratory, the Lawrence Livermore
National Laboratory LDRD program, the National Institute
of Standards and Technology, and Oak Ridge National Labo-
ratory. We gratefully acknowledge the support and hospital-
ity of the High Flux Isotope Reactor and Oak Ridge National
Laboratory, managed by UT-Battelle for the U.S. Department
of Energy.

⇤ Also at: Department of Chemistry and Chemical Technology,
Bronx Community College, Bronx, NY, USA.

† Also at: Yale Center for Research Computing, Yale University,
New Haven CT 06520

‡ prospect.collaboration@gmail.com
[1] C. L. Cowan, F. Reines, F. B. Harrison, H. W. Kruse, and A. D.

McGuire, Science 124, 103 (1956).
[2] K. Eguchi et al. (KamLAND), Phys. Rev. Lett. 90, 021802

(2003), arXiv:hep-ex/0212021 [hep-ex].
[3] T. Araki et al., Nature 436, 499 (2005).
[4] F. P. An et al. (Daya Bay), Phys. Rev. Lett. 108, 171803 (2012),

arXiv:1203.1669 [hep-ex].
[5] J. K. Ahn et al. (RENO), Phys. Rev. Lett. 108, 191802 (2012),

arXiv:1204.0626 [hep-ex].
[6] Y. Abe et al. (Double Chooz), Phys. Rev. Lett. 108, 131801

(2012), arXiv:1112.6353 [hep-ex].
[7] T. A. Mueller et al., Phys. Rev. C83, 054615 (2011),

arXiv:1101.2663 [hep-ex].
[8] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D. Lhuil-

lier, M. Cribier, and A. Letourneau, Phys. Rev. D83, 073006
(2011), arXiv:1101.2755 [hep-ex].

[9] P. Huber, Phys. Rev. C84, 024617 (2011), [Erratum: Phys.
Rev.C85,029901(2012)], arXiv:1106.0687 [hep-ph].

[10] M. Fallot et al., Phys. Rev. Lett. 109, 202504 (2012),
arXiv:1208.3877 [nucl-ex].

[11] F. P. An et al. (Daya Bay), Phys. Rev. Lett. 116, 061801
(2016), [Erratum: Phys. Rev. Lett.118,no.9,099902(2017)],
arXiv:1508.04233 [hep-ex].

[12] Y. Abe et al. (Double Chooz), JHEP 10, 086 (2014), [Erratum:
JHEP02,074(2015)], arXiv:1406.7763 [hep-ex].

[13] S.-H. Seo (RENO), Proceedings, 26th International Confer-
ence on Neutrino Physics and Astrophysics (Neutrino 2014):

5

FIG. 5. (a): The measured prompt energy spectrum of inverse beta
decay events compared to prediction based on the Huber 235U model
combined with contributions from 28Al, 6He, and non-equilibrium
isotopes in the core. The error bars include only statistical uncer-
tainties, while the shaded band includes detector and model uncer-
tainties. (b): Ratio to the Huber model of the measured data and the
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discrepancy as the 235U spectrum in 4–6 MeV, we obtain a
change in the χ2 value, Δχ2=ndf ¼ 4.0=8, corresponding
to a 0.2σ inconsistency. Thus, the Daya Bay data indicate
an incorrect prediction of the 235U spectrum, but such a
conclusion cannot be drawn for the other primary fission
isotopes. Combining the results of IBD yield and spectral
shape, we deduce that the 8% deficit of 235U IBD yield is
dominated by the deficit in the energy range below
4 MeV with a significance of 4σ with respect to the
Huber-Mueller model prediction without normalization.
The fractional size of the diagonal elements of the

covariance matrix is shown in the bottom panel of
Fig. 3, which is 4% for 235U and 9% for 239Pu around
3 MeV. The statistical uncertainty contributes to about 55%
(60%) of the total uncertainty of 235U (239Pu). The uncer-
tainties from the input 238U and 241Pu spectra and rates
contribute about 35% for both 235U and 239Pu. The other
uncertainties contribute to about 10% (5%) for 235U (239Pu).
The spectral uncertainties of 235U and 239Pu are anticorre-
lated with correlation coefficients between −0.8 and −0.3.
The 235U and 239Pu spectra as well as their associated
covariance matrix are provided in the Supplemental
Material [47]. An independent analysis based on

