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I shall discuss two aspects of the reactor spectrum: 
 
1)  General comments on the theoretical limitations of 
      the achievable accuracy of the spectrum evaluation 
2)  Analysis of the ``reactor anomaly” and arguments 
      for the reevaluation of its significance. 



The	reactor	neutrino	spectrum	S(Eν)	can	be	expressed	as	
	
																		S(Eν)	=	Wth/Σi	((fi/F)	ei)	Σi	(fi/F)	(dNi/dEν),	
	
where Wthis the reactor  thermal power, (fi/F) is the fraction of fissions of the 
actinide I and ei is the energy of fission of the isotope i. In power reactors, 
with low 235U enrichment, the fraction (fi/F) changes during the reactor cycle, 
235U contribution is decreasing and 239Pu contribution is increasing. In research 
reactors the 235U enrichment is high, f235U = 1 there. 
	
	

Figure	from	Nieto	MM,	et	al.	Nucl.	Sci.	Eng.	149:270	(2004)		
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Figure 1
(a,b) The evolution of fuel composition for a pressurized water reactor over the reactor cycle. The x axis is
proportional to the number of fissions. As the fuel enrichment increases, the burn curves do not change
significantly; rather, the scale on the x axis expands. Modified from Reference 26.

and the uncertainty related to the uncertainties in fi/F is less important than the uncertainty in
the reactor thermal power Wth.

Figure 2 depicts the typical variation in the antineutrino signal as a function of burn-up for a
pressurized water reactor. The data agree quite well with the prediction, and the overall effect is
an ∼10% decrease of the count rate during a fuel cycle of ∼550 days. This decrease, caused by the
changes of the fuel composition, has to be quantitatively accounted for in oscillation experiments.
Assuming that the reactor power or neutron flux is known independently, this change can also be
used for remote monitoring of the operational status of a nuclear reactor. The issues determining
the expected antineutrino spectra and their uncertainties for a declared burn history are key to the
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Figure 2
The change in the total number of antineutrinos emitted over the course of a reactor fuel cycle for a
pressurized water reactor, resulting from the ingrowth of 239 Pu. Modified from Reference 27.
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The neutrino spectrum of the actinide isotope i  (235U,239Pu,241Pu,238U) is 
 
dNi/dEn = Σn Yn(Z,A,t) Σϕ bn,j(E0

j) P(En,E0
j,Z)             (1) 

 
where  Yn(Z,A,t) is the fission yield of the fragment n, bn,j (E0

j) is the branching  
ratio of the β-decay branch with the endpoint E0

j, and most importantly, 
the function ) P(En,E0

j,Z) is the spectrum of that β-decay branch. 
 
In every β-decay an electron and an antineutrino are emitted together and 
share the endpoint energy E0, i.e. Ee = E0

 – En. The electron spectrum of the 
Isotope I, dN/dEe is then given by the same formula above with the substitution 
Ee = E0

 – En. There is one to one correlation between the two spectra. 
 
dNi/dEe = Σn Yn(Z,A,t) Σϕ bn,j(E0

j) P(Ee = E0
j – En,E0

j,Z)                 (2) 
 
Given that, the neutrino spectrum can be determined by the summation, 
using eq. (1) and experimental data on Yn, bn,j and E0

j. 
Alternatively, if the electron spectrum dNi/dEe in eq.(2) is known  
experimentally,  one can convert it into the neutrino spectrum dNi/dEn, 
essentially without the use of other empirical input. 
 
	
	
		
	



In the conversion method it is assumed that the electron spectrum  dNi/dEe  
can be represented by a sum of m virtual  β decay branches 
 
dNi/dEe = Σk

m Nk P(Ee, E0
k,Z),                                       (3) 

 
where E0

k is a set of chosen (usually equidistant) endpoints and the set 
of m normalization coefficients obtained by fitting  to the experimental 
electron spectrum on the lefthand side of (3). Once this is done, the  
neutrino spectrum is trivially obtained 
 
dNi/dEn = Σk

m Nk P(En= E0
k - Ee, E0

k,Z)                           (4) 
 
Note that, for either of these two methods to describe the neutrino 
spectrum correctly, it is necessary that the shape of the individual β  
branches, P(Ee, E0

k,Z), and consequently also of P(En, E0
k,Z),  

is accurately known. 
 
	
	
	
	
	



In	the	nuclear	β	decay	there	is	a	small	parameter	peR	~	pnR	<<	1.	Keeping	
only	the	terms	of	the	lowest	order,	i.e.	assuming	that	all	decay	all	`allowed’,	
means	that	the	shapes	P(Ee,	E0k,Z)	are	all	universal.	There	is	only	one	nuclear	
matrix	element	for	each	transition,	fixed	when	the	lifetime	is	known.	
	
However,	when	accuracy	of	O(1%)	is	required,	lower	order	corrections	must	
be	included,	i.e.	the	right	formula	is	then	
	
P(Ee,	E0k,Z)	=	P(Ee,	E0k,Z)allowed	x	(1	+	δQED	+	δfinite	size	+	δweak	magnetism).	
	
