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1950s: Savannah River
Discovery of (anti)neutrinos

1980s+90s: ILL, Bugey,…
Reactor neutrino flux 

measurements 

2000s: KamLAND
First evidence  

for Δm221-driven oscillations 

of the module. When reactor 5 was o↵ and reactor 4 was on, the same detector
at position 1 was used to measure the electron anti-neutrinos from reactor 4. The
baseline between the detector at position 1 and the reactor 4 core was 95 meters.
In other words, the position 1 detector was used to measure electron anti-neutrinos
at two baselines, 15 and 95 meters, using reactor 5 and 4, respectively. At position
2, two detector modules were used. These modules were 40 meters away from the
reactor 5 core and were only used to measure the electron anti-neutrinos from reactor
5. Figure 1 shows the schematic views of Bugey-3 experiment[6]. The top one shows
the positions of the two detectors to the reactor 5 core, and the bottom one shows
the relative positions of reactors and detectors.

Figure 1: The schematic views of Bugey-3 experiment, taken from [6]. The upper
figure shows relative position of detector modules at two positions relaitve to reactor
5. The lower figure shows the relative positions for the detector modules and other
PWRs.

As mentioned above, Bugey-3 experiment have three detector modules. Each
module was a 122⇥62⇥85 cm3 tank and contains ⇠ 600 liters of 6Li doped liquid
scintillator. The detector module was segmented in 98 (7 ⇥ 14) identical cells, each
of which has 8.5⇥8.5⇥85 cm3 dimensions and is optically segmented from others with
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2012: Daya Bay, RENO,
Double CHOOZ

Non-zero θ13 mixing angle

40

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

2014: Double Chooz,
Daya Bay, RENO,

‘Bump’ in energy spectrum 

Since 2014: Daya Bay, Double Chooz, 
RENO, NEOS, STEREO, PROSPECT,… 
Reactor anomaly & Sterile Neutrinos 

covariance matrix accounts for the statistical and sys-
tematic (reactor flux, MC normalization, 9Li/8He spec-
trum shape, accidental statistical) uncertainties in each
bin and the bin-to-bin correlations. A set of nuisance
parameters accounts for the other uncertainty sources:
�m2

31, the number of residual ⌫e when reactors are
o↵ (1.57 ± 0.47 events), the 9Li/8He and fast neu-
tron/stopping muon rates, the systematic component of
the uncertainty on the accidental background rate, and
the energy scale. The best fit (�2

min/d.o. f . = 52.2/40) is
found at sin2 2✓13 = 0.090+0.032

�0.029 (see figures 3,4).
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Figure 3: Measured prompt energy spectrum (black points with statis-
tical error bars), superimposed on the no-oscillation prediction (blue
dashed line) and on the best fit (red solid line), with the stacked best-fit
backgrounds added.

In addition to the oscillation-induced deficit on the
bottom panel of figure 4, a spectrum distortion is ob-
served above 4 MeV. The excess has been found to be
proportional to the reactor power, disfavoring a back-
ground origin. Considering only the IBD interaction,
the structure is consistent with an unaccounted reactor
⌫e flux e↵ect, which does not a↵ect significantly the ✓13.
The good agreement with the shape-independent reactor
rate modulation result demonstrates it. The existence of
this distortion has been later confirmed by the Daya Bay
and RENO reactor experiments.

Figure 5 shows the projected sensitivity of the Rate +
Shape analysis using the IBD neutrons captured in Gd.
A 0.2% relative detection e�ciency uncertainty is as-
sumed, the expected remnant from the cancellation of
the correlated detection uncertainties due to the use of
identical detectors. The portion of reactor flux uncor-
related between detectors is 0.1% (thanks to the simple
experimental setup with two reactors). Backgrounds in
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Figure 4: Top: Measured prompt energy spectrum with best-fit back-
grounds subtracted (black points with statistical error bars) superim-
posed on the no-oscillation prediction (blue dashed line) and on the
best fit (red solid line). Bottom: Ratio of data to the no-oscillation
prediction (black points with statistical error bars) superimposed on
the best fit ratio (red solid line). The gold band represents the system-
atic uncertainty on the best-fit prediction.
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Figure 5: Double Chooz projected sensitivity using the IBD neutrons
captured in Gd. The previous analysis, [2] with only the FD (black
dashed line) and adding the ND (black solid line), and the current
analysis, with only the FD (blue dashed line) and adding the ND (blue
solid line), are shown. The shaded region represents the range of im-
provement expected by reducing the systematic uncertainty, bounded
from below by considering only the reactor systematic uncertainty.
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2017: Daya Bay, RENO
Fuel evolution 
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Outline

Reactor neutrinos
• Production process 
• Oscillations 
Quest for θ13 mixing angle
• Experiments 
• Detection 
• Results 
Reactor neutrino anomalies
• Reactor neutrino spectrum anomaly 
• Fuel evolution & reactor neutrino flux anomaly 
A taste of upcoming experiments
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Nuclear reactor: 
Four main isotopes participate in fissions: 

235U, 238U, 239Pu, 241Pu   
Complex reactions in the reactor
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Reactor Neutrinos
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Nuclear reactor: 
Four main isotopes participate in fissions: 

235U, 238U, 239Pu, 241Pu   
The basic chain reaction of 235U 
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Nuclear reactor: 
Four main isotopes participate in fissions: 

235U, 238U, 239Pu, 241Pu   
Neutron-rich elements - β decay cascade

Reactor: Source of pure νe
(Reactor neutrino = electron antineutrino)

_
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Nuclear reactor: 
Four main isotopes participate in fissions: 

235U, 238U, 239Pu, 241Pu   
Evolution of the fuel with burn-up

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

010201-6

Production of plutonium
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Atmospheric, accelerator ν

Reactor L~2 km, accelerator ν

Solar, reactor L~60 km ν
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δCP ?º Value?
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�
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Oscillation parameters:

Three-neutrino mixing:

*Are measured by reactor neutrinos
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Reactor Neutrino Oscillations
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Near

Far

Daya Bay
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RENO

JUNO

KamLAND
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✓
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✓
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Medium
baseline

