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Top discoveries with reactor  
experiments

Discovery of anti-neutrino (1956)

Discovery of neutrino oscillation due to �Δm2
12

Discovery of geo-neutrino

Discovery of neutrino oscillation due to �  and 
measurement of �

Δm2
31

θ13
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mL
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D

Reines & Cowan

Daya Bay



Preparing for next 
breakthrough

Neutrino mass ordering JUNO

Lepton mixing parameters with 
precision of quark sector JUNO & Daya Bay

Precision coherent scattering CONUS, RED-100, 
vGEN, TEXONO,…



Key facts
Energies of reactor �  span in �  for inverse 
beta decay (IBD) reaction

νe ≈ (1.8,8) MeV

Sterile,  
Reactor flux

�Δm2
31, θ13

L, km�10−2 2 50

�Δm2
21, Δm2

31, Δm2
32, θ13, θ21

20 tons 20 000 tons
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Building up so huge detector is anyway expensive

Therefore, the detector will be unique with a great 
performance

Thus, it opens up a huge 
physics program beyond the 
main goal

�6



Nuclear Reactor.  
Basics
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* Refer to A.Hayes lecture for more details



Nuclear plant gets its energy via fissions of U and Pu 
isotopes 
About 11% of world energy is produced in reactors
437 nuclear power plants operating in 31 countries

Source: Wikipedia

�8

200 MeV/fission, �  decays and six �β νe



Nuclear plant gets its energy via fissions of U and Pu 
isotopes 
About 11% of world energy is produced in reactors

437 nuclear power plants operating in 31 countries

200 MeV/fission, �  decays and six �β νe

Source: WikipediaSource: Wikipedia Source: wano.info
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3 GW reactor emits about �6 ⋅ 1020 ν/s



Stability and instability  
Of nuclei



Source: Wikipedia

Isotopes off the stability valley are unstable 
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Chain reaction with 235U

Source: Wikipedia

Fissions are 
asymmetric
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Chain reaction with 235U

A
ZX → A

Z+1X' + e− + νe

Neutron-rich isotopes � -decayβ

Source: Wikipedia
�13



Chain reaction with 235U
Neutron-rich isotopes � -decayβ
 �  per fission∼ 6 νe

�  production239Pu

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

ment into the reactor core, defined as

burn-up⌘ W ·D
MU in

, (2)

where W is the average power of the fuel element, D

is the days since the fuel element begins to burn in the
core, and MU in is the initial uranium mass of the fuel
element. The unit of burn-up is MW · day · tonU

�1. A
similar quantity, cycle burn-up, is used to describe the
aging of the whole reactor core in a refueling cycle. Cycle
burn-up can also be calculated using Eq. 2, where W , D,
and MU in in this case represent the total nuclear power
of the reactor core, the days since the beginning of the
refueling cycle, and the initial uranium mass of all the
fuel elements in the reactor core.
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Fig. 3. An example of the reactor core map of fuel
elements with di↵erent burn-up (unit: GW ·day ·
ton�1) shown in color scale at the end of a refu-
eling cycle.

In reactors, electron antineutrinos are emitted pri-
marily from the fissions of four isotopes: 235U, 238U,
239Pu, and 241Pu. Fissions of other isotopes contribute
less than 0.3%. Fissions of 238U are only induced by
fast neutrons, while fissions of the other three isotopes
are mainly induced by thermal neutrons. Fresh fuel el-
ements contain only uranium isotopes. The plutonium
isotopes are gradually generated through neutron cap-
tures on 238U and subsequent neutron captures and beta
decays of its successor isotopes.

Fuel evolution is a dynamic process related to many
factors such as power, neutron flux, fuel composition,
type and position of fuel elements, and boron concentra-
tion. For safe operation of the reactors, NPPs do cal-
culations and simulations of the fuel evolution in every

refueling cycle by considering all of the factors above.
These detailed simulations are performed by validated
and licensed commercial software. The simulation pack-
age used by the Daya Bay NPP is SCIENCE, which
was developed by CEA, France. It uses the APOLLO2
code [40] as the core component. The simulation results
are provided to the Daya Bay collaboration in a table
which uses cycle burn-up as the index. The fission frac-
tions are provided by the simulation in the form of fi(�),
where fi is the fission fraction of isotope i, and � is the
cycle burn-up. Figure 4 shows an example of the fission
fraction evolution as a function of cycle burn-up within
a refueling cycle [41].
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Fig. 4. Fission fractions of isotopes in reactor core
D1 as a function of cycle burn-up from a simula-
tion of a complete refueling cycle. Other isotopes
contribute less than 0.3%.

The APOLLO2 code is widely used for cross section
generation and neutron transport calculations in com-
mercial reactor cores. It adopts rigorous methodology
for its validation, including comparison with the refer-
ence calculation using the same nuclear data libraries,
and with the experimental measurements [40]. Measure-
ments of spent fuel isotopic content were made and com-
pared with the results calculated using the APOLLO2
code [42]. The comparison shows that the measurement-
model deviations are less than 5%. Therefore, the uncer-
tainty of the calculated fission fraction is conservatively
estimated to be 5% for each isotope.

