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• Some history on antineutrino spectrum measurement (Rovno)
• Hugh statistics spectrum measurements Double Chooz, Daya Bay, 

RENO
• What individual antineutrino spectrum should be used?
• Combined method of antineutrino spectrum calculation
• Spectra 235U,238U,239Pu,241Pu
• What cross section for 235U should be?
• How accurate spectra could be used?
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Rovno NPP experiment in 1988-90

3

Spectrometer used in Rovno on the 
assembling stage
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Spectrum and cross section by RONS and WIND
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Cross section WIND: 5.828 ± 2.0%. Cross section RONS: 6.0 ± 3.0%
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235U      238U      239Pu     241Pu
0.586    0.075     0.292      0.047

Statistics 174 000 neutrino events

235U      238U      239Pu     241Pu
0.614    0.074     0.274      0.038

Cross section WIND: 5.85 ± 1.8% (А.А. Кувшинников, Л.А. Микаэлян, С.В. Николаев, М.Д. Скорохватов, А.В. 
Этенко, Письма в ЖЭТФ, 54(5), 259-262, 1991) 
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Modern high statistics reactor neutrino experiments



Double Chooz
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Experiment Double Chooz has been 
working in 2010-2017 in France 
(Ardenne). 
Red points mark the detector 
positions.

Detector Double 
Chooz scheme

Acrylic cylinders of 
the target and 
gamma-catcher of
Double Chooz
detector
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Double Chooz spectrum measurement by near detector

ARTICLESNATURE PHYSICS

An empirical fit to the spectral distortion residual appears to 
resolve a structure consistent with a slope and one or two Gaussian 
peaks as shown in Fig. 2. The common normalization across all 

detectors can be measured as the output of the fit. The value is 
1.004 ± 0.008, while the input value was constrained by the uncer-
tainty of the Bugey4 measurement (1.4%)27. The markedly smaller 

0.9

1.0

1.1

1.2

1.3

O
bs

er
va

tio
n/

no
-o

sc
ill

at
io

n 
pr

ed
ic

tio
n

DC IV
far (818 live days)

χ2
min /d.f. = 182/112

FD data

No oscillation

Best fit on sin2 2θ13 = 0.105 ± 0.014

SD uncertainty

MD uncertainty

Uncertainty is the square root of the covariance matrix diagonal terms

0.9

1.0

1.1

1.2

1.3

O
bs

er
va

tio
n/

no
-o

sc
ill

at
io

n 
pr

ed
ic

tio
n

DC IV
near (258 live days)

χ2
min /d.f. = 182/112

ND data

No oscillation

Best fit on sin2 2θ13 = 0.105 ± 0.014

SD uncertainty

MD uncertainty

Uncertainty is the square root of the covariance matrix diagonal terms

1 2 3 4 5 6 7

Visible energy (MeV)

0.8

0.9

1.0

1.1

1.2

F
ar

/n
ea

r

DC IV
far (818 days) + near (258 days)

FD/ND data

No oscillation

Best fit on sin2 2θ13 = 0.105 ± 0.014

MD uncertainty

Uncertainty is the square root of the covariance matrix diagonal terms

5 10 15 20
Visible energy (MeV)

10

102

103

E
ve

nt
s/

0.
25

 M
eV

DC IV: far (818 live days)

FD data

No-oscillation MC

Accidentals

9Li

Fast neutrons

5 10 15 20
Visible energy (MeV)

10

102

103

104

E
ve

nt
s/

0.
25

 M
eV

DC IV: near (258 live days)

ND data

No-oscillation MC

Accidentals

9Li

Fast neutrons

1 2 3 4 5 6 7

Visible energy (MeV)

0.8

0.9

1.0

1.1

1.2

D
at

a 
(N

D
)-

to
-M

C
 p

re
di

ct
io

n 
ra

tio

DC IV

ND data/model ratio

Empirical fit

Model systematics

χ2/d.f.: 21.2/21 (P 44.6%)

χ2/d.f.: 25.0/24 (P 40.5%)