These	corrections,	in	principle,	involve	additional	nuclear	matrix	elements	
so	that	the	universality	of	the	spectrum	shape	is	lost.	However,	since	all	
these	corrections	are	only	at	a	few	%	level,	it	is	legitimate	to	use	some	properly	
determined	`average’	nuclear	matrix	elements	and	thus	still	have	a	universal	
individual	spectrum	shapes.	In	fact,	in	the	changes	of	the	predicted	reactor		
spectrum	in	2011	in	the	papers	by	Mueller	et	al.	and	by	Huber,	the	more		
careful	treatment	of	these	corrections	played	an	important	role.	
	
While	the	treatment	of	the	allowed	β	decays	appears	to	be	accurate	to	O(1%),	
the	first	forbidden	β decays,	connecting	states	with	opposite	parity,	need	to		
be	considered.		
	
	
	



The fission fragments are neutron rich and in many of them the least bound 
neutrons and protons are in states of opposite parity. Thus, among the 
~6000 beta decay branches, about 25% are first forbidden decays with 
somewhat different, and much less well described shapes. 

The error associated with the forbidden 
decays was not properly included in the 
previous analyses. 



Many first forbidden decays have nearly allowed shapes, particularly when 
ξ  = aZ/R >> E0/me. For many high Q value decays (about E0 > 5 MeV) this 
inequality is not fulfilled.  Accurate treatment of all individual first 
forbidden decays (ffb) in the summation method is impractical. Thus, it is 
worthwhile to consider `worst case scenario’ to estimate the uncertainty 
involved. 
	
Consider	the	ratio	k(Ee,Eν) =	Nν(Eν}/Ne(Ee).		When	Nν(En)		is	evaluated	using	the	
existing	nuclear	data	with	25%	of	ffb	transitions	governed	by	only	one	of	
the	possible	operators,	the	deviation	from	the	case	of	only	the	
allowed	transitions	are	up	to	5%.	However,	in		
reality,	cancellations	are	possible,	and	some	other	ffb	
operators	result	in	the	allowed	shapes.	It	is	likely	
that	the	overall	effect	of	ffb	decays	on	the	
total	iBD	rate	is	not	larger	than	about	2%.	
This	is	an	irreducible	uncertainty	at	present	time.		
(However,	see	later		discussion	of	the	Hayen	et	al.	
approach)	

figure	from	Hayes	et	al,	PRL	112,	202501	(2014)		

3

TABLE I: The shape factors and leading-order weak magnetism corrections to allowed and first-forbidden Gamow-Teller beta
decays are shown in the top panel. The shape factors for allowed and first-forbidden Fermi beta decays are shown in the bottom
panel. All agree with Ref. [16] for Z = 0. The entries for ~JV and ⇢A are discussed in [17]. The weak magnetism correction

for ~JV involves the unknown overlap of very di↵erent 1� matrix elements and is therefore not listed. The nucleon isovector
magnetic moment is µv = 4.7, MN is the nucleon mass, gA is the axial vector coupling constant, and � = pe/Ee. No meson
currents were used in the magnetic moment operator, and a truncated orbital current led to the factor of “1/2” in �WM.

Classification �J⇡ Operator Shape Factor C(Ee) Fractional Weak Magnetism Correction �WM(Ee)

Allowed GT 1+ ⌃ ⌘ �⌧ 1 2
3
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⌫ + 2�2E⌫Ee 0
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0 0
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⌫ � 4
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FIG. 1: The fit to the electron spectrum for 235U (left) for
two di↵erent assumptions on how to treat forbidden transi-
tions, and the ratio of the corresponding antineutrino spectra
to that of Schreckenbach (right). The electron data are those
of [4]. The electron spectra are fit assuming (a) all allowed GT
branches, or (b) up to 30% forbidden GT transitions. In both
cases the WM and FS corrections are included. When folded
over the neutrino detection cross section, the case for all al-
lowed (25% forbidden) transitions results in a 2.2% (0.06%)
increase in the number of detectable antineutrinos.

with the operator [⌃, r]1�. None of the these treatments
is correct, but they provide estimates for changes in the
spectra induced by forbidden transitions.

The aggregate fission beta spectrum under equilibrium
reactor burning conditions for a given actinide is deter-
mined by the beta spectra S(Ee, Zi, Ai) of the individual
unstable fission fragments weighted by their cumulative

fission yields, YFi [18]:

N�(Ee) =
X

Fi

YFiS(Ee, Zi, Ai). (3)

The beta spectrum S for each fragment (Zi, Ai) summed
over all decay branches must be normalized to unity:R
S(E,Z,A) dE = 1. Thus, Eq. (3) is a statement

that under equilibrium burning conditions the beta-decay
rates are determined by the fission rate [19]. If the an-
tineutrino spectrum is inferred from a measured aggre-
gate beta spectrum, Eq. (3) must be replaced by a sum
over a set of end-point energies {E0i}, weighted by a fit-
ted set of coe�cients {ai}: N� =

P
i aiS(Ee, E0i).