The NPPs also provide 3D core simulation results for
di↵erent burn-up stages, which enable an investigation
of the spatial distribution of the antineutrino production
inside the core. The reactor can be considered as a point
source of ⌫̄e for the Daya Bay experiment because the fuel
elements are symmetrically arranged in the reactor core
as shown in Fig 3. The relative di↵erence between treat-
ing the reactor as a point source and as a finite source is
negligible and the variation of the e↵ective fission center
in the reactor is estimated to be 2 cm horizontally. The
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Chain reaction with 235U

A
ZX → A

Z+1X' + e− + νeNeutron-rich isotopes � -decayβ
 �  per fission∼ 6 νe

�  production239Pu

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

ment into the reactor core, defined as

burn-up⌘ W ·D
MU in

, (2)

where W is the average power of the fuel element, D

is the days since the fuel element begins to burn in the
core, and MU in is the initial uranium mass of the fuel
element. The unit of burn-up is MW · day · tonU

�1. A
similar quantity, cycle burn-up, is used to describe the
aging of the whole reactor core in a refueling cycle. Cycle
burn-up can also be calculated using Eq. 2, where W , D,
and MU in in this case represent the total nuclear power
of the reactor core, the days since the beginning of the
refueling cycle, and the initial uranium mass of all the
fuel elements in the reactor core.
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Fig. 3. An example of the reactor core map of fuel
elements with di↵erent burn-up (unit: GW ·day ·
ton�1) shown in color scale at the end of a refu-
eling cycle.

In reactors, electron antineutrinos are emitted pri-
marily from the fissions of four isotopes: 235U, 238U,
239Pu, and 241Pu. Fissions of other isotopes contribute
less than 0.3%. Fissions of 238U are only induced by
fast neutrons, while fissions of the other three isotopes
are mainly induced by thermal neutrons. Fresh fuel el-
ements contain only uranium isotopes. The plutonium
isotopes are gradually generated through neutron cap-
tures on 238U and subsequent neutron captures and beta
decays of its successor isotopes.

Fuel evolution is a dynamic process related to many
factors such as power, neutron flux, fuel composition,
type and position of fuel elements, and boron concentra-
tion. For safe operation of the reactors, NPPs do cal-
culations and simulations of the fuel evolution in every

refueling cycle by considering all of the factors above.
These detailed simulations are performed by validated
and licensed commercial software. The simulation pack-
age used by the Daya Bay NPP is SCIENCE, which
was developed by CEA, France. It uses the APOLLO2
code [40] as the core component. The simulation results
are provided to the Daya Bay collaboration in a table
which uses cycle burn-up as the index. The fission frac-
tions are provided by the simulation in the form of fi(�),
where fi is the fission fraction of isotope i, and � is the
cycle burn-up. Figure 4 shows an example of the fission
fraction evolution as a function of cycle burn-up within
a refueling cycle [41].
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Fig. 4. Fission fractions of isotopes in reactor core
D1 as a function of cycle burn-up from a simula-
tion of a complete refueling cycle. Other isotopes
contribute less than 0.3%.

The APOLLO2 code is widely used for cross section
generation and neutron transport calculations in com-
mercial reactor cores. It adopts rigorous methodology
for its validation, including comparison with the refer-
ence calculation using the same nuclear data libraries,
and with the experimental measurements [40]. Measure-
ments of spent fuel isotopic content were made and com-
pared with the results calculated using the APOLLO2
code [42]. The comparison shows that the measurement-
model deviations are less than 5%. Therefore, the uncer-
tainty of the calculated fission fraction is conservatively
estimated to be 5% for each isotope.

The NPPs also provide 3D core simulation results for
di↵erent burn-up stages, which enable an investigation
of the spatial distribution of the antineutrino production
inside the core. The reactor can be considered as a point
source of ⌫̄e for the Daya Bay experiment because the fuel
elements are symmetrically arranged in the reactor core
as shown in Fig 3. The relative di↵erence between treat-
ing the reactor as a point source and as a finite source is
negligible and the variation of the e↵ective fission center
in the reactor is estimated to be 2 cm horizontally. The
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Can we understand  
�  antineutrinos per fission?≈ 6

mA = mNN + mpZ − EB <— Mass of a nucleus

Semi-empirical mass formula (Bethe-Weizcacker)

EB = aV A⏟
volume

− aSA2/3

surface

− aC
Z2

A1/3

Coulomb

− aA
(A − 2Z)2

A
asymmetry

± δ(A, Z)
pairing

�  increases ifEB
Z → 0 assuming aA = 0
Z → N assuming aC = 0�16



Can we understand  
�  antineutrinos per fission?≈ 6

∂
∂Z

aC
Z2

A1/3

Coulomb

+ aA
(A − 2Z)2

A
asymmetry

= 0 Z(A) =
A/2

1 + aC

4aA
A2/3

—>

�  corresponds to 
most stable nucleus
Z(A)

Fissions produce nuclei 
with (A,Z) following a 
«line»
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Can we understand  
�  antineutrinos per fission?≈ 6