Short
baseline

Two modes of oscillations:
NE

OS
PR

OS
PE

CT

ST
ER

EO
…

Is there 3rd mode?!?
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Reactor Neutrino Detection
Primary method - Inverse beta decay (IBD) in liquid scintillator
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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)
0 2 4 6 8 10 12 14 16 18 20
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y 
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Coincidence in time

nucleus
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ns

γ

γ

γ

p
νe
_

Why IBD?
• Relatively large cross-section 
• Distinctive coincidence signature  
• Targets (H) already part of liquid scintillator

ES:
(�)
⌫e + e

� !(�)
⌫e + e

�

IBD: ⌫̄e + p ! e
+ + n

30 µ(s) n+Gd ! Gd
⇤ ! Gd+ �’s (8 MeV)

200 µ(s) n+H ! D + � (2.22 MeV)

d�(~r, E)

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)

3
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Detected Spectrum via Inverse Beta Decay
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Antineutrino spectrum (a.u.)

IBD cross-section

Detected spectrum (a.u.)

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

Inverse beta decay cross-section
_
νe

Flux of antineutrinos

IBD: ν+p->e++n
Threshold 1.8 MeV

Typical detected spectrum

_
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Road to Measurement of θ13
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Upper limit by CHOOZ experiment sin22θ13<0.15 @ Δm2=2.4×10-3 eV2 
Main limitation - uncertainty in expected flux and detection efficiency 
Key features for success of current experiments:

L[km]
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) eν
→ eν
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2) High statistics: powerful nuclear reactors, big detectors, long run-time  
1) Baseline optimization 

3) Reduction of systematic errors: 

€ 
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=
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' 

1/r2
number 
of 
protons

detection
efficiency

yield
sin22θ13

antineutrin
oflux

(i) Detector-related: identically designed detectors, calibration
(ii) Reactor-related: relative near-far measurements

4) Background reduction: use of water shield and veto 

largest uncertainty in 
previous measurements 

Keys to a Precise Measurement of θ13

All of these features make Daya Bay a powerful experiment that can 

measure θ13 very precisely and also make a strong impact in other areas

Mykaelyan & Sinev: Far/Near  
ratio reduces systematics: 

1. Near&Far detector 
relative measurement

2. Baseline 
optimization

3. Powerful source, 
large detector(s) 

+4. Low background
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Experiments
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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!
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Experiments
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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

1. Near&Far detector 
relative measurement

3. Powerful source, 
large detector(s) 2. Baseline 

optimization
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Detector Design
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Double Chooz

Gadolinium-doped liquid scintillator

Daya Bay & RENO
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Detector Design
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Double Chooz

Liquid scintillator γ-catcher

D
ay

a 
Ba

y 
N

ea
r H

al
l

Daya Bay & RENO
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Detector Design
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Double Chooz

Non-scintillating transparent mineral oil with PMTs

D
ay

a 
Ba

y 
N

ea
r H

al
l

Daya Bay & RENO
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Detector Design
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Daya Bay & RENO Double Chooz

Cherenkov detector for shielding and cosmic muon detection 

Pure waterD
ay

a 
Ba

y 
N

ea
r H

al
l

Liquid Scintillator
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Detector Design
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Double Chooz

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

D
ay

a 
Ba

y 
N

ea
r H

al
l

Daya Bay
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IBD Selection
Apply muon veto to suppress backgrounds 
Search for time coincidence of prompt and delayed signal

 22

Daya Bay & RENO
nH and nGd treated separately

Double Chooz
nH+nC+nGd together

Prompt and delayed energy cut 
Time coincidence cut 
Distance cut for nH

nH nGd

Reactor:
𝑛 → 𝑝+ 𝑒− ҧ𝜈𝑒

(Gd)Szintillator+Target

Szintillator+Target

𝑛
𝑒+

ഥ𝝂𝒆 + 𝒑 → 𝒏 + 𝒆+

inverse β-decay (IBD)

1. prompt event:   𝒆+ → 𝜸𝜸
2. delayed event:   𝒏 thermalization

+ capture on Gd

1. prompt event
scintillation from positron
gammas from annihilation
𝐸 ҧ𝜈𝑒 = 𝐸prompt + 𝑄 − 2𝑚𝑒

2. delayed event
Gd: 30 𝜇𝑠𝑒𝑐 delay, 8 𝑀𝑒𝑉
H: 200 𝜇𝑠𝑒𝑐 delay, 2.2 𝑀𝑒𝑉

Achim Stahl - July 6th, 2018 3

Double Chooz uses all captures!
Delayed

Artificial neural network (ANN) 
used for candidate selection

ANN significant background reduction
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IBD Backgrounds
IBD-like signature: Prompt&delayed energy, time proximity 
Low background: B/S 2% (DYB) and 5% (DC&RENO) in far detector(s)

 23

Uncorrelated: Correlated from cosmic muons:

Accidental 
coincidence

Radioactivity γ 

High-energy β 
decay

µ

n
p

µ

n
β

9Li
16O*γ n

241Am-13C

γ
β>6 MeV

µ

e
n

13C(α,n)16O
Others:

9Li/8He
Isotopes
β decay 

n capture 

Fast 
neutrons

Recoil on p 

n capture 

Unvetoed 
muons

Muon ionization 

n capture/ 
muon decay 

+ + + +

DC
Only

+4. Low background

γ γ
n+Fe

DYB
Only

252Cf decay

RENO
Only 252Cf

n’sγ’s
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Importance of Relative Measurement
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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%

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)
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Spectrum Modulation
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Near to far ratio  

13 

Data'to'data'result:'sin22θ13$=$0.103$±$0.017'

Data/MC ratio plot Data/data  Double Chooz nH+nC+nGd

RENO nGd
Far/Near Shape Analysis

Energy-dependent disappearance of reactor antineutrinos

9

(± 7.6%)

(± 5.2 %)

sin22θ13 = 0.0896±0.0048(stat.)±0.0048(syst.)
| mee

2| = 2.68±0.12(stat.)±0.07(syst.) (×10-3 eV2)
Poster Presentation “Precise measurement of Dmee