There is no unique method for determining the uncer-
tainty in the antineutrino spectrum introduced by the
forbidden transitions. Another possibility (in addition
to the fitting exercise above) is to consider changes in
the bi-variant function k(Ee, E⌫), where k(Ee, E⌫) =
N⌫(E⌫)/N�(Ee). If k(Ee, E⌫) only changes by some
small percentage for some path in the (Ee, E⌫) plane as
we change our treatment of forbidden transitions, then
there exists a prescription for inferring the antineutrino
spectrum to that accuracy. We calculated the function
k(Ee, E⌫) for each of our four assumptions (above). We
found no path in the (Ee, E⌫) plane that left k(Ee, E⌫)
unchanged by as little as 5% as our assumptions for the
forbidden transitions changed. Fig. (2) depicts the result
for the path E⌫ = K� ⌘ Ee�mec2 [20]. Similar or larger
di↵erences were found for all other paths. The very non-
smooth and non-linear shape of k arises from the shape
factors C(Ee).
A third prescription for estimating the uncertainties is

to examine the rate of change in the antineutrino spec-
trum relative to the rate of change in the beta spectrum,
using the fact that the beta spectrum is fit to amplitudes
ai on a fixed grid of end-point energies E0i . We calcu-

In	the	figure	the	Nν(Eν)	ratio	
to	the	original	ILL	prediction	
Is	shown	with	allowed	decays	
only	(black)	and	with	25%	of	
ffb	decays	(blue),	



Electron spectra Ne(Ee) associated with  fission of 235U, 239Pu, and 241Pu 
were determined in a series of measurements at ILL, Grenoble, France 
in 1981-89 by a group led by K. Schreckenbach. Those unique results 
are a foundation of all present reactor neutrino theoretical evaluations. 

Figure	from	Mueller	et	al.	PRC	83,	054615(2011)		

The present standard theoretical 
reactor neutrino spectrum is 
based on works of Mueller et al. 
(PRC 83,054615 (2011)) by the 
summation method, and by  
Huber (PRC 84,024617 (2011)) 
by the conversion method. In both  
ways the corresponding electron 
spectra agree with the ILL 
result by construction. 
 
Note: A new software framework 
for evaluation of the reactor spectra, 
CONFLUX, is being developed, see 
the poster #272. 
 
	
	
	
		
	

In	the	summation	~	10%	of	the	electrons	are	
missed	compared	to	ILL	data.	This	is	likely	due	
to	the	missing	decay	data	and	thus	were	added.	



Figure 3: The ratio of measured reactor antineutrino yield to the Huber-Mueller theoretical pre-
diction as a function of the distance from reactor to detector. The blue shaded region represents
the global average and its 1‡ uncertainty.

reactor thermal power [21–23], implying that this is very likely caused by reactor neutrinos
unpredicted by the model. Recently, RENO and Daya Bay showed 3.2‡ [15] and 4‡ [25]
evidences of the correlation between the 5 MeV excess and the 235U flux.

Most of the VSBL reactor neutrino experiments (see Section 6.3.2) use research reactors,
in which 235U is highly enriched. They are expected to nail down the correlation between
the excess and 235U. Among the VSBL experiments, NEOS using a commercial reactor has
clearly observed the excess for the first time in 2017, thanks to high statistics and good energy
resolution. Recently, PROSPECT also showed the 5 MeV excess with increased data (total
of 96 calendar days of reactor-ON data) and disfavored it being from only (no) 235U at 2.4
(2.2)‡ CL [26]. STEREO has released the first measurement [27] of the antineutrino energy
spectrum from 235U at the ILL reactor and found an excess of 12.1 ±3.4% (3.5‡) at 5.3 MeV
neutrino energy, which is a little bit lower in energy (0.5 MeV) than other experiments.

There have been many e�orts to understand the “5 MeV excess” in the nuclear theory
community by re-evaluating reactor neutrino flux and energy spectrum in two di�erent meth-
ods: summation (or ab-initio) and conversion methods. A summation method is based on
nuclear databases and sums up beta decay spectra from all possible fission products in the
databases to obtain neutrino spectra [19,28]. A conversion method is based on the measured
beta spectra from 235U, 239Pu, and 241Pu fission at ILL in Grenoble, France in the 1980’s
and converts the beta spectra to neutrino spectra [4, 5]. The conversion method is known
to be more precise but there is only a single measurement of the beta spectra at ILL. The
Huber-Mueller model is also based on the conversion method for 235U, 239Pu, and 241Pu
isotopes.
Along with the other theoretical and experimental studies being performed by various groups,
the International Atomic Energy Agency (IAEA) is also interested in understanding both

17

Reactor	anomaly	(RAA):	Measured reactor neutrino yields are ~6% lower than the 
Huber-Mueller prediction. (The results in figure were corrected for the known 
effect of the θ13 oscillations)   
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Figure 8
(a) The shoulder (bump) observed in the near detector at Daya Bay (61), arising from the ratio of the observed spectrum to the
predicted. The blue curve represents the Institut Laue–Langevin (ILL) prediction (34, 35) for 235U and 239,241Pu plus the prediction
from Vogel et al. (66) for 238U. (b) The shoulder observed in the near detector at RENO (62). The predictions are from the
Huber–Mueller model (19, 20), normalized to the same number of events.

different fission fragment distributions than in the very thermal ILL reactor used for the electron
fission spectra measurements (34–36). Finally, the measured electron spectra themselves (34–36),
which represent the basis of the antineutrino evaluations (19, 20), might be incorrect.