�  = 
number of �  decays to 
reach the valley of 
stability

Z(A) −  Fission line
β

Source: R.Leitner�18



Can we understand  
�  antineutrinos per fission?≈ 6

Number of �  decays
�

β
≈ 4.2 + 3.8 = 8

Source: R.Leitner �19



Detection Method 
νe + p → e+ + n
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= n
= p
= e+

= νe

00: 00040812162028 μs
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Gd

= n
= p
= γ

00: 00040812162028 μs�22



Why Gd?  
Can we understand  
28�  @Daya Bay?μs

85 2.18

60900 14.80

1.8 20.47

254000 15.65

2.2 24.84

1.4 21.86

A
64Gd σ(n + A

64Gd → A+1
64 Gd),  [b] Abundance, %

A = 154
A = 155
A = 156
A = 157
A = 158
A = 160
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Can we understand 28 �  @Daya Bay?μs
τ =

1
vn⟨σ⟩NGd

vn =
2kT
mn

≈ 2.2 km/s

NGd = 0.103% ⋅ ρ ⋅
NA

⟨A⟩
= 0.00103 ⋅ 0.86g/cm3 ⋅ 6.022 ⋅ 1023/157.25g/cm3

= 3.39 ⋅ 1018g/cm3

⟨σ⟩ = (0.148 ⋅ 60900 + 0.1565 ⋅ 254000) ⋅ 10−24cm2

= 4.876 ⋅ 10−22cm2

Good agreement with 
observationsτ =

1
vn⟨σ⟩NGd

= 28.3μs
�24



Neutron capture time @Daya Bay



IBD spectrum
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Figure 5.3: Inverse beta decay cross-section (blue), nuclear reactor antineutrino
energy spectrum in arbitrary units (red) and resulting detected unoscillated an-
tineutrino energy spectrum in arbitrary units (black). The detected spectrum
spans from the IBD threshold 1.8 MeV up to more than 8 MeV where it van-
ishes.

The middle zone is so-called LS gamma catcher region. It is filled with 20
tons of the pure liquid scintillator. The main purpose of this region is to catch
gammas escaping from the center of the detector and convert them into light
visible for PMTs. More collected light improves the neutron detection e�ciency
and makes it more uniform through the GdLS target volume. In addition, it
decreases the uncertainty in the detection e�ciency. Also more converted gammas
to the scintillation light results in better energy resolution, which is key point in
the analysis of the antineutrino energy spectrum shape.

The most outer zone is bu↵er region filled with 37 tons of transparent low-
scintillating mineral oil. There are 192 8-inch PMTs (Hamamatsu R5912) in total
mounted on 8 stainless steel ladders. On each leader the PMTs are arranged
in three columns with 8 PMTs per column. The main purpose of mineral oil
bu↵er layer is to shield from natural radioactivity mostly from the PMT glass
and stainless steel tank. Therefore the oil is low-scintillating just to absorb the
radioactivity products, mostly gammas, but do not convert them to light visible
by PMTs.

The acrylic vessels are made from UV-transparent acrylic. Their shape is
cylindrical with the cone-shaped lid with 3 degrees tilt angle. There are three
calibration pipes for lowering the calibration sources. The IAV has both height
and diameter of 3.1 m and 10 mm thick walls. The OAV is 4 m in diameter and

48

�  fluxνe IBD spectrum IBD cross-section

�27
1.8 MeV threshold



Short History 
Of Reactor Neutrinos 
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Reactor Neutrinos - Decades of Measurements
F.Reines & C.Cowan. 1956 
Discovery of �νe

The proposed detection 
method is now standard 
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Reactor Neutrinos - Decades of Measurements
F.Reines & C.Cowan. 
1956 Discovery of �νe

NP to F.Reines in 1995

The proposed detection 
method is now 
standard 

F.Reines lead the group which discovered atmospheric 
neutrinos in 1965

F.Reines with IMB observed SN1987A in 1987
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Reactor Neutrinos - Decades of Measurements
BUGEY, ILL, ROVNO, … flux 
measurements
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no oscillation model at 
short distances

No agreement at larger distances
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Neutrino Oscillation
Δm2

21  driven

�32



Reactor Neutrinos 
KamLAND: first evidence for �  driven oscillationΔm2

21

More than 50 reactors around at �⟨L⟩ ≈ 180 km�33



Reactor Neutrinos 
KamLAND: first evidence for �  driven oscillationΔm2

21

KamLAND LS detector�34



Reactor Neutrinos 
KamLAND: first evidence for �  driven oscillationΔm2

21
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Reactor Neutrinos 
KamLAND: first evidence for �  driven oscillationΔm2

21
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Neutrino Oscillation
θ13 Race for
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Why �  was not measured 
earlier? 