Bayesian inference using Markov Chain Monte Carlo
calculations with different data grouping obtains consistent
results.
The extracted spectra of 235U and 239Pu have a certain

dependence on the inputs of the 238U and 241Pu spectra. The
fission fraction of 241Pu is approximately proportional to
239Pu as shown in Fig. 1; thus, they can be treated as one
component in the contribution to the prompt energy
spectrum. A combination of 239Pu and 241Pu spectra (s239
and s241), as an invariant spectrum independent of the
fission fractions, is defined as scombo¼ s239þ0.183×s241.
The coefficient of 0.183 is the average fission fraction ratio
of 241Pu to 239Pu in 1958 days, shown as a line in Fig. 1. The
residual contribution of 241Pu spectrum is corrected using
the Huber-Mueller model for some data groups when the
fission fraction ratios of 241Pu to 239Pu deviate from 0.183.
With this combination of 239Pu and 241Pu, the dependence
on the input 241Pu spectrum is largely removed. The top
panel of Fig. 3 shows the extracted 235U spectrum and
scombo compared with the normalized Huber-Mueller model
predictions. The bottom panel shows the uncertainties of
extracted spectra. The uncertainty of scombo is 6% around
3 MeV, improved from 9% in the case of no combination.
The extracted scombo can be used to predict the ν̄e spectrum
in experiments with a similar fission fraction ratio of 241Pu
to 239Pu.
The time-averaged IBD yield is measured to be

ð5.94$ 0.09Þ × 10−43 cm2=fission, where the statistical
uncertainty is 0.05% and the systematic uncertainty is
1.5% taken from Table I in Ref. [40]. The corresponding
average fission fractions for the four major isotopes 235U,
239Pu, 238U, and 241Pu are 0.564, 0.304, 0.076, 0.056,
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FIG. 2. (Top) Comparison of the extracted 235U and 239Pu
spectra and the corresponding Huber-Mueller model predictions
with the normalization factors 0.92 and 0.99, respectively. The
error bars in the data points are the square root of the diagonal
terms of the covariance matrix of the extracted spectra. The error
bands are the uncertainties from the Huber-Mueller model.
(Middle) Ratio of the extracted spectra to the predicted spectra.
The 239Pu data points are displaced for visual clarity of error bars.
(Bottom) Local significance of the shape deviations for the
extracted 235U and 239Pu spectra compared to the model pre-
dictions.
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FIG. 3. (Top) Comparison of the extracted 235U spectrum and
scombo as a combination of 239Pu and 241Pu with the corresponding
Huber-Mueller predicted spectra with the normalization factors
0.92 and 0.99. (Bottom) The fractional size of the diagonal
elements of the covariance matrix for extracted spectra with and
without the combination of 239Pu and 241Pu.
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discrepancy as the 235U spectrum in 4–6 MeV, we obtain a
change in the χ2 value, Δχ2=ndf ¼ 4.0=8, corresponding
to a 0.2σ inconsistency. Thus, the Daya Bay data indicate
an incorrect prediction of the 235U spectrum, but such a
conclusion cannot be drawn for the other primary fission
isotopes. Combining the results of IBD yield and spectral
shape, we deduce that the 8% deficit of 235U IBD yield is
dominated by the deficit in the energy range below
4 MeV with a significance of 4σ with respect to the
Huber-Mueller model prediction without normalization.
The fractional size of the diagonal elements of the

covariance matrix is shown in the bottom panel of
Fig. 3, which is 4% for 235U and 9% for 239Pu around
3 MeV. The statistical uncertainty contributes to about 55%
(60%) of the total uncertainty of 235U (239Pu). The uncer-
tainties from the input 238U and 241Pu spectra and rates
contribute about 35% for both 235U and 239Pu. The other
uncertainties contribute to about 10% (5%) for 235U (239Pu).
The spectral uncertainties of 235U and 239Pu are anticorre-
lated with correlation coefficients between −0.8 and −0.3.
The 235U and 239Pu spectra as well as their associated
covariance matrix are provided in the Supplemental
Material [47]. An independent analysis based on