The reactor ν̄e spectra are composed of β decays of hundreds of individual fission fragments,
with ∼6,000 individual decay branches. However, at the relevant energies, 4–6 MeV of prompt
energy, corresponding to ∼4.8–6.8 MeV of ν̄e energy, relatively few (∼10–15) transitions deter-
mine 40–50% of the total spectrum (32, 64, 67; A. Sonzogni, E.A. McCutchan, T.D. Johnson & P.
Dimitriou, personal communication), and they are mostly forbidden transitions. Each of the other,
more numerous decays that determine the remainder of the spectrum in the bump energy window
contributes less than 2%. Therefore, the conversion from the electron to the high-energy com-
ponent of the antineutrino spectrum may have involved an inaccuracy that resulted in a shoulder.

Several possible origins of the bump have been identified and investigated by different authors
(65, 67), but it was generally concluded that, without further experimental investigation, it is
impossible to determine which, if any or several, of the explanations are correct. However, several
comments are in order, and we summarize the situation here.

Dwyer & Langford (67) used the ab initio summation method to construct the electron and
antineutrino spectra from the ENDF/B-VII.1 fission yield and decay libraries, assuming allowed
shapes and including the corrections discussed above. They found that the ENDF/B-VII.1 library
predicted a shoulder or bump very similar to that observed (61–63). In addition, they showed
that a corresponding bump was predicted relative to the original measured (34–36) aggregate
fission electron spectra. This explanation suggests, therefore, that the measured electron spectra
are incomplete—that is, that the shoulder was missed somehow in the measurements.

www.annualreviews.org • Reactor Neutrino Spectra 235
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The existence of the `bump’ does not 
affect extraction of the oscillation 
parameters significantly. Nevertheless, 
it is important to explain this 
feature. Since in the 4-6 MeV energy  
range the first forbidden decays  
account for ~40% of the rate, their 
proper description is clearly desirable. 
	

The shoulder (so-called bump) in the neutrino spectrum: 
Analogous features were observed in all three high statistics experiments 
(Daya-Bay, RENO, Double Chooz) ; the RENO result is shown as an 
illustration. No feature like this is present in the ILL electron spectra. 



In Hayen et al,  PRC 100, 054323 (2019), nuclear shell model is used and the 
shape factors, i.e. the spectrum shapes of 36 individual first forbidden 
b decays, were evaluated.   All  these decays have a large Q values and account 
for substantial part of the rate in `bump’ region. When plotted as ratios,  
the prediction indeed suggests the existence of the `bump’. However, its 
magnitude is only about half of the experimental result. Interestingly, 
                                                                                        the calculations suggest  
                                                                                        that the effect on the  
                                                                                        electron spectrum is  
                                                                                        substantially 
                                                                                        less that for neutrinos. 
                                                                                        This might explain 
                                                                                         its absence in the ILL 
                                                                                         spectrum. 
	



Possible explanations: 
 
a) Physics beyond the standard model, i.e. the existence of ~eV mass 
    sterile neutrinos, with oscillation length of a few meters. (see the 
    talks yesterday dedicated to that possibility) 
b) Some issues with the predicted spectrum (rest of this talk). 
 
 
In this context let me mention the gallium anomaly (see the talk 
by S. Elliott yesterday). In the BEST experiment,  20-24% deficit 
of neutrino interactions with gallium, compared with the expectation, 
was found. If electron neutrinos interacting with 71Ga, and thus by 
implication, with neutrons, are affected, then electron antineutrinos 
interacting with protons in reactor experiments, should be affected 
as well. We would thus expect a deficit of 20-24% in all reactor 
neutrino experiments as well. There is clearly presently a `tension’  
with this expectation.  
	