θ13

Main limitations: 

Uncertainty in the �  flux 

Uncertainty in the detection efficiency

νe

sin2 2θ13 < 0.15Upper limit by CHOOZ 
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�  escaped detectionθ13



A receipt for �  θ13
The flux:  

near and far detectors for relative measurements 
Correlated systematics largely reduced 
Proposal by Mikaelyan & Sinev

Lnear Lfar
�41



A receipt for �  θ13

Lnear Lfar
Nnear(E) ∝

1
L2near

Φ(E) ⋅ σ ⋅ Nnear ⋅ ε ⋅ Posc(Lnear /E)

Nfar(E) ∝
1

L2
far

Φ(E) ⋅ σ ⋅ Nfar ⋅ ε ⋅ Posc(Lfar /E)
�42



A receipt for �  θ13

Nnear(E) ∝
1

L2
near

Φ(E) ⋅ σ ⋅ Nnear ⋅ ε ⋅ Posc(Lnear /E)

Nfar(E) ∝
1

L2
far

Φ(E) ⋅ σ ⋅ Nfar ⋅ ε ⋅ Posc(Lfar /E)

Ratio cancels correlated uncertainties

Nnear(E)
Nfar(E)

∝
L2

far

L2
near

Nnear ⋅ εnear

Nfar ⋅ εfar
⋅

Posc(Lnear /E)
Posc(Lfar /E)
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A receipt for �  θ13
The baseline optimization

L[km]
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A receipt for �  θ13
The statistics:  

Powerfull source 
Large detector

The background: 
As low as possible

Detector efficiency: 
Calibrations
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The big three
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Daya Bay

17.4 GWth

Near 
2×2×20 t

Far 
4×20 t

Double Chooz RENO

8.5 GWth
16.8 GWth

Far 
8 t

Near 
8 t

Near 
16 t

Far 
16 t

Power
[GWth]

GdLS mass  
Near/Far [t]

Distance 
Near/Far [m]

Overburden
[mwe]

Running 
until

Daya Bay 17.4 2×2×20
4×20

365, 490
1650

250
860 2020

Double 
Chooz 16.8 8

8
400
1050

120
300

Dec 2017
(Finished)

RENO 8.5 16
16

290
1380

120
450 2020-2021

Iso-flux configuration!

The Big Three 

Source: B.Roskovec
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Double Chooz

Gadolinium-doped liquid scintillator

Daya Bay & RENO

�49

Detector design

Source: B.Roskovec



Double Chooz

Liquid scintillator γ-catcher
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Daya Bay & RENO

�50 Source: B.Roskovec



Double Chooz

Non-scintillating transparent mineral oil with PMTs
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Daya Bay & RENO

�51 Source: B.Roskovec
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Daya Bay & RENO Double Chooz

Cherenkov detector for shielding and cosmic muon detection 
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Liquid Scintillator

Source: B.Roskovec



Double Chooz

4-layer RPC (Daya Bay) Plastic scintillator for muons
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Daya Bay

Source: B.Roskovec�53



Importance of Relative Measurement

Essentially only uncorrelated uncertainties matter for the 
relative far/near measurement 
Correlated uncertainties play role in absolute measurement of 
reactor neutrino flux and spectrum (see later)

Reactor flux IBD detection
Correlated Uncorrelated Correlated Uncorrelated

Daya Bay 1.5% 0.2% 1.2% 0.13%

Double 
Chooz 1.7% 0.1% 0.5% 0.2%

RENO 2.0% 0.9% 0.97% 0.13%

�54 Source: B.Roskovec



Non-zero �  discovered!θ13
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Daya Bay 2017
Phys.Rev. D95 (2017) no.7, 072006 



Oscillation Results

�57

Daya Bay precision 3.4% - 
best known mixing angle 
1σ tension between Daya 
Bay and Double Chooz

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 0.094+0.015
�0.013

T2K

bayessian 0.099+0.037
�0.017

NH 0.105+0.027
�0.024

IH 0.116+0.031
�0.025

Experiment Value (10�3 eV2)

T2K

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

|�m2
32| (10�3eV2)

2.463±0.065

Daya Bay 2.471+0.068
�0.070

MINOS 2.42±0.09

NOvA 2.51+0.12
�0.08

IceCube 2.31+0.11
�0.13

RENO (nGd) 2.63+0.13
�0.14

Super-K 2.50+0.13
�0.20

RENO (nH) 2.48+0.28
�0.32

sin22θ13

Daya Bay’s result is consistent 
and of comparable precision to 
that of accelerator 
experiments 
Further improvement by JUNO 
(see later) *normal hierarchy*

Δm2
32



Source:Steve Jennings/Getty

The 2016 Breakthrough Prize in Fundamental Physics: 
SuperK, SNO, T2K, KamLAND & Daya Bay



Absolute measurements
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distance from the reactor to detector. Each ratio is corrected
for the e↵ect of neutrino oscillation. The blue shaded region
represents the global average and its 1� uncertainty. The
2.4% model uncertainty is shown as a band around unity. The
measurements at the same baseline are combined together for
clarity. The Daya Bay measurement is shown at the flux
weighted baseline (578 m) of the two near halls.

With the new result, a comparison with the other
measurements is updated using the same method
presented in Ref. [29]. A summary figure is shown in
Figure 9. The Daya Bay new result on R is consistent
with the world data. The new world average of R is
0.945± 0.007 (exp.)± 0.023 (model) with respect to the
Huber-Mueller model. This more precise measurement
further indicates that the origin of RAA is unlikely to be
due to detector e↵ects.