Fig. 2 | ND and FD spectra and SD ratios. Both ND (~210k IBDs) and FD (~90k IBDs) spectra are shown (top) within the fit [1.0, 20.0]-MeV range, including 
the unoscillated MC prediction and the BG model: accidentals, 9Li and fast neutrons. The 1σ uncertainty stands for 68% frequentist probability, both statistics 
(error bar) and systematics (coloured bands) contributions. The systematic uncertainty definition and breakdown are detailed in Methods. Cosmogenic BGs are 
estimated during the fit since 9Li (unconstrained) dominates in the [7.0, 12.0]-MeV region and fast neutrons above 12!MeV. The impact of accidentals on the θ13 
measurement is negligible. The two plots in the middle show the data (BG subtracted)-to-prediction ratio. The best-fit solution contrasts with the no-oscillation 
hypothesis. Two dominant spectral distortions can be appreciated: the θ13 signature (mainly FD) and a common 5-MeV excess, leading to a large χ2/d.f. of 
182/112. Bugey4 constrains the predicted normalization rate. The normalization with this constraint is lower than the prediction rate not using the Bugey4 
information. The cancellation of both common distortions and correlated uncertainties takes place from the SD to the MD configurations. The covariances used 
(not shown) play an important role during the fit. The FD-to-ND ratio (bottom left) represents clean θ13 rate!+!shape disappearance evidence used by the fit for 
parameter extraction. No traces of any remaining distortion are found, demonstrating the expected interdetector cancellation is key to ensure the θ13 accuracy. 
On the other hand, the ND data-to-MC prediction ratio (bottom right) allows for precise extraction of the spectral distortion, which is common in FD and ND. 
Both the rate and shape effects are visible, so rate!+!shape feature extraction is possible. An empirical structure is examined by fitting with two models: one and 
two empirical Gaussian peaks with a common slope. Both models reproduced data. The origin of these empirical features remains unknown.
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~210 000 neutrino events

BKG smaller than for RONS and energy 
resolution is better

Measured spectrum ratio to the expected one 
calculated on base of Huber-Moeller.

8th International Conference on Particle Physics and 
Astrophysics, 2026
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Bump at ~5 MeV of visible energy exists in all experiments: Double 
Chooz, Daya Bay, RENO, NEOS et al.

Спектральная антинейтринная
аномалия

Фундаментальная значимость нейтринных экспериментов на реакторах обусловлена двумя
основными причинами:
• Обнаружение двух аномалий, которые могут быть связаны с неполным пониманием

процессов внутри ядерных реакторов или проявлениями Новой физики
• Возможность удалённого контроля реакторов по нейтринному излучению

“The 5MeV reactor neutrino excess” by Patrick Huber

2

Аномалии:
• Реакторная антинейтринная аномалия
• Спектральная антинейтринная аномалия
(bump-эффект)

Суть спектральной антинейтринной аномалии:
Превышение регистрируемых событий над

ожидаемым спектром в области 4-6 МэВ
примерно на 10%.

8th International Conference on Particle Physics and 
Astrophysics, 2026
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How one can correctly calculate an antineutrino spectrum?
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The standard is summation method.
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The question – if we need to know exactly the individual fragment 
spectrum?
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Figure 1. Reactor antineutrino spectra in toy-model. Total neutrino number for 1 y irradiation
time is 5.67 per fission. Each spectrum has the same integral equals to this value. On the legend
panel one also can see antineutrino numbers belonging to energy region 1.5 − 9.5 MeV.
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Figure 2. Antineutrino energy spectra for 235U taken from [2] and [4] and the one from this work
at infinity exposure time. Total antineutrino numbers per fission are shown for each spectrum
in insertion.

If the number of individual spectra is large –
the shape of separate spectrum does not 
important

0               T0 0                T0 0               T0
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Which individual spectrum one should use?

The energy conservation law 
acts in the moment of 
particles production. 

But later each particle has its 
individual fate.

8th International Conference on Particle Physics and 
Astrophysics, 2026
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N(Z,A) N(Z+1,A)
b

n n      p + e- + n

u

d

b

n

W

tW = 3 10-25 с

Distance at which W decays on 
electron and antineutrino, is 
about 10-14 cm. Neutron radius 
is estimated as 1.2-1.3 · 10-13 cm.