	
		



displayed [41]. In these calculations, the fission yields have been computed after 450 days

of irradiation which represents roughly the average of the ages of the assemblies in the core

of a standard PWR. The global shape of the DB over SM ratios are similar to that of DB

over H-M, but closer to one except in the 5 to 7 MeV range. The inclusion of the TAGS

data for the niobium isotopes improves the situation above 3 MeV, extending the good

agreement in shape with the Daya Bay spectrum up to 5 MeV. This is worth noting since

the 2 to 5 MeV energy region dominates the detected antineutrino flux. There is still a

shape difference between the Daya Bay spectrum and the SM-2018 antineutrino spectrum

between 5 and 7 MeV, but its amplitude is reduced by the inclusion of the new data which

improve the agreement globally w.r.t. SM-2017. In the lower panel of the figure, the ratios

of the detected summation method spectra SM-2017 (dashed line) and SM-2018 (plain line)

to the H-M model spectra are displayed for comparison. In the case of the 2 to 3 MeV

energy region, the agreement with H-M is equally good for the 2017 or 2018 versions of the

SM. Above 3 MeV, the ratio of the two models is rather flat and normalized on average

about 3-4% below one. Overall the SM-2018 model shows a globally improved agreement

with the shape of the converted spectrum but not with its normalisation. An important

conclusion is that the reactor antineutrino energy spectrum obtained with the SM exhibits

a normalisation in the 2 to 5 MeV range more compatible with the Daya Bay results than

the H-M model, but it does not explain the shape anomaly in the 5 to 7 MeV region.
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FIG. 2. Ratios of the antineutrino energy spectra obtained with the SM-2018 model with the

converted spectra for 239Pu, 241Pu, 235U [11] and Mueller’s prediction for 238U [10].

In Fig. 2 the comparisons between the individual antineutrino spectra of the SM-2018

and those of the H-M model for the four main contributions to the total number of fissions

in a PWR are shown. The SM spectra are taken at a time corresponding to the irradia-

tion times of Schreckenbach et al.’s experiments for 235U, 239Pu, and 241Pu while the SM

5

The summation method is free from dependence on the electron spectra  
measurements. However, it is known that the b decay data are vulnerable to 
the so-called Pandemonium effect resulting in an overestimate of the high  
energy part of the antineutrino spectra, particularly for the high Q value  
fission fragments. The Total Absorption Gamma-ray Spectroscopy (TAGS)  
technique avoids these issues. It has been applied to more and more isotopes,  
see e.g. Estienne et al., PRL 123, 022502 (2019). Including the most recent  
(2018) available TAGS data results in spectra in a good agreement with the  
Huber-Mueller ones for 239Pu, 241Pu, and 238U, but in a noticeable reduction  
for 235U. With these results the reactor anomaly discrepancy is reduced  
to less than 2%. (The SM2018 model also describes reasonably the highest  
reactor energies (> 8 MeV)). 



Determination	of	the	ratio	of	the	β spectra	of	235U	to	239Pu	by	
Kopeikin	et	al.,	(Phys.At.Nucl.84,1	(2021))	

It	turns	out	that	the	spectrum	ratio	235ρ(Eβ) /	239ρ(Eβ)	as	well	as	the	same	ratio		
for	the	antineutrinos	are	fairly	independent	on	the	(reasonable)	way	the	spectra	
ρ(Eβ)	and	ρ(Eν)	are	evaluated.		

In	this	work	this	ratio	was	determined	by	measuring	both	spectra	simultaneously:	4 KOPEIKIN et al.
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Fig. 2. Layout of the experimental setup in a beam of
thermal neutrons: (a) back view and (b) top view. Shown
in the figure are (1) beta spectrometer, (2) stilbene E
detector (H × D = 50 × 50 mm) combined with a photo-
multiplier tube PMT-110, (3) time-of-flight ∆E detector
[a thin (H × D = 0.16 × 30 mm) scintillation plastic
placed in light-reflecting box and scanned by two PMT-
97], (4) diaphragms, (5) targets, (6) rotating disk used
to hold the targets, (7) neutron beam, (8) neutron trap,
and (9) combined passive shielding (the neutron trap and
combined passive shielding are not shown in Fig. 2a).

same neutron flow and under the same conditions is
a special feature of the present experiment. We will
now consider schematically the experimental setup
(see Fig. 2). For a more comprehensive account of
it, we refer the interested reader to [29] (see also [27]).

Targets from 235U and 239Pu metallic foils 20×
30mm in size and 39 mg/cm2 in thickness (16 ones
for either isotope) are placed within thin protecting
envelopes and are arranged compactly along the rim
of a rotating (at a speed of ten revolutions per second)
duralumin disk 600 mm in diameter. The 235U and
239Pu targets occupy 2/3 of the disk circle in equal
shares. The target envelopes without a fissile material
are attached at the remaining 1/3 in order to measure
the background. On one side of the center of the disk,
the 235U and 239Pu targets and the empty envelopes

of the targets are exposed to a neutron beam. On
the other side, the spectrometer records beta particles
from the mixture of 235U and 239Pu fission products;
also the background spectrum is recorded on this
side. A passive shielding from heavy and light mate-
rials is placed between the neutron beam and spec-
trometer. The structure of the setup permits mov-
ing the target-exposure place off the place of beta-
particle detection and to reduce thereby the back-
ground of beam neutrons substantially, as well as the
background of prompt neutrons and gamma rays and
delayed gamma radiation in fission. The structure of
the spectrometer also contributes substantially to the
reduction of the background. The beta spectrometer
is manufactured in the form of a ∆E × E telescope
from organic scintillators separated in light. Pulses
from the scintillators are arranged to operate in the
coincidence mode. A coincidence pulse allows the
detection and analysis of the amplitude of the summed
signal ∆E + E. A thin (0.16 mm) scintillator is used
as a time-of-flight ∆E detector and is placed to be
adjacent to the E scintillator (50× 50mm) on the
path of electrons. This structure makes it possible to
suppress the background of 1-MeV gamma rays by
a factor of about 200. The spectrometer energy reso-
lution (ratio of the half-width to the peak position) is
12% at an electron energy of 1 MeV.