V. SUMMARY

In summary, an improved antineutrino flux
measurement is reported at Daya Bay with a 1230-day
data set. The precision of the measured mean IBD
yield is improved by 29% with a significantly improved
neutron detection e�ciency estimation. The new reactor
antineutrino flux is �

f

= (5.91±0.09)⇥10�43 cm2

/fission.
The ratio with respect to predicted reactor antineutrino
yield R is 0.952 ± 0.014 ± 0.023 (Huber-Mueller) and
1.001 ± 0.015 ± 0.027 (ILL-Vogel), where the first
uncertainty is experimental and the second is due
to the reactor models. This yield measurement is
consistent with the world data, and further comfirms
the discrepancy between the world reactor antineutrino
flux and the Huber-Mueller model.
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FIG. 9. The ratio of measured reactor antineutrino yield to
the Huber+Mueller theoretical prediction as a function of the
distance from the reactor to detector. Each ratio is corrected
for the e↵ect of neutrino oscillation. The blue shaded region
represents the global average and its 1� uncertainty. The
2.4% model uncertainty is shown as a band around unity. The
measurements at the same baseline are combined together for
clarity. The Daya Bay measurement is shown at the flux
weighted baseline (578 m) of the two near halls.

With the new result, a comparison with the other
measurements is updated using the same method
presented in Ref. [29]. A summary figure is shown in
Figure 9. The Daya Bay new result on R is consistent
with the world data. The new world average of R is
0.945± 0.007 (exp.)± 0.023 (model) with respect to the
Huber-Mueller model. This more precise measurement
further indicates that the origin of RAA is unlikely to be
due to detector e↵ects.

V. SUMMARY

In summary, an improved antineutrino flux
measurement is reported at Daya Bay with a 1230-day
data set. The precision of the measured mean IBD
yield is improved by 29% with a significantly improved
neutron detection e�ciency estimation. The new reactor
antineutrino flux is �

f

= (5.91±0.09)⇥10�43 cm2

/fission.
The ratio with respect to predicted reactor antineutrino
yield R is 0.952 ± 0.014 ± 0.023 (Huber-Mueller) and
1.001 ± 0.015 ± 0.027 (ILL-Vogel), where the first
uncertainty is experimental and the second is due
to the reactor models. This yield measurement is
consistent with the world data, and further comfirms
the discrepancy between the world reactor antineutrino
flux and the Huber-Mueller model.
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FIG. 9. The ratio of measured reactor antineutrino yield to
the Huber+Mueller theoretical prediction as a function of the
distance from the reactor to detector. Each ratio is corrected
for the e↵ect of neutrino oscillation. The blue shaded region
represents the global average and its 1� uncertainty. The
2.4% model uncertainty is shown as a band around unity. The
measurements at the same baseline are combined together for
clarity. The Daya Bay measurement is shown at the flux
weighted baseline (578 m) of the two near halls.

With the new result, a comparison with the other
measurements is updated using the same method
presented in Ref. [29]. A summary figure is shown in
Figure 9. The Daya Bay new result on R is consistent
with the world data. The new world average of R is
0.945± 0.007 (exp.)± 0.023 (model) with respect to the
Huber-Mueller model. This more precise measurement
further indicates that the origin of RAA is unlikely to be
due to detector e↵ects.

V. SUMMARY

In summary, an improved antineutrino flux
measurement is reported at Daya Bay with a 1230-day
data set. The precision of the measured mean IBD
yield is improved by 29% with a significantly improved
neutron detection e�ciency estimation. The new reactor
antineutrino flux is �

f

= (5.91±0.09)⇥10�43 cm2

/fission.
The ratio with respect to predicted reactor antineutrino
yield R is 0.952 ± 0.014 ± 0.023 (Huber-Mueller) and
1.001 ± 0.015 ± 0.027 (ILL-Vogel), where the first
uncertainty is experimental and the second is due
to the reactor models. This yield measurement is
consistent with the world data, and further comfirms
the discrepancy between the world reactor antineutrino
flux and the Huber-Mueller model.
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NIBD ∝ σIBD ∑
i=isotopes

fi × Si ≡ ∑
i=isotopes

fi × σi

Spectrum of i-th isotope

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

ment into the reactor core, defined as

burn-up⌘ W ·D
MU in

, (2)

where W is the average power of the fuel element, D

is the days since the fuel element begins to burn in the
core, and MU in is the initial uranium mass of the fuel
element. The unit of burn-up is MW · day · tonU

�1. A
similar quantity, cycle burn-up, is used to describe the
aging of the whole reactor core in a refueling cycle. Cycle
burn-up can also be calculated using Eq. 2, where W , D,
and MU in in this case represent the total nuclear power
of the reactor core, the days since the beginning of the
refueling cycle, and the initial uranium mass of all the
fuel elements in the reactor core.
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Fig. 3. An example of the reactor core map of fuel
elements with di↵erent burn-up (unit: GW ·day ·
ton�1) shown in color scale at the end of a refu-
eling cycle.