This means that decay happens inside a neutron.

Beta-decay

8th International Conference on Particle Physics and 
Astrophysics, 2026



Usually a calculation uses data on decay-schemes keeping in 
databases. These data contain multiple branches of beta-

decay.

 How accurate these data?

15/258th International Conference on Particle Physics and 
Astrophysics, 2026



Fission fragment yields are known with uncertainty estimated as 
5%

We surely know branching for about 1/3 of all known fragments. 
These are mainly long-lived nuclei.

For about 1/3 of fragments branching is totally unknown. These 
nuclei are far from the line of beta-stability.

And about 1/3 of fragments have branching calculated, we can 
say estimated.

16/258th International Conference on Particle Physics and 
Astrophysics, 2026



Experimental antineutrino spectra weighted with IBD cross 
section

178th International Conference on Particle Physics and 
Astrophysics, 2026



c2 square for minimization 
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As a result of minimization we conform experimental antineutrino 
spectrum and obtain four spectra of 235U, 238U, 239Pu, 241Pu. Obtained 
spectra perfectly describe all experimental spectra. Calculated on their 
base cross sections for core content of Double Chooz, RENO, Daya Bay, 
Bugey-3 have the smallest differences.

19/258th International Conference on Particle Physics and 
Astrophysics, 2026
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Antineutrino Spectra 235U,238U,239Pu,241Pu

8th International Conference on Particle Physics and 
Astrophysics, 2026



What is experimental cross section of IBD? 
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Chinese Physics C Vol. XX, No. X (201X) XXXXXX

term
P

i
fi ·ei represents the average energy released per

fission from the four isotopes.
The energy released per fission (ei) is defined as the

amount of energy from a fission event that transforms
into heat over a finite time interval [48], which has a
slight dependence on the reactor burning history. They
were calculated by considering the neutron captures in
the reactor and decays of long-lived fission daughters, us-
ing typical PWR reactor parameters [48]. The improved
calculation of the energy released per fission [49] used in
this analysis includes using updated nuclear databases,
considering the production yields of fission fragments
from both thermal and fast incident neutrons, and an
updated calculation of the average energy taken away by
antineutrinos. This new calculation gives slightly larger
values of ei with smaller uncertainties than in [48], re-
sulting in a 0.32% decrease of the calculated antineutrino
flux. The values of ei and their uncertainties are listed
in Table 3.

Table 3. Energy released per fission for the four
main isotopes and their uncertainties. [49]

Isotope Energy per Fission (MeV)
235U 202.36 ± 0.26
238U 205.99 ± 0.52
239Pu 211.12 ± 0.34
241Pu 214.26 ± 0.33

In the Daya Bay experiment, the electron antineutri-
nos are detected via the inverse beta decay (IBD) reac-
tion: ⌫̄e+p! e++n. The expected antineutrino spectrum
weighted by the IBD cross section in the detector d from
reactor r is calculated by

Sdr(E⌫)=
1

4⇡L2

dr

d�(E⌫)

dE⌫

✏dNd

p
�(E⌫), (5)

where Ldr is the distance from reactor r to detector d,
✏d is the IBD selection e�ciency, Nd

p
is the number of

target protons, and �(E⌫) is the inverse beta decay cross
section calculated using the formalism in [50], with the
updated neutron lifetime of 880.3±1.1 s taken from PDG
2014 [2]. The uncertainty of the cross section is domi-
nated by the uncertainty of neutron lifetime. The total
reactor antineutrino spectra for a detector d is the sum
of antineutrino spectra from all reactors:

Sd(E⌫)=
X

r

Sdr(E⌫) . (6)

As an example, the expected total antineutrino spectrum
at the near site ADs is shown in Fig. 5.
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Fig. 5. (a) The antineutrino spectra for four iso-
topes in Huber+Mueller model.(b) The inverse
beta decay (IBD) cross section. (c) The expected
antineutrino spectrum weighted by the IBD cross
section without oscillation in the near site ADs.
The error bars are systematic only (see text for
details).