The beta-particle spectra of 235U and 239Pu de-
crease fast with increasing energy (see Fig. 1). At the
same time, the ratio of the spectra ρ5

β and ρ9
β changes

only by a factor of about two as the energy grows
from 2 MeV to 7 MeV. In measuring the ratio ρ5

β/ρ9
β ,

the requirements on the linearity and stability of the
energy scale can therefore be relaxed substantially.
The measures undertaken in order to suppress the
background permit advancements to the region of
high energies, where the intensity of beta particles de-
creases sharply. In the present experiment, the main
part of work reduces to relative measurements. To
considerable extent, this makes it possible to sidestep
the difficulties of absolute spectrometry and to obtain,
owing to this, high-precision results. The errors are
predominantly statistical.

3. MEASUREMENTS, PROCESSING,
AND CALIBRATION

3.1. Measurement Procedure

Measurements were performed in series of dura-
tion about 2 × 104 s each. Before the beginning and
after the end of each series, the neutron beam was
gated, and the energy scale was calibrated by means
of a 207Bi source of conversion electrons (482 keV
and 991 keV—K + L lines) and 144Ce–144Pr and
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Foils	of	235U	and	239Pu	are	put	on	the	
rotating	wheel,	exposed	to	the	neutron	
flux	at	(7)	and	the	electrons	are	detected	
in	the	spectrometer	(1).	
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Fig. 3. Ratio of the cumulative spectra of beta particles from 235U and 239Pu fission products according to measurements at
Institute Laue–Langevin (ILL) and Kurchatov Institute (KI): (a) ILL 235U/239Pu ratio of beta-particle spectra, (ρ5

β/ρ9
β)ILL [5,

6, 18] (closed circles connected by the dashed curve), and KI 235U/239Pu ratio of beta-particle spectra, (ρ5
β/ρ9

β)KI, according
to our present measurements (open circles connected by the solid curve); (b) comparison of the spectra from the present
experiment, (ρ5

β/ρ9
β)KI and the experiment at ILL, (ρ5

β/ρ9
β)ILL.

a high precision [22–24] (see also [37]). It turned
out that the measured cross section σ5

f was 8.5%
smaller than its counterpart expected on the basis of
the prediction of the Huber–Mueller model. At the
same time, the measured and expected values of the
cross section σ9

f agree [24].

From the data obtained in the present measure-
ments, the results of the measurements of σ5

f and
σ9

f in [22–24], and the relation between the ratios
σ5

f/σ9
f and ρ5

β/ρ9
β , it follows that the raise of the curve

representing (ρ5
β/ρ9

β)ILL above the curve representing
(ρ5

β/ρ9
β)KI (see Fig. 3) is due to erroneously overes-

timating the ILL curve for the spectrum (ρ5
β)ILL of

beta particles from 235U by about 5%. The real spec-
trum ρ5

β can be obtained from the spectrum (ρ5
β)ILL

upon the multiplication of the latter by the correcting
spectral factor, which is shown in Fig. 3b. The real
conversion spectrum ρ5

ν can be obtained in the same
way from the Huber–Mueller spectrum (ρ5

ν)H–M with
the aid of the correcting spectral factor (see Fig. 3b)
expressed in terms of the total electron energy. One
can similarly introduce corrections in the conversion
antineutrino spectra based on the ILL–Vogel and
Mueller models.

It is noteworthy that the statistical errors in the
distribution of (ρ5

β/ρ9
β)KI in the region of energies

above 6 MeV (see Fig. 3) are still large, so that it is
necessary to continue measurements.
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Ratio	of	the	present	results	(empty	circles)	to	the	earlier		
results	by	Schereckenbach	et	al.	(full	circles).	

Conclusions: The ILL  spectrum of 235U need to be corrected downwards by ~5% 



Contributions	of	235U	and	239Pu	(as	well	as	of	241Pu	and	238U)	fission	to	the	reactor	
power	changes	with	time	in	a	well	known	manner.	With	a	sufficient	statistics	it	is	
therefore	possible	to	disentangle	their	total	cross	sections	per	fission	separately.	