In reactors, electron antineutrinos are emitted pri-
marily from the fissions of four isotopes: 235U, 238U,
239Pu, and 241Pu. Fissions of other isotopes contribute
less than 0.3%. Fissions of 238U are only induced by
fast neutrons, while fissions of the other three isotopes
are mainly induced by thermal neutrons. Fresh fuel el-
ements contain only uranium isotopes. The plutonium
isotopes are gradually generated through neutron cap-
tures on 238U and subsequent neutron captures and beta
decays of its successor isotopes.

Fuel evolution is a dynamic process related to many
factors such as power, neutron flux, fuel composition,
type and position of fuel elements, and boron concentra-
tion. For safe operation of the reactors, NPPs do cal-
culations and simulations of the fuel evolution in every

refueling cycle by considering all of the factors above.
These detailed simulations are performed by validated
and licensed commercial software. The simulation pack-
age used by the Daya Bay NPP is SCIENCE, which
was developed by CEA, France. It uses the APOLLO2
code [40] as the core component. The simulation results
are provided to the Daya Bay collaboration in a table
which uses cycle burn-up as the index. The fission frac-
tions are provided by the simulation in the form of fi(�),
where fi is the fission fraction of isotope i, and � is the
cycle burn-up. Figure 4 shows an example of the fission
fraction evolution as a function of cycle burn-up within
a refueling cycle [41].

Burn-up (MWD/TU)
0 5000 10000 15000 20000

Fi
ss

io
n 

fra
ct

io
n 

(%
)

0

10

20

30

40

50

60

70

80

90

100
U235

Pu239

U238

Pu241

Others

Fig. 4. Fission fractions of isotopes in reactor core
D1 as a function of cycle burn-up from a simula-
tion of a complete refueling cycle. Other isotopes
contribute less than 0.3%.

The APOLLO2 code is widely used for cross section
generation and neutron transport calculations in com-
mercial reactor cores. It adopts rigorous methodology
for its validation, including comparison with the refer-
ence calculation using the same nuclear data libraries,
and with the experimental measurements [40]. Measure-
ments of spent fuel isotopic content were made and com-
pared with the results calculated using the APOLLO2
code [42]. The comparison shows that the measurement-
model deviations are less than 5%. Therefore, the uncer-
tainty of the calculated fission fraction is conservatively
estimated to be 5% for each isotope.

The NPPs also provide 3D core simulation results for
di↵erent burn-up stages, which enable an investigation
of the spatial distribution of the antineutrino production
inside the core. The reactor can be considered as a point
source of ⌫̄e for the Daya Bay experiment because the fuel
elements are symmetrically arranged in the reactor core
as shown in Fig 3. The relative di↵erence between treat-
ing the reactor as a point source and as a finite source is
negligible and the variation of the e↵ective fission center
in the reactor is estimated to be 2 cm horizontally. The

010201-6

Fission fractions 
evolve with time
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sisting of a prompt e+ candidate with reconstructed energy
Ep ⇡ E⌫ � 0.8 MeV between 0.7 and 12 MeV and a delayed
candidate from neutron capture on gadolinium in the target
with 6-12 MeV reconstructed energy [20]. An IBD candidate
set was required to be isolated in time from cosmogenic muon
activity or any other AD triggers. This selection produced a
set of about 1,198,000 and 1,025,000 IBD candidates from
EH1 and EH2, respectively.

Accidental time coincidences of uncorrelated triggers, the
dominant background in all ADs, contribute a rate of ⇠1% the
size of the IBD signal. To account for the <10% variations in
the rate of this background with time, it was calculated and
subtracted week by week for each AD. The remaining back-
grounds, which contribute ⇠0.5% of IBD candidates, were
subtracted assuming no time variation in shape or normaliza-
tion.

The spectrum of reactor antineutrinos with energy E⌫ de-
tected by an AD at time t is expected to be

d2N(E⌫ , t)

dE⌫dt
= Np�(E⌫)"

6X

r=1

P (E⌫ , Lr)

4⇡L2
r

d2�r(E⌫ , t)

dE⌫dt
(1)

where Np is the number of target protons, �(E⌫) is the IBD
reaction cross section, " is the efficiency of detecting IBDs,
Lr is the distance between the centers of the AD and the r-th
core, and P (E⌫ , Lr) is the survival probability due to neutrino
oscillation from core r. The sum in r is taken over the six reac-
tor cores present at Daya Bay. The term d2�r(E⌫ , t)/dE⌫dt
is the antineutrino spectrum from the r-th reactor core:

d2�r(E⌫ , t)

dE⌫dt
=

Wth,r(t)

Er(t)

X

i

fi,r(t)si(E⌫)c
ne
i (E⌫) + sSNF(E⌫),

(2)
where the index i runs over the four primary fission isotopes
(235U, 238U, 239Pu, and 241Pu), Wth(t) is the reactor ther-
mal power, fi(t) is the fraction of fissions from isotope i,
Er(t) =

P
i fi,r(t)ei is the core’s average energy released

per fission due to the average energy release ei from each fis-
sion isotope, and si(E⌫) is the ⌫̄e energy spectrum per fission.
All other fission isotopes contribute <0.3% to the total an-
tineutrino flux [2], and are neglected in this analysis. The cor-
rection cnei (E⌫) accounts for reactor nonequilibrium effects of
long-lived fission fragments, and sSNF(E⌫) is the contribution
from nearby spent nuclear fuel; both of these quantities are
treated as time independent, an assumption that has a negligi-
ble impact on the analysis.

