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• Reactor Antineutrino 
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Fission

Beta Decay of fission fragments are the source of reactor anti-neutrinos, 
with ~ 6 ne emitted per fission.     

• Hundreds of fission fragments – most all are neutron rich

• Most fragments b-decays with several branches

 About 6 ne per fission
 Aggregate spectrum made up of thousands of end-point 

energies

Neutron rich 
fission fragments

3AAP19, SYSU

1 GW reactor emits about 2*10^20 antineutrinos 
per second - from the beta decay 

of the fission fragments
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After folding with IBD detection cross section
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Anna C. Hayes and Petr Vogel,Reactor Neutrino Spectra
Annual Review of Nuclear and Particle Science, 66:219-244 

JEFF-3.1.1 & ENDF/B-VII.1 
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Cumulative fission 
yields determine the 
importance of a given 

fission fragment

• The cumulative yield is the 
number of atoms of a 

specific nuclide produced 
directly plus via decay of 

precursors per fission 
reaction. 

• If half-life is long the isotope 
never contributes in 

equilibrium and must be 
treated separately.
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The anti-neutrino spectra for different actinides 
differ because of their fission fragment cumulative 
yields
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The resulting aggregate fission anti-neutrino spectra from 
the summation method range from 0-10 MeV, and falls off 
rapidly with increasing energy.

238U, 235U, 239Pu, 241Pu spectra similar in shape, but differ in magnitude by ~50%.
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Two ways to determine the antineutrino spectra

• The summation method – Sum up all the beta decays, weighted by 
their fission yields.

  

• The conversion method - Measure the beta electron spectrum and 
convert into an anti-neutrino spectrum

Both methods introduce uncertainties 

Cumulative Fission yields Beta 
branching
 ratios

Individual spectra

8AAP19, SYSU
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Short Baseline Reactor Antineutrino 
Anomaly
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Recent results from Daya Bay,PRL,116 (2016) 061801

Short Baseline Reactor Antineutrino Anomaly
obs/expected=0.94 (~3σ) deficit in the detected 

antineutrinos
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The change was largely as a consequence of:

• A predicted increase in the energy of the Schreckenbach antineutrino flux for 235U, 239Pu , and 241Pu.
 

• An overall increase in the  238U antineutrino flux due to enhanced nuclear databases over 25 years.

For Daya Bay combination of fuel

12AAP19, SYSU



The Original Expected Fluxes were determined via the Conversion Method using 
b-Spectra (electrons) made at the ILL Reactor in the 1980s  
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•    The thermal fission beta spectra for 235U, 239Pu, 241Pu   
were measured at ILL.

• These  b-spectra were converted to antineutrino  spectra 
by  fitting to 30 end-point energies

• Vogel et al. used the ENDF-5 nuclear database to 
estimate 238U, which requires fast neutron fission 

                           Vogel, et al., Phys. Rev. C24, 1543 
(1981).

 

Sb (E ) = aiii  Si (E,
i=1,30
å Eo

i )

Si (E, E0
i ) = Eb pb (E0

i - Eb )2 F (E,  Zeff )(1+  dcorrections  )

FIT

ParameterizedK. Schreckenbach et al. PLB118, 162 
(1985)

A.A. Hahn et al. PLB160, 325 (1989)
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Two inputs are needed to convert b-spectra to antineutrino spectra:  
(1) Z of the fission fragments for the Fermi function, (2) sub-dominant corrections

Si (E, E0
i ) = Eb pb (E0

i - Eb )2 F (E,  Z)(1+  dcorrections)

dcorrection(Ee, Z, A) = dFS +dWM +dR +drad

dFS = Finite size correction to Fermi function
dWM =  Weak magnetism
dR  = Recoil correction
drad =  Radiative correction

The corrections:

A change to the 
approximations 
used for these 
effects led to 
the anomaly
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Zeff used for Fermi function

The Fermi function:

AAP19, SYSU
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• On average, higher end-point energy means lower Z.
- Comes from nuclear binding energy differences

An energy-dependent Zeff representing the fission 
fragments is needed to determine the Fermi function

Zeff ~ a+ b E0 + c E0
2

Parameterized used by both 
Schreckenbach and Huber involved a 

quadratic function:

But the difference in their parameterizations 
is a large part of the problem anomaly.

15AAP19, SYSU
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The newer fit to Zeff used in the Fermi function for the conversion of the 
aggregate b-spectrum, led to a higher n-spectrum

• Huber Model:  new parameterization of Zeff with end-point energy E0 changes the 
Fermi function, accounting for 50% of the current anomaly.

• But the data do not follow a simple quadratic form.