Bayesian inference using Markov Chain Monte Carlo
calculations with different data grouping obtains consistent
results.
The extracted spectra of 235U and 239Pu have a certain

dependence on the inputs of the 238U and 241Pu spectra. The
fission fraction of 241Pu is approximately proportional to
239Pu as shown in Fig. 1; thus, they can be treated as one
component in the contribution to the prompt energy
spectrum. A combination of 239Pu and 241Pu spectra (s239
and s241), as an invariant spectrum independent of the
fission fractions, is defined as scombo¼ s239þ0.183×s241.
The coefficient of 0.183 is the average fission fraction ratio
of 241Pu to 239Pu in 1958 days, shown as a line in Fig. 1. The
residual contribution of 241Pu spectrum is corrected using
the Huber-Mueller model for some data groups when the
fission fraction ratios of 241Pu to 239Pu deviate from 0.183.
With this combination of 239Pu and 241Pu, the dependence
on the input 241Pu spectrum is largely removed. The top
panel of Fig. 3 shows the extracted 235U spectrum and
scombo compared with the normalized Huber-Mueller model
predictions. The bottom panel shows the uncertainties of
extracted spectra. The uncertainty of scombo is 6% around
3 MeV, improved from 9% in the case of no combination.
The extracted scombo can be used to predict the ν̄e spectrum
in experiments with a similar fission fraction ratio of 241Pu
to 239Pu.
The time-averaged IBD yield is measured to be

ð5.94$ 0.09Þ × 10−43 cm2=fission, where the statistical
uncertainty is 0.05% and the systematic uncertainty is
1.5% taken from Table I in Ref. [40]. The corresponding
average fission fractions for the four major isotopes 235U,
239Pu, 238U, and 241Pu are 0.564, 0.304, 0.076, 0.056,
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FIG. 2. (Top) Comparison of the extracted 235U and 239Pu
spectra and the corresponding Huber-Mueller model predictions
with the normalization factors 0.92 and 0.99, respectively. The
error bars in the data points are the square root of the diagonal
terms of the covariance matrix of the extracted spectra. The error
bands are the uncertainties from the Huber-Mueller model.
(Middle) Ratio of the extracted spectra to the predicted spectra.
The 239Pu data points are displaced for visual clarity of error bars.
(Bottom) Local significance of the shape deviations for the
extracted 235U and 239Pu spectra compared to the model pre-
dictions.
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FIG. 3. (Top) Comparison of the extracted 235U spectrum and
scombo as a combination of 239Pu and 241Pu with the corresponding
Huber-Mueller predicted spectra with the normalization factors
0.92 and 0.99. (Bottom) The fractional size of the diagonal
elements of the covariance matrix for extracted spectra with and
without the combination of 239Pu and 241Pu.
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discrepancy as the 235U spectrum in 4–6 MeV, we obtain a
change in the χ2 value, Δχ2=ndf ¼ 4.0=8, corresponding
to a 0.2σ inconsistency. Thus, the Daya Bay data indicate
an incorrect prediction of the 235U spectrum, but such a
conclusion cannot be drawn for the other primary fission
isotopes. Combining the results of IBD yield and spectral
shape, we deduce that the 8% deficit of 235U IBD yield is
dominated by the deficit in the energy range below
4 MeV with a significance of 4σ with respect to the
Huber-Mueller model prediction without normalization.
The fractional size of the diagonal elements of the

covariance matrix is shown in the bottom panel of
Fig. 3, which is 4% for 235U and 9% for 239Pu around
3 MeV. The statistical uncertainty contributes to about 55%
(60%) of the total uncertainty of 235U (239Pu). The uncer-
tainties from the input 238U and 241Pu spectra and rates
contribute about 35% for both 235U and 239Pu. The other
uncertainties contribute to about 10% (5%) for 235U (239Pu).
The spectral uncertainties of 235U and 239Pu are anticorre-
lated with correlation coefficients between −0.8 and −0.3.
The 235U and 239Pu spectra as well as their associated
covariance matrix are provided in the Supplemental
Material [47]. An independent analysis based on