2  and q13 at RENO” by D. H.  (# 172)
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Oscillation Results with 1958 Days
• Measure sin22θ13 and |Δm2ee| to 3.4% and 2.8% respectively

P ve → ve( ) = 1− sin2 2θ13 sin2 1.267Δmee
2 L

E
− solar term

effective mass 
splitting

Results are cross-checked by a few independent analyses

preliminary preliminary

results with 
1958 days

 sin2 2θ13 = 0.0856 ± 0.0029

|Δmee
2 |= (2.52 ± 0.07)×10−3  eV2

The statistical uncertainty 
contributes about 60% 
(50%) of the total θ13 
(Δm2ee) uncertainty.

poster
#6 (W)

~Δm232

~sin22θ13

~Δm232

sin22θ13

Daya Bay nGd
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Oscillation Results
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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 0.094+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 precision 3.4% - 
best known mixing angle 

1σ tension between Daya 
Bay and Double Chooz

Δm232

Daya Bay’s result is consistent 
and of comparable precision to 
that of accelerator experiments 

Further improvement by JUNO 
(see later)

*normal hierarchy*
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Why θ13 Matters?
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Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

!CP vs. sin2θ13

•sensitivity assumptions:

•sin2θ13= 0.0219 (2016 PDG)

•sin2θ23 = 0.528

•NH, δCP = -1.601

•Data fit stronger than sensitivity

22
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T2K-only

with reactors

Non-zero θ13 mixing angle allows  
CP-violation in lepton sector 

CP-violation can be tested in appearance 
experiments such as T2K and NOvA  
which look at               oscillations 

δCP is linked to θ13 - uncertainty on the 
angle is propagated to the uncertainty  
on phase 

Precise measurement done by reactor 
experiments very important for δCP 
measurement

ES:
(�)
⌫e + e

� !(�)
⌫e + e

�

IBD: ⌫̄e + p ! e
+ + n

30 µ(s) n+Gd ! Gd
⇤ ! Gd+ �’s (8 MeV)

200 µ(s) n+H ! D + � (2.22 MeV)

d�(~r, E)

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)

(�)
⌫µ !(�)

⌫e

3

T2K result for demonstration:
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Absolute Measurements
Reactor Neutrinos Anomalies -> discrepancy between 
measurement and prediction

 28

Reactor (neutrino flux) anomaly
Reanalysis of reactor flux prediction in 2011

Reactor neutrino spectrum anomaly
‘Bump’ in the spectrum observed by Double 

Chooz, Daya Bay, RENO in 2014

Deeper look at reactor flux anomaly
with reactor fuel evolution

Reported by Daya Bay and RENO in 2017

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

To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�exp

err
=

p
�2

err
��2

model

�exp

cor
=

p
�2

cor
��2

model
. (18)

�exp

err
and �exp

cor
now represent experimental uncertainties

only. We then build a covariance matrix V exp such that

V exp

ij
= Robs

i
·�exp

i,cor
·Robs

j
·�exp

j,cor
, (19)

where Robs

i
is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. Robs

i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpast

g
by

minimizing the �2 function defined as:

�2(Rpast

g
)= (Rpast

g
�Ri) ·(V exp

ij
)�1(Rpast

g
�Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g
=0.942±0.009,

where the error is experimental only.
Since we now use the Huber+Mueller model as the

reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

Rpast

g
= 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g
=0.942±0.009(exp.). If we

include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty 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 (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino
Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m2

ee
|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄e)R(E⌫̄e ,Ep)dE⌫̄e (22)

where R(E⌫̄e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.

010201-23
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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-
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Summation (ab initio) method
• Sum spectra of each decay 

branch of all fission fragments 
based on nuclear database 

• More than 6000 branches 
• Not all branches sufficiently 

covered in database 
• Claimed ~10% uncertainty
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FIG. 1. (Color online) Calculated electron spectra (solid blue [gray] line) following the thermal fission of (a) 235U, (b) 239Pu, and (c) 241Pu
and (d) the fast fission of 238U compared with the high-resolution data from ILL [25] as well as the recently published data for 238U [26]
(black squares). The thin gray lines indicate the individual β spectrum from each fission fragment, Ii(Eν), and thick lines highlight the 20 most
important individual contributors at 5.5 MeV.

The beauty of the summation method is that the individual
effects of each of the 800 or so different fission fragments
on the overall antineutrino spectrum can be investigated. We
exploit this in Fig. 1, decomposing the total β− spectrum into
the individual β spectra for each fission fragment. The thin
gray lines indicate the individual β spectrum from each fission
fragment, Ii(Eν), while the thick lines highlight the 20 most
important individual contributors at 5.5 MeV. Also included in
Fig. 1 are the experimentally measured total β spectra (black
squares) [25,26] compared with the summed spectra from the
present work (solid blue [gray] line). What is remarkable is
that, given the complexity of the overall calculation and the

vast number of nuclides contributing, at the higher energies
only a handful of nuclei significantly influence the spectrum.
Particularly in the case of 235U and 238U, two nuclei stand out
predominately at high energies, 92Rb and 96Y. This is due to
a combination of a large cumulative fission yield, a large β−

Q value and a large ground-state to ground-state β-feeding
intensity. These properties are listed in Table I. For 239Pu
and 241Pu, the contributions from 92Rb and 96Y are reduced
somewhat due to their smaller cumulative fission yield.

Given the significance of 92Rb and 96Y to the antineutrino
spectrum calculations, we investigate further the quality and
reliability of their decay data. Both mainly undergo first

TABLE I. β-decay Q value, ground-state to ground-state branching ratio, and cumulative fission yields for 92Rb and 96Y.