2.6 Non-equilibrium E↵ect and Spent Nuclear
Fuel Correction

In the ILL measurements, fissile samples were ex-
posed to the thermal neutron flux for only 1–2 days.
The rate of beta decays from some long-lived fission frag-
ments did not reach equilibrium with their production
rates. When using converted antineutrino spectra from
the ILL measurements, this non-equilibrium e↵ect needs
to be corrected, since the long-lived fission fragments ac-
cumulate in the reactor core and their beta decays con-
tribute to the total antineutrino flux.

After burning in the core, the nuclear fuel is removed
from the reactor and stored as spent nuclear fuel (SNF)
in a cooling pool near the reactor core. The long-lived
isotopes in the SNF will decay and act as another source
of antineutrinos.

The total neutrino spectrum is then modified:

S⌫ =SILL+Sneq+SSNF (7)

where SILL is the expected antineutrino spectrum with
ILL measurement-based models, Sneq is the contribution
from the non-equilibrium e↵ect and SSNF is the contri-
bution from the spent fuel.

The non-equilibrium correction is a function of an-
tineutrino energy, the burn-up and irradiation history of
nuclear fuel [24]. Taking into account the information of
the refueling history of reactors provided by the China
General Nuclear Power Corporation, the cumulative con-
tribution of the non-equilibrium e↵ect at Daya Bay and
Ling Ao reactors was calculated. On average, the e↵ect

010201-8

𝜎% = <
𝑑𝑛
𝑑𝐸 (𝐸)𝜎(𝐸)𝑑𝐸
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IBD cross sections for U and Pu isotopes in 
units 10—43 cm2

235U 238U 239Pu 241Pu

This work 5.917 10.95 4.220 6.347

ILL 6.426 8.929 4.204 5.796

Vogel 6.502 9.109 4.526 6.515

MEPhI 6.395 9.213 4.388 6.478

Huber & Mueller 6.681 10.12 4.387 6.081

Kopeikin et al. 6.308 9.395 4.33* 6.01*

22/258th International Conference on Particle Physics and 
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23

s5 = 6.2 - 6.5
s8 = 9.58 - 10.50 
s9 = 4.2 - 4.5 
s1 = 5.95 - 6.1

s5 = 5.92
s8 = 10.95
s9 = 4.22 
s1 = 6.35

before now

8th International Conference on Particle Physics and 
Astrophysics, 2026
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What value of cross section for the spectrum 
of 235U should be in reality ?

8th International Conference on Particle Physics and 
Astrophysics, 2026



Antineutrino Spectra 235U,238U,239Pu,241Pu
and mixed spectrum for Double Chooz

25/25

Mixed spectrum 
practically coincides 
with 235U and 241Pu 

8th International Conference on Particle Physics and 
Astrophysics, 2026



Measured with the best accuracy cross sections

26

Experimental 
cross section

Double 
Chooz

5.74 ± 0.06

Daya Bay 5.84 ± 0.08

Bugey-4 5.752 ± 0.081

RENO 5.852 ± 0.094

WIND 5.85 ± 0.105

8th International Conference on Particle Physics and 
Astrophysics, 2026
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sf = 5.752 ± 0.081 = 0.538 s5 + 0.078 s8 + 0.328 s9 + 0.056 s9

s5 = 5.91 ± 0.77 
s8 = 9.58 ± 1.90 
s9 = 4.52 ± 0.59 
s1 = 6.11 ± 0.76 

𝜒) = (/ "/$%&$)
!

0/!

8th International Conference on Particle Physics and 
Astrophysics, 2026

Fitting of Bugey-4 cross section



Results of fitting measured with best accuracy cross sections

28

Cross 
section

experimental 235U 238U 239Pu 241Pu

Double 
Chooz

5.74 ± 0.06
5.89

5.89±0.63
5.97±0.52

9.46±1.73
10.0±1.92

4.49±0.75
4.60±0.70

5.95±0.62
6.38±0.53

Daya Bay 5.84 ± 0.08 5.94±0.56 9.85±1.92 4.57±0.72 6.36±0.52

Bugey-4 5.752 ± 0.081 5.91±0.77 9.58±1.90 4.52±0.59 6.11±0.76

RENO 5.852 ± 0.094 5.94±0.67 9.92±1.63 4.58±0.78 6.39±0.51

WIND 5.85 ± 0.105 5.92±0.78 9.72±1.71 4.55±0.59 6.49±0.90

INR 5.92 10.95 4.22 6.35
8th International Conference on Particle Physics and 

Astrophysics, 2026



Comparison of measured and calculated through INR 
spectra cross sections

experiment Core content isf x10-43

[cm2/fiss.]