Bayesian inference using Markov Chain Monte Carlo
calculations with different data grouping obtains consistent
results.
The extracted spectra of 235U and 239Pu have a certain

dependence on the inputs of the 238U and 241Pu spectra. The
fission fraction of 241Pu is approximately proportional to
239Pu as shown in Fig. 1; thus, they can be treated as one
component in the contribution to the prompt energy
spectrum. A combination of 239Pu and 241Pu spectra (s239
and s241), as an invariant spectrum independent of the
fission fractions, is defined as scombo¼ s239þ0.183×s241.
The coefficient of 0.183 is the average fission fraction ratio
of 241Pu to 239Pu in 1958 days, shown as a line in Fig. 1. The
residual contribution of 241Pu spectrum is corrected using
the Huber-Mueller model for some data groups when the
fission fraction ratios of 241Pu to 239Pu deviate from 0.183.
With this combination of 239Pu and 241Pu, the dependence
on the input 241Pu spectrum is largely removed. The top
panel of Fig. 3 shows the extracted 235U spectrum and
scombo compared with the normalized Huber-Mueller model
predictions. The bottom panel shows the uncertainties of
extracted spectra. The uncertainty of scombo is 6% around
3 MeV, improved from 9% in the case of no combination.
The extracted scombo can be used to predict the ν̄e spectrum
in experiments with a similar fission fraction ratio of 241Pu
to 239Pu.
The time-averaged IBD yield is measured to be

ð5.94$ 0.09Þ × 10−43 cm2=fission, where the statistical
uncertainty is 0.05% and the systematic uncertainty is
1.5% taken from Table I in Ref. [40]. The corresponding
average fission fractions for the four major isotopes 235U,
239Pu, 238U, and 241Pu are 0.564, 0.304, 0.076, 0.056,
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FIG. 2. (Top) Comparison of the extracted 235U and 239Pu
spectra and the corresponding Huber-Mueller model predictions
with the normalization factors 0.92 and 0.99, respectively. The
error bars in the data points are the square root of the diagonal
terms of the covariance matrix of the extracted spectra. The error
bands are the uncertainties from the Huber-Mueller model.
(Middle) Ratio of the extracted spectra to the predicted spectra.
The 239Pu data points are displaced for visual clarity of error bars.
(Bottom) Local significance of the shape deviations for the
extracted 235U and 239Pu spectra compared to the model pre-
dictions.
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FIG. 3. (Top) Comparison of the extracted 235U spectrum and
scombo as a combination of 239Pu and 241Pu with the corresponding
Huber-Mueller predicted spectra with the normalization factors
0.92 and 0.99. (Bottom) The fractional size of the diagonal
elements of the covariance matrix for extracted spectra with and
without the combination of 239Pu and 241Pu.
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Daya Bay/Prediction for 235U and 239Pu 

PROSPECT/Prediction for 235U

Spectrum Shape
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Preliminary

STEREO Phase-II data only

• Predicted spectrum: Huber 235U
spectrum
≠æ + % level corrections in the first 2
energy bins (n-Al capture,
o�-equilibrium e�ect, spent fuel).

• Good agreement with the data up to
6.375 MeV (‰2=14.9/18)

• Large deviation observed in the 3
highest energy bins (‰2=33.3/21)
≠æ Such localized large distortion
cannot be explained by varying the 3
parameters of a quadratic model of the
energy scale

• Further constraints from upcoming
higher statistical accuracy and
combination with other pure 235U
spectra are required to draw pertinent
tests of the spectrum shape
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B. Roskovec - UCI Reactor Neutrinos

Isotopic Yields and Spectra

�35

Piece by piece we are on the ways towards benchmarking the 
prediction ➔ revised prediction will match the data 

• 235U&239Pu yields already from 
Daya Bay and RENO ✔ 

• Daya Bay - first extraction of 
the 235U&239Pu spectra ✔ 

• JUNO-TAO: Ultimate player 
here in the future  

All these measurement should present consistent picture

RAA resolution
(whether with 
steriles or not)

• 235U spectrum from PROSPECT ✔ 
• 235U yield& spectrum from STEREO ✔ 
• Other HEU experiments will join

LEU Isotopic
Spectra and Yields

HEU 235U
Spectrum and Yield



B. Roskovec - UCI Reactor Neutrinos

Reactor neutrino experiments:
• Providing better understanding of neutrinos for more than 60 years 
• And will keep on doing so…  
Daya Bay, Double Chooz, RENO:
• The value of θ13 mixing angle for foreseeable future 
JUNO:
• Neutrino mass ordering at >3σ 
• sin22θ12, Δm231 and Δm221 with <0.7% precision 
Short baseline reactor neutrino experiments: 
• Steriles, or not steriles, that is the question! 
• Benchmarking the prediction to resolve reactor  

antineutrino anomaly 
And lot more…

Conclusions
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