Nuclide Qβ (MeV) Branching ratio (%) 235U CFY (thermal) 238U CFY (fast) 239Pu CFY (thermal) 241Pu CFY (thermal)

92Rb 8.095 95.2 ± 0.7 0.048 0.042 0.020 0.019
96Y 7.103 95.5 ± 0.5 0.047 0.053 0.029 0.032

011301-2
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Conversion method
• Electron spectrum from fission 

fragments converted to νe spectrum 
• Performed at ILL in 80s & 90s 
• Uncertainty ~2.7% 
• Leading method nowadays
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respect to the well-known intensities of  14N(n, 7)15N 
[ 11 ] and 12 C(n, 7) 13 C [ 12]. Essentially this calibration 
resulted in a value of  1.074(49) for the ratio o f  the 
BILL spectrometer efficiency in the range 5.5 to 9 
MeV relative to that in the range 1.2 to 2.5 MeV. This 
value is consistent with the ratio of  1.093(48) from 
the I n - P b  calibration. Assuming a monotonically in. 
creasing efficiency of  the spectrometer with energy the 
Final errors were evaluated from the independent In, 
Pb and Cd measurements, resulting in total uncertain- 
ties of  2.8% and 3.1% for the absolute rates at 1.3 and 
7.4 MeV, respectively. 
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Fig. 1. Experimental beta spectrum of 2aSu fission products. 
The error bars in the spectrum illustrate the statisticol accura- 
cy for bins of 50 keV (90% CL). In the lower part the deter- 
mined efficiency curve e(E~) with the uncertainty range 
(shadowed area) is shown. The errors given for the absolute 
calibration points (dots) are independent values. For the rela- 
tive calibration points (triangles) the errors are dominated by 
correlated uncertainties (see text). The unf'flled triangle de- 
notes the 2.1 MeV line in the ttSmIn decay. 

Fig. 1 shows the final Nfl spectrum of  the 235 U fis- 
sion products. In the lower part of  the figure the inten- 
sity calibration points are shown. The data are given 
explicitly in table 1 in bins of  250 keV. At E~ = 3 MeV 
the difference between the last two 235 U runs amounted 
to 2% indicating that the saturation intensity was near- 
ly achieved. Only the values of  the third run (exposure 
time to neutrons >12  h) were adopted for energies 
below 5 MeV. I t  was found that the present result 
agrees well with our earlier study * 1. In the high ener- 
gy region of  the N~ spectrum a sensitivity o f  3 X 10 -6  
per MeV and fission was obtained, which is an improve- 
ment by an order of  magnitude. The accuracy in the 
absolute calibration was improved from our earlier 
value of  5% to the present 3%. Fig. 2 compares our re- 
sult with various calculated spectra, demonstrating the 
difficulty of  describing theoretically the beta-decay 
branches of  the many fission products (see also ref. 
[3]). 

The conversion of  the experimental beta spectrum 
into the correlated Ve spectrum was accomplished by 
an algorithm sindlar to that described in ref. [4]. The 

~= 1 For comparison the values in ref. [ 3 ] have to be increased 
by 3% since the non l/u neutron capture cross section of 
2aSU was not taken into account (see also ref. [4])~ 
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Fig. 2. Ratio between various calculated beta spectra of ~s  U 
fission products and the present experimental result. The 
total uncertainties of the present work are indicated (90% CL). 
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Huber’s ILL spectrum conversion
for 235U, 239Pu, 241Pu 

Huber P. Phys. Rev. C 84:024617 (2011);  
erratum ibid. 85:029901 (2012)

Mueller’s ab-inicio 
calculation for 238U

 Mueller T. A. et al. Phys. Rev. C 83:054615 (2011)
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Figure 4

The antineutrino spectrum for 235U derived by converting (20, 34) the measured (34) electron
spectrum. The difference in the two derived spectra arises from differences in the assumptions
made about the subdominant corrections to beta-decay. The uncertainty in the theoretical form of
these corrections, discussed below and summarized in Table 3, are sufficently large that direct
experimental measurements will be necessary to determine the correct normalization of the
antineutrino spectra to this accuracy.

evaluated partial electron spectrum is then converted into the ν̄e spectrum by the fitting
procedure. This hybrid method has the advantage of taking account of the measured prop-

erties of a large subset of the fission fragments, and using experimental data to determine
the energy dependence of forbidden transitions and the Z dependence of Pi.

In any of the methods, a necessary condition is a good understanding of the shape factors

Pν̄(Eν̄ , E
i
0, Z) of the individual β decays, including nuclear charge Z and the end-points Ei

0,
as well as the role of the allowed versus forbidden transitions.

3.1. Corrections to the β decay electron and ν̄e spectrum for the allowed β

transitions

The β-decay spectrum shape can be expressed as

Pν̄(Eν̄, E
i
0, Z) = KpeEe(E0 − Ee)

2F (Z,Ee)C(Z,Ee)(1 + δ(Z,A,Ee)) , (5)
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FIG. 5. (Color online) Comparison of our result for 235U with previous inversions, labeled ILL for the results from Ref. [7]
and labeled 1101.2663 for the results from Ref. [6]. The thin error bars show the theory errors from the e↵ective nuclear charge
Z̄ and weak magnetism. The thick error bars are the statistical errors, whereas the light gray boxes show the error from the
applied bias correction. The green line, referred to as simple, shows the result, if we use the same description of �-decay as in
Ref. [6]. The black line, referred to as ILL inversion, shows our result if we completely follow the procedure outlined in Ref. [7],
including their e↵ective nuclear charge.

polynomial [6, 49]:

�⌫(E⌫) = exp

 
6X

i

↵iE
i�1
⌫

!
. (22)

In performing the fit we follow the description given in Refs. [6, 49] but we do not include contributions from the
error on Z̄ and WM since they are correlated between isotopes and do not change the fit appreciably. The resulting
best fit parameters and the minimum �2 values are given in table III.

Isotope �2
min ↵1 ↵2 ↵3 ↵4 ↵5 ↵6

235U 49.3 4.367 �4.577 2.100 �5.294⇥ 10-1 6.186⇥ 10-2 �2.777⇥ 10-3

239Pu 20.8 4.757 �5.392 2.563 �6.596⇥ 10-1 7.820⇥ 10-2 �3.536⇥ 10-3

241Pu 15. 2.990 �2.882 1.278 �3.343⇥ 10-1 3.905⇥ 10-2 �1.754⇥ 10-3

TABLE III. Result of a fit of a 5th order polynomial to the logarithm of the flux. The number of degrees of freedom is 25� 6.