INRsf x10-43

[cm2/fiss.]

RINR H-M RH_M

235U 238U 239Pu 241Pu

Double 

Chooz

0.520 0.087 0.333 0.060 5.71 ± 0.06

5.74 ± 0.06

5.817 0.982

0.987

6.180 0.924

Bugey-4 0.538 0.078 0.328 0.056 5.752 ± 0.081 5.779 0.995 6.163 0.933

Daya Bay 0.561 0.076 0.307 0.056 5.84 ± 0.08 5.804 1.006 6.204 0.927

RENO 0.571 0.073 0.300 0.056 5.852 ± 0.094 5.801 1.009 6.210 0.926

29/258th International Conference on Particle Physics and 
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Conclusion

30

 We applied new method of obtaining fission isotopes antineutrino 
spectra from high statistics experimental data.
 Found four antineutrino spectra (235U, 238U, 239Pu, 241Pu) allow to 
predict reactor antineutrino spectrum at any moment of its operation and at 
any core content.

Having exact (235U, 238U, 239Pu, 241Pu) antineutrino spectra makes it 
possible to make online monitoring of reactor core during its cycle.

8th International Conference on Particle Physics and 
Astrophysics, 2026



Thank you for the attention!
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Деление тяжелых ядер происходит на два осколка неравной массы

N

Z

Делящиеся 
ядра

Осколки

33/25

alpha
EC+ beta+
beta-
p
n
EC
SF
Stable
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The example of charge chain with 
mass А = 60

Cr 60 24 0.49 s 0 0 2.6138e-12 1.0211e-11 3 1 2
5701 0.102
6059 0.886
6111 0.012
Mn 60 25 1.77 s 0 0 2.7318e-12 5.2985e-12 8 0.885 1
5217 0.00503
5229 0.0302
5362 0.00591
5522 0.02391
5643 0.03523
5923 0.81792
6416 0.05537
6601 0.02643
Mn 60 25 0.28 s 0 0 3.0759e-13 5.9658e-13 4 1 1
6088 0.02994
6470 0.0499
7621 0.04192
8445 0.87824
Fe 60 26 2.62e+06 y 0 0 0 0 1 1 1
178 1
Co 60 27 10.467 m 0 0 0 0 2 0.0025 1
722.78 0.03459
1548.88 0.95641
Co 60 27 1925.28 d 0 0 0 0 2 1 1
317.88 0.9988
1492 0.12
Ni 60 28 1e+30 y 0 0 0 0 0 0 1
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Анализ показал, что в базах данных только треть всех осколков 
имеет полностью известные схемы распада. Одна треть является 
полностью неизвестной, и еще одна треть имеет схемы распада, 
основанные на расчете по известным моделям ядра.
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Массовое распределение осколков деления
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Предлагаемый метод расчета:

Берем экспериментальный спектр или несколько
Рассчитываем спектр по базе данных
Вычисляем c2. Если 
Меняем схему распада у неизвестного ядра
Опять вычисляем c2. Если c2меньше предыдущего, то 
сохраняем нашу схему, если нет – восстанавливаем старую.
Переходим к следующему ядру.
Выполняем итерации пока разница c2 не станет меньше 
наперед заданного значения, например 10-5.

Описываются экспериментальные точки (~25-30 точек) и получается хи-2 с большим 
количеством параметров 
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Пример варьирования вероятностей распада для 144Ba
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We change Q the array of Tmax for beta-decays

P

Q
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Еще пример 75Zn

41
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Измеренные спектры антинейтрино и расчетные

Double 
Chooz

Daya Bay RENO

PROSPECT
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Отношение измеренных спектров антинейтрино к 
нашему спектру

Double 
Chooz

Daya Bay RENO

PROSPECT
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