Fig.	from	An	et	al,	PRL	118,	251801	(2017)				

Analysis	of	the	Daya-Bay	
experiment	suggests	that	
the	σ235	is	less	than	the	
prediction	of	the	H-M	
model	by	about	8%,	while		
σ239	agrees	with	the	H-M		
prediction.	
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FIG. 5. (Top) 235U and 239Pu antineutrino spectra unfolded from
the jointly deconvolved Daya Bay and PROSPECT measurements.
(Bottom) Ratio of the measurements to their respective models,
which are corrected by the smearing matrices Ac in both panels.

ing process and maximize the signal-to-noise ratio in the
effective frequency domain, allowing any model prediction
to be smeared appropriately based on the regularization
introduced by the unfolding. The unfolded joint spectra are
presented in Fig. 5 along with the Huber-Mueller prediction
which has been smeared using Ac. The absolute rate deficit
of data relative to the Huber-Mueller model is observed
both in the full energy spectra and in the ratios in Fig. 5.
The smearing matrices, unfolded spectra, and covariance
matrices are included in the Supplemental Material. Examples
demonstrating how to apply this smearing matrix and compare
to a model are also given in the Supplemental Material and
Ref. [49].

In summary, the measured prompt IBD energy spectra
of 235U by Daya Bay and PROSPECT are consistent. A
combined analysis between the two experiments is done
and the results for 239Pu see no significant change, but
uncertainties in the jointly determined spectral shape of
the 235U prompt energy spectrum are reduced to 3%.
Additionally the degeneracy between 235U and 239Pu spectra
is reduced by ⇠20%. This first combination of measurements
from LEU and HEU reactors provides a more precise ⌫̄e
energy spectrum for other reactor ⌫̄e measurements and
other applications [36–38, 68]. The combined result can be
further improved with increased statistics from Daya Bay,
STEREO [54, 69], the next generation of the PROSPECT
experiment, and other complementary joint analyses [70].
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Figure	from	An	et	al.,	PRL	128,081801(2022)	

Another view of the 
Daya-Bay result, now 
in combination with 
data from the PROSPECT 
research reactor. Again,  
235U is noticeably less  
than the H-M prediction, 
while 239Pu is much 
closer. Both spectra 
exhibit the `bump’.  



power, fission fraction, energy per fission, and detection
efficiency, respectively.
The best-fit results are y235 ¼ ð6.15 # 0.19Þ × 10−43 and

y239 ¼ ð4.18 # 0.26Þ × 10−43 cm2=fission. Figure 3 shows
the combined measurement of y235 and y239. The measured
IBD yield per 235U fission is smaller than the HM prediction
at 2.8σ while the measured yield per 239Pu fission is smaller
than the prediction only at 0.8σ. This suggests that the RAA

can be largely understood by incorrect estimation of the
235U IBD yield.
Following the analysis in Ref. [30] we also perform the

combined measurements for all combinations of the four
isotopes, total six pairs. The χ2 of Eq. (5) is used with an
added constraint term of ðξi=σiÞ2, where σi are uncertain-
ties of y235 (5 %), y238 (10 %), y239 (5 %), and y241 (5 %)
[30]. Figure 4 shows the allowed regions of each pair of
IBD yields per fission. The dot is the best fit of each pair of
IBD yields while the crossing lines represent the HM
predicted yields. The shaded contours are 68.3, 95.5, and
99.7 % C.L. allowed regions for each pair of IBD yields. In
the fitting results of the six pairs of isotopes, we observe
that y235 is smaller than the prediction at ∼2.5 σ while the
IBD yields per fission of the rest isotopes are consistent
with the prediction within 1σ.
The deficit of y235 relative to the HM prediction could be

interpreted by an indication of incorrectly evaluated IBD
yield of 235U fission that may be a major source of the RAA
[22,31]. As the 235U and 239Pu fission fractions are corre-
lated, we perform pseudoexperiments to test this possibility.
Pseudodata with IBD yields per fission, ȳf;j, are produced
for various ratios of y235 and y239. For each input of y235 and
y239, 1000 pseudodata are produced within statistical errors.
In addition, pseudoexperiments with ȳf scaled down by
6.0% from the model prediction are generated by reducing
y235 only. A fit finds a value of y235 less than the measured
value with 3.4σ deviation from the model prediction. This
does not reproduce the measured y235 deviation of 2.8σ by
reducing y235 only, while a pseudoexperiment of y235 down
by 8.2% and y239 down by 4.6% reproduce the observed
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Analogous result was obtained by analysis of the RENO data. Again, 239Pu 
basically agrees with the prediction of the H-M model, while the 235U cross  
section per fission is by about 8% smaller than predicted.  

Figure	from	Bak	et	al.,	PRL	122,	232501	(2019)			



Analogous results obtained by NEOSS-II. See the talk by J. Kim at Neutrino 2022   

Again, 239Pu basically 
agrees with the H-M 
model, but 235U is 
overestimated in the 
H-M model 



Thus there are five independent determinations of the 235U 
neutrino flux, suggesting that the prediction of the H-M model 
should be revised. The corresponding cross section per fission 
(in units of 10-43 cm2/fission) are 
 
Daya-Bay            6.17 ± 0.17 
RENO                 6.15 ± 0.19 
NEOSS(prelim)  6.32 ± 0.18  
EF model            6.29 ± 0.31 
KI model            6.27 ± 0.13 
 
They are thus perfectly consistent with each other. The same cross 
section in the H-M model is 6.74 ± 0.17, see Giunti et al., Phys. Lett. B829, 
137054(2022). See also the talk by J. Kopp at Neutrino 2022. 
 