Obviously, the fit for 235U is quite bad, with a �2/dof of more than 2. Also, for all 3 isotopes the fit parameters
are highly correlated and we therefore do not provide any fit errors or correlation matrices, since it seems doubtful
whether these could be used to model the errors in the underlying neutrino fluxes. This parametrization should not
be used for actual data analysis or error propagation12. Instead, we recommend to rebin our results by using linear
interpolation and integrating the resulting fluxes over the new bins. In the same fashion the errors can be rebinned
and we provide results for 250 keV and 50 keV bins in machine readable format [50].

V. DISCUSSION

The �-spectra from Refs. [7–9] have been previously inverted into neutrino spectra and we, therefore, will start by
comparing our result with previous results [6–9]. In figure 5 we show our result (thick blue/black line) relative to the
results presented in Ref. [7], which is denoted as �ILL. We clearly observe that our results point to a significantly

12 Nonetheless, this parametrization can be safely used to extrapolate our results to higher energies, since there, the errors of the actual
fluxes are su�ciently large to render the inaccuracies of this parametrization harmless.

12

+

Spectrum 
for individual branch

signals at two distances it became possible to determine the oscillation signal corresponding

to the angle θ13 with very good accuracy. The detectors employed in these experiments

are substantially larger than those in the previous generation of experiments and, thus, the
statistical accuracy of the spectrum determination is substantially better. Although not the

original intent, these modern experiments provide a detailed test of the absolute reactor
ν̄e flux and energy spectrum, and they raise new questions about our understanding of the

expected spectra.

For precision reactor neutrino studies accurate knowledge of the reactor neutrino flux
and spectrum is important. This issue became more pressing with the reevaluation of the

spectra in 2011 in Refs. (19, 20), which resulted in the upward revision of the expected

reactor antineutrino signal by ∼ 6%. These revisions suggested that all above mentioned
experiments are missing approximately 6% of the signal, independent of the distance from

the reactor, beginning at L ≥ 10 m. This shortfall has become known as the “reactor
anomaly” and it has been interpreted (21) as a possible indication of the existence of

an additional, fourth, necessarily sterile, light neutrino of mass O(1 eV), that becomes

observable through subdominant mixing with the active neutrinos. If confirmed, this would
be a discovery of fundamental importance. However, the sterile neutrino interpretation of

the anomaly hinges on the accuracy of the expected reactor neutrino flux.

2. NUCLEAR REACTORS AS ELECTRON ANTINEUTRINO SOURCES

Nuclear reactors derive their power from the fission of U and Pu isotopes and from the

radioactive decay of the corresponding fission fragments. The beta decay of the fragments
is the source of the electron antineutrinos. The total antineutrino spectrum can be expressed

as a sum over the spectra for the dominant fissioning actinides,

S(Eν) = Σifi

!

dNi

dEν

"

, (1)

where fi is the number of fissions from actinide i and dNi/dEν is the cumulative ν̄e spectrum

of i normalized per fission. Thus, as a first step, the parameters fi must be determined,

which requires detailed information from the reactor operator, including the total thermal
power and the linear combination of actinides contributing to the power. The total reactor

thermal energy Wth and the parameters fi are related through

Wth = Σifiei , (2)

where ei is the effective thermal energy per fission contributed by each actininde i. In

power reactors 99.9% of the power comes from the fission of 235U, 239Pu, 241Pu and 238U,
and only these isotopes are considered. The corresponding effective energies per fission

are determined from the energy released in fission, minus the energy carried off by the

antineutrinos, plus the energy produced by neutron captures on the reactor materials. The
evaluated (22, 23, 24) energies, ei, are given in Table 1. The corresponding estimated

uncertainties are 0.25-0.5 %.

The data for Wth are usually available as function of time, while fi, which are typically
expressed as the relative fractions fi/F , where F is the total number of fissions, are obtained

by (often proprietary) simulations. The neutrino spectrum in eq. (1) can be expressed as

S(Eν) =
Wth

Σi(fi/F )ei
Σi

fi
F

!

dNi

dEν

"

. (3)
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Shape correction 
C≠1 for forbidden decays 

Correction δ=δWM+δFS+δRC 
δWM - Weak magnetism corr. 
δFS - Finite structure corr. 

δR - Radiative corr.
Main reasons for higher prediction in H+M:
- Finite structure and Weak Magnetism  

correction more careful treatment 
- Newer ⟨Z⟩(E) of fission fragments 
- Updated neutron lifetime
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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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Similar effect observed
• by several experiments 
• at different reactors 
• at different baselines

Reactor (Neutrino Flux) Anomaly
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Possible explanations
• Not a detector/reactor effect 
• Prediction issues - particular 

isotope responsible? (see later) 
• New phenomena - Sterile ν’s

Measurement of Absolute Reactor Neutrino Flux
Data / Prediction,   RENO 2200 days at near detector

0.918 +- 0.018 (for Huber + Mueller model)
0.959 +- 0.018 (for ILL + Vogel model)

RENO Preliminary

18
Deficit of observed reactor neutrino fluxes relative to the prediction (Huber + Mueller
model) indicates an overestimated flux or possible oscillation to sterile neutrinos

Flux deficit observed w.r.t. Huber+Muller model
• Daya Bay R=0.952±0.014 
• Double Chooz R=0.945±0.008 
• RENO R=0.918±0.018
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Sterile Neutrinos
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated

114

Existence of sterile neutrinos can explain the anomaly
• Δm2new≳1 eV2 ⇔ Losc < few m 
• Fast oscillations averaged

Hints of steriles elsewhere
• Radioactive calibration sources  

at GALLEX, SAGE 
• Accelerator experiments  

LSND and MiniBooNE

Abazajian et al. 
arXiv:1204.5379 

Covered in talk

by Jaison Lee
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Reactor Neutrino Spectrum Shape Anomaly
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CPC 41(1) 2017

4σ local access

Unfolded Reactor Antineutrino Spectrum

Spectral comparisonMeasured spectrum 
vs. H-M prediction

RENO Preliminary RENO Preliminary

19

� Unfolding using iterative method in RooUnfold

* MC is normalized to data in the 
region excluding 3.6 < Ep < 6.6 MeV

PRL 118, 121802 (2017)