The evolution of the antineutrino flux and spectrum was
studied as a function of the effective fission fractions Fi(t)
viewed by each AD:

Fi(t) =
6X

r=1

Wth,r(t)p̄rfi,r(t)

L2
rEr(t)

� 6X

r=1

Wth,r(t)pr
L2
rEr(t)

. (3)

The mean survival probability p̄r, calculated by integrating
the flux- and cross-section-weighted oscillation survival prob-
ability of antineutrinos from core r over E⌫ , is treated as time
independent. The four effective fission fractions F235, F238,
F239, and F241, corresponding to the 235U, 238U, 239Pu, and

241Pu isotopes respectively, sum to unity at all times for any
AD. The definition in Eq. 3 allows the expression of the mea-
sured IBD yield per nuclear fission �f as a simple sum of IBD
yields from the individual isotopes, �f =

P
i Fi�i. Weekly

effective fission fraction values for each detector were pro-
duced using thermal power and fission fraction data for each
core, which were provided by the power plant and validated
by the Collaboration using the APOLLO2 reactor modeling
code [2]. The baselines and the mean survival probabilities
used are the same as in Ref. [20], while ei values were taken
from Ref. [21].

FIG. 1. Top: Weekly effective 239Pu fission fractions F239 (defined
in Eq. 3) for the EH1 and EH2 ADs based on input reactor data.
Bottom: Effective fission fractions for the primary fission isotopes
versus F239. Each data point represents an average over periods of
similar F239 from the top panel.

Throughout the Letter, changes in the IBD yield and spec-
trum per fission will be represented as a function of the ef-
fective fission fraction F239, which increases as nearby reac-
tors’ fuel cycles progress. At the beginning of each core’s
fuel cycle, when 1/3 (1/4) of the fuel rods in the Daya Bay
(Ling Ao) cores are fresh, 239Pu fission fractions f239 are
⇠15%. This fraction then rises to ⇠40% by the end of the
cycle. Effective 239Pu fission fractions F239 are shown for
the EH1 and EH2 ADs in Fig. 1. The F239 values for ADs
at the same EH are identical to <0.1%. Periods of constant
positive slope correspond to continuous running and evolu-
tion of fuel in the cores, while sharp drops in F239 correspond
to the shut-down and start-up of a reactor. For EH1 (EH2),
⇠80% of the antineutrinos originate from the two Daya Bay
(four Ling Ao) cores. As ADs receive fluxes from multiple
cores with differing fuel compositions, variations in the effec-
tive fission fractions at an AD are smaller than variations in
the fission fractions within a single core. The relationships
between F239 and the effective fission fractions of the other
fissioning isotopes for the same dataset are shown in the bot-

Time evolution —> �  evolutionF239

Observed � + �  evolutions —> individual isotopes NIBD F239
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tom panel of Fig. 1. The average effective fission fractions F̄i

for i = (235, 238, 239, 241) for the combined EH1 and EH2
ADs were (0.571,0.076,0.299,0.054).

Uncertainties in the input reactor data will result in system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of �fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.

The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic uncertainties. Percent-level yearly time variation in
light collection in the ADs has been corrected for in Daya
Bay’s energy calibration. Residual time variations in recon-
structed energies of order 0.2% had negligible impact on the
observed rate and spectrum variations described below. Time-
independent uncertainties in the IBD detection efficiency
were also included in the analysis; AD-uncorrelated and AD-
correlated efficiency uncertainties are 0.13% and 1.9%, re-
spectively [20].

To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) vary within
envelopes of width (0.119, 0.001, 0.092, 0.025), as illustrated
in Fig. 1. Each bin’s IBD yield per fission, �f in cm2/fission,
was then calculated based on that bin’s IBD detection rate [2].
Measured IBD yields [24], presented in Fig. 2, show a clear
downward trend with increasing F239.

The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:

�f (F239) = �̄f +
d�f

dF239
(F239 � F 239). (4)

The fit parameters are the total F239-averaged IBD
yield �̄f and the change in yield per unit 239Pu
fission fraction d�f/dF239. This fit determines
d�f/dF239 = (�1.86 ± 0.18) ⇥ 10�43 cm2/fission
with a �2/NDF of 3.5/6. The statistical errors in �f values
are the leading uncertainty in the measurement, with reactor

FIG. 2. IBD yield per fission, �f , versus effective 239Pu (lower axis)
or 235U (upper axis) fission fraction. Yield measurements (black)
are pictured with bars representing statistical errors, which lead the
uncertainty in the measured evolution, d�f/dF239. Constant yield
(green line) and variable yield (red line) best fits described in the text
are also pictured, as well as predicted yields from the Huber-Mueller
model (blue line), scaled to account for the difference in total yield
�̄f between the data and prediction.

data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield �̄f of (5.90 ± 0.13) ⇥10�43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d�f/dF239

= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with �2/NDF = 115/7. The best-fit
d�f/dF239 value is incompatible with this constant flux
model at 10 standard deviations (�).

Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions from Mueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield �̄f ,
(6.22 ± 0.14) ⇥10�43 cm2/fission, differs from the measured
�̄f by 1.7�. This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d�f/dF239 from the Huber-Mueller
model, (�2.46± 0.06)⇥ 10�43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured �̄f from this analysis. This predicted d�f/dF239

differs from the measurement by 3.1�, indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield �̄f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d�f/dF239

to the total yield �̄f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-

Fuel evolution measured by Daya Bay with unprecedented 
precision in 2017 PRL 118, 251801 (2017)
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U235 is off the HM model

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.
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Conclusions: 
Wrong model for 235U is behind most of the reactor flux anomaly  
Explanation of flux anomaly purely by sterile neutrinos ⟺ equal deficit 
disfavored at 2.8σ

Reactor Flux Anomaly 
Cause Suggests Δχ2/NDF Confidence 

level

235U only Prediction issues 0.17/1 Very probable

239Pu only Prediction issues 10.0/1 Disfavored at 
3.2σ

All isotopes  
w/ equal deficit

Sterile 
neutrinos 7.9/1 Disfavored at 

2.8σ

Nevertheless, Daya Bay did not rule out sterile neutrinos completely!
Composite model still possible



Coherent Scattering
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* Refer to lectures of H.Wong, Y.Sobczyk for more details
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�  GEN @JINRν
JINR low threshold high purity Ge detectors



�78

�  GEN @JINRν

σE /E ≈ 3 %

Energy resolution (FWHM) = 78 eV

Source:A.Lubashevski
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�  GEN @JINRν
Efficiency vs energy

Efficiency 50% @ E=190 eV

Source:A.Lubashevski
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�  GEN @JINRν
Expected spectrum in 30 days of data taking

Source:A.Lubashevski



Mass Ordering
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Neutrino Mass Ordering
Normal

m3>m2 (m1)
Inverted

m3<m1 (m2)



Expected signal



JUNO is the first experiment to see both �Δm2

The requirements
20 ktons mass for 
detector 
�  energy 
resolution
3 % / E

Powerfull reactors 
(36 GW)



JUNO location
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• Powerful source: 10 nuclear 
reactors 
(26.6 TWth in 2021, later 35.8 
GWth) 

• Ideal baseline: 52.5 km 
• Shielding: 700 m underground

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 

52.5 km

52
.5

 k
m

JUNO



JUNO central detector
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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 

52.5 

52
.5

 

JUN

About 40 diameter
20 ktons
18k 20’’ PMTs
25k 3’’ PMTs
700 m shielding



JUNO Physics Program
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Parameter Current 
precision (1σ)

Improvement 
by JUNO

sin22θ12 5% <0.7%

Δm212 2.3% <0.6%

Δm312 2.5% 
sign unknown

<0.5% 
sign 

determination
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Other physics:
Supernova (SN) neutrinos
• 104 events from SN @ 10 kpc 
• Testing SN models 
• Possibility of independent 

determination of MH 
Diffused SN neutrinos
• 1-4 events per year 
• Discovery if measured 

Geoneutrinos
• From U/Th decays 

Solar neutrinos
• 7Be neutrinos detected via elastic 

scattering 

Proton decay
• p->K++ν 

…and more

JUNO Physics Program

Parameter Current 
precision (1σ)

Improvement 
by JUNO

sin22θ12 5% <0.7%

Δm212 2.3% <0.6%

Δm312 2.5% 
sign unknown

<0.5% 
sign 

determination



Very short baseline 
experiments
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Hunt for sterile neutrinos at ~1 eV scale ⟺ explanation of flux 
anomaly 
Precise measurement of reactor neutrino flux and energy spectrum 
for different fuel composition 
• Commercial reactors with mixture of 235U, 238U, 239Pu, 241Pu 
• Research reactors with mainly 235U 
Challenge prediction models - measurement of 235U yield&spectrum
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Experiment Reactor power
[MWth]

Distance 
[m]

Target 
Mass [t] Target type

NEOS 2700 25 1 GdLS

DANSS 3000 10-12 0.9 GdPS

STEREO 58 9-11 1.8 GdLS

PROSPECT 85 7-12 1 6LiLS

SOLID 100 6-9 1.6 6LiPS

LS=Liquid Scintillator     PS=Plastic Scintillator



Bonus 
Jobs Offer @Dubna

https://inspirehep.net/record/1751642 
https://inspirehep.net/record/1751641 
https://inspirehep.net/record/1751640

Baikal GVD
Baikal & JUNO

Baikal GVD
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* Why Baikal? Refer to lecture of N. Whitehorn