235U

16AAP19, SYSU



The corrections 

dcorrection(Ee, Z, A) = dFS +dWM +dR +drad

dFS = Finite size correction to Fermi function
dWM =  Weak magnetism
dR  = Recoil correction
drad =  Radiative correction

• Recoil and radiative corrections are well-known and nucleus 
independent.

• The finite size and weak magnetism corrections are nucleus 
dependent and should be applied to each b-decay transition, which 

is a problem for the conversion method.

Si (E, E0
i ) = Eb pb (E0

i - Eb )2 F (E,  Z)(1+  dcorrections)

17AAP19, SYSU



 Corrections for GT Transitions
1. Finite size of the nucleus

  Vogel, (Mueller)

Friar, Holstein     

2. Weak magnetism

 Vogel, (Mueller)

Friar, Holstein       

 
                                   

  

 

Aw =
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3Mn
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Aw =
4(mV -1/2)

6Mn
(E b b2 - En )

dFS = 

dFS = 

dWM = 

dWM = 
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Effect of FS and MW Corrections to Spectrum using ENDF/B-VII, 
and assuming that all Transitions are allowed

 

E 0 /2

dFS +dWM = 0.0065(En - 4MeV))Originally approximated by a parameterization:

19AAP19, SYSU



Uncertainties in the detailed  
contributions to the total spectra

20AAP19, SYSU



 30% of the beta-decay transitions involved are so-called forbidden
Allowed transitions DL=0;  Forbidden transitions DL=0

S(Ee, Z, A) = GF
2

2p 3 peEe(E0 - Ee)2C(E )F (Ee, Z, A)(1+dcorr (Ee, Z, A))

Forbidden transitions introduce a shape factor C(E):

The corrections for forbidden transitions are also different and sometimes unknown :

The forbidden transitions increase the uncertainty in the expected spectrum.

21AAP19, SYSU

A. C. Hayes, J. L. Friar, G. T. Garvey,
Gerard Jungman, and G. Jonkmans, 

PRL 112, 202501 (2014)



The forbidden transitions increase the uncertainty in the 
expected spectra.

Two equally good fits to the Schreckenbach  b-spectra, lead to n-spectra that differ by 4%.

22AAP19, SYSU

A. C. Hayes, J. L. Friar, G. T. Garvey,
Gerard Jungman, and G. Jonkmans, 

PRL 112, 202501 (2014)



Weak Magnetism has an uncertainty arising from the approximation used for the 
orbital contribution and from omitted 2-body currents.
But, dominant 0+0- transitions have zero dWM, with no uncertainty 

dWM
GT = 4(mV - 1

2)
6MNgA

(Eeb
2 - En )

Estimated uncertainty ~ 30% for this 4% correction to the spectra

• Checked for a subset of fission fragments.

• A check for all fission fragments, including 2-body 
terms, requires a large super-computing effort.

Wang and Hayes, Phys. Rev. C 95, 064313 (2017) .

23AAP19, SYSU

A. C. Hayes, et.al., 
PRL 112, 202501 (2014)



The Finite Size Correction can be expressed in terms of Zemach moments 

Estimated uncertainty ~ 20% for this  5% correction to the spectra

Wang, et al.  PRC, 94, 034314 (2016)
 

Approximated as :

• Found to be a good approximation for allowed transitions.
• Not checked for forbidden transitions.

24AAP19, SYSU



 Simultaneous fit of the Daya Bay antineutrino spectrum and the equivalent aggregate b-
spectrum with  (1) point-wise Zeff and (2) improved descriptions of forbidden transitions 
reduces the anomaly from 5% to 2.5%

Schreckenbach 
+ ENDF 238U

The magnitude of the IBD cross sections change, depending on assumptions, 
but not the ratio of one isotope to another

25AAP19, SYSU



Changes in the Antineutrino Spectra 
with the  Reactor Fuel Burnup

26AAP19, SYSU



The Total Number of Antineutrinos Decreases with Burnup, but the 
Huber-Mueller Model does not agree with the measured slope

Experiment

Expected

27AAP19, SYSU



The discrepancy between current Huber-Mueller model predictions and the Daya 
Bay results can be traced to the original Schreckenbach measured 235U/239Pu ratio

Using different will change the IBD cross 
sections for 235U and 239Pu.

But the ratio of 235U/239Pu is fixed.

s5/s9 = 1.53 +/- 0.05 (Schreckenbach)

s5/s9  = 1.445 +/- 0.097 (Daya Bay)

28AAP19, SYSU

A.C. Hayes, G. Jungman, G. Garvey, E. McChutchan,
A. Sonzogni, X.B. Wang, PRL 120, 022503 (2018)



The Nuclear database explains all of the Daya Bay fuel 
evolution data, but still allows for a (smaller) anomaly

• The IBD yield is predicted to change with the correct slope. 