Obvious ‘Bump’ (excess over prediction) 
at 4-6 MeV in prompt spectrum
• Not a detector effect 
• Not due to sterile neutrinos 
• Could be prediction issues

NEOS ~14% Daya Bay ~9%

RENO ~14%
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Origin of the Bump
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Spectral distortion 

" Empirical fit: negative slope and empirical double peak 
" Width significant larger than energy resolution 17 

Double Chooz ~11%

Origin of the ‘bump’ is unknown - several hypotheses: 
• Forbidden decay corrections - not as assumed 
• Harder n spectrum in the reactor than in ILL measurement 
• Eventual problem in ILL measurement
• 238U spectrum loosely constrained - different 238U contribution 

among experiments ⇔ different size of the bump 

Further (empirical) structure 
of the bump suggested by  
Double Chooz

Can be tested 
by 235U reactors
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Reactor Fuel Evolution (at Daya Bay)
Fuel evolution expected - measured by Rovno (90s), SONGS (00’s)
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3

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-
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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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• Since 
we expect change in total IBD yield 

• Change in total IBD yield +  
Fission fraction evolution ➔  
Disentangle isotopic contribution 

• Daya Bay data binned by effective  
fission fraction of 239Pu 

• Allowed by spectacular statistics  
of 2.2 millions events in near halls
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4

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
• Obvious linear change of σf(F239) 
• Does not agree with 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.

• Allowed to disentangle 235U and 
239Pu yields (with conservative 
constraints on 238U and 241Pu) 

• 235U lower than H-M model by 7.8%  
while 239Pu consistent 

• Suggests prediction issues
PRL 118, 251801 (2017)
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Fuel evolution discrepancy closely linked to flux anomaly
• Daya Bay measurement suggest that 235U incorrect prediction is behind 

most of the reactor flux anomaly  
• Explanation of flux anomaly purely by sterile neutrinos ⟺ equal deficit 

disfavoured 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
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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 Overview
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52.5 km

52
.5

 k
m

JUNO

Central detector
• 20 kt liquid scintillator  

(largest LS in the world)  
• 18k 20-inch PMTs  

resolution 3%@1 MeV 
75% photo coverage 

• 25k 3-inch PMTs  
for systematics control

Water pool
 Ultra-pure water 

Cherenkov detector  
with 2k 20-inch PMTs  

Top tracker
3 layers of plastic 

scintillator

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

• Ideal baseline: 52.5 km 
• Shielding: 700 m underground
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JUNO first experiment to observe 
solar and atmospheric neutrino 
oscillation modes simultaneously  
Neutrino mass hierarchy (ordering) 
identified based on different phase 
throughout the whole spectrum
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Reactor neutrino oscillations: Other physics:
Mass hierarchy determination 
Precise measurement of particular 
oscillation parameters

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

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
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Very Short Baseline Experiments

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

Not extensive list of VSBL experiments  

LS=Liquid Scintillator     PS=Plastic Scintillator

More detail in talk

by Jaison Lee
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Non-zero θ13 paved the way for CP-violation search in lepton 
sector and measurement of mass hierarchy with oscillations 
Precise measurement of the θ12, Δm221, Δm232 and neutrino mass 
hierarchy ahead with JUNO reactor neutrino experiment  
Recently, anomalies in reactor neutrinos observed: 
• Reactor Flux Anomaly 
• ‘Bump’ in the spectrum 
Dedicated very short-baseline measurements needed to resolve 
those 
Nuclear reactors continue to provide us with one of the most 
fruitful environments for studying the elusive neutrino

Conclusions

 42
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Outlook
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2002 20252012 2019

First measurements  
of reactor neutrino flux

1956

(Reactor) neutrino 
discovery

Δm221-driven
oscillations

θ13≠0
Sterile

neutrin
os? Mass

hierarchy?

1980s

Stay tuned… Reactor neutrinos picking up the pace!?!

Thank you!
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M. Grassi /43PIC 2017

Consistent Flux Deficit Across Experiments

31

 

R=                            = 0.943 ± 0.008 (exp.) ± 0.023 (model) 
MEASUREMENT

PREDICTION

So-called “Reactor Neutrino Anomaly”
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Accuracy Problem (once again) 
central value different from prediction

Comparison of 21 measurements to Huber+Muller prediction
Chinese Physics C Vol. XX, No. X (201X) XXXXXX

To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�exp

err
=

p
�2

err
��2

model

�exp

cor
=

p
�2

cor
��2

model
. (18)

�exp

err
and �exp

cor
now represent experimental uncertainties

only. We then build a covariance matrix V exp such that

V exp

ij
= Robs

i
·�exp

i,cor
·Robs

j
·�exp

j,cor
, (19)

where Robs

i
is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. Robs

i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpast

g
by

minimizing the �2 function defined as:

�2(Rpast

g
)= (Rpast

g
�Ri) ·(V exp

ij
)�1(Rpast

g
�Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g
=0.942±0.009,

where the error is experimental only.
Since we now use the Huber+Mueller model as the

reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

Rpast

g
= 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g
=0.942±0.009(exp.). If we

include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.

Distance (m)
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D
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io

n

0.6
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1.0

1.2

Previous data
Daya Bay
World Average 

 Exp. Unc.σ1-
 Flux Unc.σ1-

Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty 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 (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino
Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m2

ee
|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄e)R(E⌫̄e ,Ep)dE⌫̄e (22)

where R(E⌫̄e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.

010201-23
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‘Bump’ Not a Detector Effect
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FIG. 14. Comparison of the electron energy spectrum from 12B
decay with simulation, including the estimated nonlinearity of the
scintillator and electronics.