Note:  
The EF model is based on the work Estienne et al., PRL 123, 022502 (2019). 
The KI model is based on Kopeikin et al., (Phys.At.Nucl.84,1 (2021)) and 
Kopeikin et al, Phys. Rev.D 104, L071301 (2021).  
  



Summary: 
 
1)  There are five indications, consistent with each other, that  
       the neutrino flux for 235U in the H-M model should be reduced  
       by 5-10 %, while the flux for 239Pu seems to be reasonably well  
       described by the H-M model. 
2)   All these findings are only at the 2-3 σ level. But taken together  
       they strongly suggest that the standard H-M model fails for 235U. 
3)   Likely explanation for this is some problem with the intensity 
       normalization of the ILL electron spectrum for 235U. Given the 
       elapsed time it is unlikely that this assumption could be confirmed 
       or rejected. 
4)   Accepting the need of reducing the 235 U flux in H-M model would 
       essentially explain the reactor neutrino anomaly. Modified model 
       would agree with the well determined total flux of reactor neutrinos. 
5)   The tension, or discrepancy, between the reactor neutrino flux 
       and the gallium anomaly becomes even more pronounced.				



spares	



Parameter	 Main	method(s)	 Source(s)	 Status	

θ12

θ23

θ13

Oscillations	
Oscillations	
Oscillations	

solar,	reactor	
atmospheric,	accelerator	
reactor,	accelerator	

known	
known	
known	

δCP Oscillations	 accelerator	 hints	

Δm2
21 Oscillations	 reactor,	solar		 known	

|Δm2
31|	 Oscillations	 reactor,	accelerator,	atmospheric		 known	

sign	of	Δm2
31	 Oscillations	 reactor,	accelerator,	atmospheric	 hints	

mass	m1,2,3	 Kinematics	 β decay,	cosmology limits	

(see	Athar	et	al.	arxiv	2111.07586)	

Experiments using nuclear reactors contributed significantly to the establishment  
of the current 3-oscillating neutrino flavor phenomenology, among other things. 
 
Knowledge of reactor neutrino spectrum is essential  for this success 



Experiment	 Power								Baseline										Target	mass						Target							Segmentation					
[MWth]															[m]											or	volume								material	

NEOS																	2800																		24																			~1	m3													GdLS														No	
DANSS															3100												11-13																					1	m3													PS(Gd	layer)				quasi	3D	
Neutrino-4										100														6-12																					1.8	ton											GDLS																	2D	
PROSPECT													85														7-12																								4	ton									6LiLS																	2D	
SoLid																						72																6-9																					1.6	ton						PS(6Li	layer)							3D	
STEREO																		57														9-11																					2.4	m3										GDLS																2D	
NuLat*																		any													any																							0.9	ton									6LiPS																3D	
CHANDLER*									any													any																							~1	ton								PS(^Li	layer)						3D	
iDREAM*											3100															20																										1	m3										GDLS																	No	
											
*	These	are	primarily	reactor	monitors	

Recent	Very	Short	Baseline	(VLBL)	reactor	neutrino	experiments		
(from	Ahbar	et	al.	2111.07586)	

Neutrino-4	claims	(at	2.7	σ)	evidence	for	oscillations	into	sterile	neutrinos,	with	
Δm2

41	=	7.3	+-	1.17	eV2	and	sin2	2θ14	=	0.36	+-	0.12stat.	This	is	in	tension	with	the	
results	of	Daya	Bay,	Bugey-3	and	RENO,	however	agrees	with	the	BEST	51Cr		νe	
source	experiment	with	large	Ga	detectors.	



Electron and antineutrino spectrum associated with fission is composed of ~6000  
beta decay branches. At higher energies, above about 6 MeV, the number of 
important branches is greatly reduced, and individual shapes become relevant. 

Figure from Sonzogni et al, PRC 91,011301 



Determination	of	the	cross	section	per	fission	from	global	analysis	of	
all	(power	+	research)	reactor	data.		

From	Li	and	Xin,2112.	11386	

for	typical	power	reactor	fuel	composition	

σ235	=	6.37	+-	0.08	
σ235

HM	=	6.74	+-	0.17		(~2σ excess)	
	
σPu	=	5.64	+-	0.20	
σPu

HM	=	5.48	+-	0.18	(within	1σ)
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β-decays	with	high	log(ft)	values	represent	a	sizeable	part	of	the		fission	ν	spectra		
across	all	Eν	values	(	this	indicates	the	large	contribution	of	forbidden	decays	).	
(D. Lhuillier, private communication)	



 