FIG. 15. Estimated ratio of reconstructed over true energy,
Erec/Etrue, for positron interactions totally contained within the
antineutrino detector target (red solid line). The two 0.511-MeV �-
rays from positron annihilation were included in the energy. The
resulting 68% C.L. region (gray shaded band) constrains this ratio
to better than 1% over most of the energy range of interest. An
independent estimate, which relied on the �+� spectra from bismuth
and thallium decay as well as the Michel electron spectrum endpoint,
produced a consistent model (blue dotted line).

included the 53 MeV endpoint in the Michel electron
spectrum of muon decay, and the continuous �+� spectra
from natural bismuth and thallium decays. The estimated
model of the electronics nonlinearity was corroborated by
comparison with PMT data obtained using an independent
waveform digitizer system. All measurements have been
found to be consistent with the estimated model within their
respective uncertainties. In turn, the estimated positron
response model was stable within the 1-� uncertainty band
under addition or removal of any single calibration reference
data set. As a result of this extensive modeling of the positron
energy response, the final ⇠1% uncertainty is small when
compared with the overall uncertainty for �m

2
ee found in the

study presented here.

IV. ANTINEUTRINO SIGNAL AND BACKGROUNDS

The relative far-versus-near measurement of neutrino
oscillation, as expressed in Eq. 4, motivated a particular
approach to ⌫e selection. The selection criteria were
not necessarily designed to maximize the ⌫e detection
efficiency and minimize backgrounds. Instead, the criteria
were chosen specifically to minimize relative uncertainties
in the comparison of signals observed among the eight
detectors. The following section provides a detailed
description of the ⌫e selection criteria, assessment of the
relative efficiencies between detectors, and estimation of the
residual backgrounds for the analysis of neutrino oscillation.
To briefly summarize, a total of more than 2.5 ⇥ 106 ⌫e

candidate interactions were identified, with potential variation
in efficiency between detectors estimated at 0.13%, while
background contamination was less than a few percent with
an uncertainty of .0.2% in the sample.

Two independent methods and software were developed
for selection of the antineutrino candidates. Here we refer
to these two approaches as antineutrino selection A and
selection B. These methods differed most significantly in their
choice of energy calibration and reconstruction: selection A
used reconstruction A and selection B used reconstruction B.
The two methods also differed slightly in their approach to
background rejection. Both methods are discussed here, with
their differences highlighted. Table II provides a side-by-side
comparison of the two selection methods.

Fig. 16 shows the reconstructed energy spectra of all
signals in EH1-AD1 as successive cuts from selection A were
applied to the data. This figure provides a brief but helpful
introduction to the selection of ⌫e signals and rejection of
backgrounds. The spectrum for all signals (A) consisted
of two prominent components: radioactivity from natural
sources below 3 MeV, and muons generated in cosmic ray
showers above 3 MeV. A first step in the selection removed
a minor instrumentation-related background resulting from
light emission by the PMTs, giving (B). A veto following
muon signals in the Water Shield efficiently rejected muons
and muon-induced neutrons, yielding (C). The muon veto
revealed an additional component of natural radioactivity
from 3 to 5 MeV (208Tl decay within the scintillator),
as well as signals above 5 MeV from the �-decay of
unstable isotopes produced by muon-nuclear interactions in
the scintillator. From these remaining signals, ⌫e inverse beta
decay interactions were identified by selecting pairs of signals
consistent with a positron, (D-prompt), followed soon after by
the capture of a neutron by Gd, (D-delayed). As seen in the
figure, the selection of prompt-delayed signal pairs reduced
the background by more than five orders of magnitude. A veto
following muon signals in the AD suppressed a small residual
muon-induced background, and gave the final prompt and
delayed energy spectra (E) of the ⌫e candidates. Qualitatively
similar results were found when the selection was applied
to the remaining seven antineutrino detectors. The rest of
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Figure 2. (Left) The 5 MeV excess vs. IBD rates per day. (Right) The 5 MeV excess vs. 235U fission 
fraction. 
 

5.2.  Spectral measurement of sin22θ13 and |Δm2
ee| 

Using the χ2 function for the rate + shape analysis described in [2], sin22θ13 and |Δm2
ee| are obtained for 

the 1500 live days of RENO data. The measured values using events in 1.2 < Ep < 8 MeV are: 
 

sin22θ13 = 0.086 ± 0.006 (stat.) ± 0.005 (syst.) 
|Δm2

ee| = 2.61+0.15
-0.16  (stat.) ± 0.09 (syst.) (x10-3 eV2). 

 
The total uncertainty on sin22θ13 (|Δm2

ee|) is reduced from 12 (10)% to 9 (7)% compared to our 
previous measurements using 500 live days of data [2]. Figure 3 top panel shows the observed IBD 
prompt spectrum at far (black dots with error bars) and the expected one obtained from near data 
assuming no oscillation. There is a clear discrepancy between the two due to electron anti neutrino 
disappearance at far, and their ratio is drawn in the bottom panel where the energy dependent 
discrepancy is shown well. Figure 4 shows the contour plot and the best-fit values of rate + shape 
(black dot) and rate-only (cross sign) measurements. Figure 5 shows the electron anti neutrino survival 
probability as a function of Leff/E. Both near (open circles) and far (black dots) data points are shown 
with the best-fit oscillation probability (blue curve). The far data points matches very well to the best-
fit oscillation. The near data points, however, matches extremely well to the best-fit oscillation since 
the near expectation without oscillation was obtained by unavoidably using near data itself rather than 
MC. Note that MC can not be used in this case because of the mismatch in the 5 MeV excess region.  
 

6.  Summary and Prospects 
Using 1500 live days of data RENO has reduced the uncertainties to 9 % and 7 % for the sin22θ13 and 
|Δm2

ee| measurements, respectively. RENO expects to reduce the sin22θ13 uncertainty to ~6 % using 
data taken by 2018. With additional 2 or 3 more years of data taking from 2019 the uncertainty on the 
|Δm2

ee| measurement is expected to be reduced to 4~5 % even though the sin22θ13 uncertainty would 
remain as ~6 %.  
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Daya Bay

Not a background 
• Reactor power correlated 
Not a detector nonlinearity
• Not observed in other than IBD data, e.g. 12B 
• Any physical process known with such a ‘bump’ effect
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Fig. 3. The ratios data/model for the three different reactor spec- 
trum models. Model 1 uses the calculated spectra of Klapdor and 
Metzinger [ 111. Model 2 is based on the work of Tengblad et al. 
[9] which includes Isolde measurements. The model 3 is made 
from the ILL beta spectra measurements of Schreckenbach et al. 
I lo]. The dotted lines are the quadratic sum of the quoted errors 
of the models and the effect of deformation when the energy scale 
is modified by one standard deviation (0.8%). 

thors of the three models. 2 
Discussion. 
One can see the excellent agreement between our 

data and the model 3 expectation while differences 
appear for model 1 and model 2. Fitting the ratio with 
model 3 by a constant gives the value 0.99 (,y2 of 
9.23/11), in perfect agreement as well in absolute 
normalization for the neutrino flux (normalization and 
related errors are discussed in detail in Ref. [ 31) . The 
apparent “oscillatory” shape of the ratios with model 
1 or 2 is already present in earlier direct comparisons 
with the beta spectra of ILL [7,8] and reflect only 
their differences. 

An error on the energy calibration constant (energy 
scale) would result in a distortion of the ratio spec- 
trum, mainly in the high energy bins. For instance, 
a modification by 1% of this calibration constant in- 

* Notice that in Ref. [7], model 3, errors are 90% C.L, we use 
in this letter errors for 68.3% CL. Furthermore, a 1.9% quoted 
normalization error has been unfolded. Some small residual bin- 
to-bin errors coming from the extraction of the neutrino spectrum 
from a beta decay spectrum, quoted in our previous publication, 
are neglected here. 

Fig. 4. (a) Ratio of the data spectrum by the Monte Carlo predicted 
positron spectrum using the reactor spectrum model 3; the dashed 
line is the fit of a constant which gives a ,y2 of 9.2 for 11 d.o.f. (b) 
The same plot with the energy scale modified by 0.4% (l/2 of 
our energy scale systematic error) ; the agreement with a constant 
is very good, the x2 being 4.3/l 1. 

duces a fall (or a rise) in the 6 MeV positron energy 
region of about 10%. This is clearly illustrated in the 
lower part of Fig. 4 where we have modified the energy 
scale by 0.4%, which is half the systematical error we 
claim for the absolute energy scale constant. One can 
see that the ratio (data/model 3) becomes remarkably 
flat, with a x2 of 4.3/ 11. Of course the slight negative 
slope seen in the upper part of Fig. 4 can be explained 
also by a difference between the model and the real- 
ity. Nevertheless, the result of this correction is worth 
mentioning. 

5. Conclusion 

The high statistics Bugey 3 oscillation search ex- 
periment shows an excellent agreement between the 
measured reactor neutrino spectrum and the model 3 
based on the ILL measured beta spectra of neutron ac- 
tivated fissile elements. Our results allow us to state 
that both the absolute flux 3 and the shape of a PWR 

3 A more precise flux determination has been performed at Bugey 
1131 with an integral detector made of water and proportional 
3He tubes; their measured rate is also in very good agreement 
with model 3 
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( )M. Apollonio et al.rPhysics Letters B 466 1999 415–430 423

Ž .Fig. 7. above Expected positron spectrum for the case of no oscillations, superimposed on the measured positron spectrum obtained from
Ž .the subtraction of reactor-ON and reactor-OFF spectra; below measured versus expected ratio. The errors shown are statistical.

2.4. Neutrino interaction yield

As shown in Table 1, we collected data during reactor-OFF periods and periods of power rise for each
reactor. This had two beneficial consequences: first, the collection of enough reactor-OFF data to precisely
determine the amount of background; second, the measurement of the neutrino interaction yield as a function of
the reactor power. By fitting the slope of the measured yield versus reactor power, one can obtain an estimate of
the neutrino interaction yield at full power, which can then be compared with expectations and with the
oscillation hypothesis.
The fitting procedure is carried out as follows. For each run the expected number of neutrino candidates

results from the sum of a signal term, linearly dependent on the reactor power, and a background term, assumed
to be constant and independent of power. Thus

N s BqW Y qW Y Dt , 3Ž . Ž .i 1 i 1 i 2 i 2 i i

Positron spectrum compared to the expectations 
based on the converted ILL electron observation. 
Note, that one presumably see the ``bump’’ there. 
The total rate agreed with the expectations of that 
time: 

( )M. Apollonio et al.rPhysics Letters B 466 1999 415–430422

Fig. 6. Positron energy spectra in reactor-ON and OFF periods.

where

E ,E q are related by E s E qq M y M qO E rM ,Ž .Ž .n e n e n p n n

n is the total number of target protons,p

s E is the neutrino cross section,Ž .n
S E is the antineutrino spectrum,Ž .n
h L,L is the spatial distribution function for the finite core and detector sizes,Ž .k

qr E ,E is the detector response function linking the visible energy E and the real positronŽ .e

qenergy E ,e

q´ E is the neutrino detection efficiency,Ž .e
2P E ,L,u ,dm is the two-flavour survival probability.Ž .n

The n spectrum was determined, for each fissile isotope, by using the n yields obtained by conversion of thee e
y w xb -spectra measured at ILL 2 ; these spectra were then renormalized according to the measurement of the

w xintegral n flux performed at Bugey 3 . The expected, non-oscillated positron spectrum was computed using thee
Monte Carlo codes to simulate both reactors and the detector. The resulting spectrum, summed over the two
reactors, is superimposed on the measured one in Fig. 7 to emphasize the agreement of the data with the
no-oscillation hypothesis. The Kolmogorov-Smirnov test for the compatibility of the two distributions gives an

Ž82% probability. The measured versus expected ratio, averaged over the energy spectrum also presented in Fig.
.7 is

Rs 1.01"2.8% stat "2.7% syst . 2Ž . Ž . Ž .

Consequently, the recent observation of the ``bump” was presented as a surprise. 
However, in hindsight it was presumably observed earlier, e.g. in the  
Chooz experiment: M. Apollonio et al., Phys Lett. B466, 415 (1999) 
 

PLB 466 415 (1999)

PRD 34 2621 (1986)

GösgenCHOOZ
‘Bump’ observed in past
• Observed by several  

experiments in 80s/90s 
• However, most precise 

measurement from  
Bugey-3 agrees <5% 

• Bump was not seen with enough 
significance then

Bugey-3