• But the absolute predicted value is high by 3.5%.

• This anomaly is not statistically significant but it means that Daya Bay 
evolution data do not rule out sterile neutrinos.

29AAP19, SYSU

A.C. Hayes, G. Jungman, G. Garvey, E. McChutchan,
A. Sonzogni, X.B. Wang, PRL 120, 022503 (2018)





THANKS!
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The Summation Method shows that Sawtooth-like Structures exist in 
the antineutrino spectra

Sonzogni, Nina, & 
McCutchan have analyzed 
these structures in the 

Daya Bay spectrum.

They have shown that these 
structures correspond to 

individual contribution of 
strong fission fragments.

Sonzogni et al. arXiv: 1710.000092v2

32AAP19, SYSU



It has been suggested that these structures represent a serious 
problem for JUNO

Forero, Hawkins, Huber, arXiv: 1701.07378

Some of these structures have a 

frequency similar to Dm312 oscillations

But they are only a few % in magnitude

However, if construction of a Fourier 
transform of the spectrum is possible, 

these structure are not a problem
- They don’t have the correct frequency.

But, if a JUNO analysis is restricted to E-
space, the sawtooth structures need more 

analysis

33

D. L. Danielson, A. C. Hayes, and G. T. Garvey
Phys. Rev. D 99, 03600
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The same fission fragments dominate 
both decay heat and anti-neutrino spectra

Knowledge of decay heat crucial for safe reactor shutdown
Applied physics community now play a lot of attention to their ability to reproduce measured anti-neutrino spectra

34AAP19, SYSU



To Calculate Antineutrino Spectra, theoretically..

Summation Method: Combine fission yields with decay data. 
      P. Vogel et al. Phys. Rev. C 24, 1543 (1981).

Conversion Method: Use the measured electron spectra following the 
              thermal neutron fission of 235,238U and 239,241Pu. 
              Fit the electron spectrum with a set of hypothetical decay branches.
              Uses nuclear data to obtain effective Z as function of end point energy.

      P. Huber, Phys. Rev. C 84, 024617 (2011).

w/o fermi function, corrections

Used Vogel et al. ENDF nuclear database estimate for 238U
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The starting point for both conversion and summation methods is the calculation 
of nuclear level to nuclear level spectra following β-minus decay

36



The corrections

The recoil correction is quite small, and the radiative correction has been taken from 
the work of Sirlin, both before and since the occurrence of the anomaly. 

So, we try to study the FS and WM correction, to see whether their uncertainties are 
at the same level of the anomaly…

The starting point for both conversion and summation methods is the calculation 
of nuclear level to nuclear level spectra following β-minus decay

37



Originally approximated by a parameterization:

The corrections

Later, improved in the 
transition-by-transition basis

the summation method and ENDF/B-VII.1 database:
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Nuclear Zemach moments and finite-
size corrections

The finite size (FS) of the nucleus results in small corrections to 
several low-energy electromagnetic and weak interaction processes, 
atomic hyperfine splitting and the Lamb shift, as well as nuclear β 
decay.

Using first-order perturbation theory in Zα and assuming the identical density distribution
for the weak and charge density,  we find that the finite-size correction to the Fermi function 
δFS for allowed GT transitions is

The usual treatment of FS correction: 
assuming the same uniform density distribution for weak and change density, for simplicity 

For heavier nuclei finite-size effects are often parameterized with a simple estimate based on 
the size of a hypothetical uniform-density nucleus (viz., R = r0A1/3), where r0 is 
typically taken to be 1.2 fm and A is the nucleon number.

The FS correction results in a decrease (increase) in the magnitude of the high-energy
 component of the electron (antineutrino) spectra.

A. C. Hayes et. al., PRL 112, 202501 (2014)39



The probability of finding the β-decaying nucleon at r

The exact expression for the effect of the finite nuclear charge distribution 
to first order in Zα (where α is the fine-structure constant)

The charge density of the nucleus in the daughter nuclei, which determines
 the Coulomb interaction

40



The allowed ground-state-
to-ground-state β− decay of 121Sn

X. B. Wang, J. L. Friar, and A. C. Hayes, 
PHYSICAL REVIEW C 94, 034314 (2016)

The densities that determine
 the Zemach moments

density profile

41



The allowed ground-state-to-ground-state β− decay of 100Nb

X. B. Wang, J. L. Friar, and A. C. Hayes, 
PHYSICAL REVIEW C 94, 034314 (2016)

“BB”

42



Found to have small uncertainty for allowed transitions.

Unknown uncertainty for forbidden transitions…
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Weak magnetism correction
Weak magnetism correction arises to first order from an interference term
 between the dominant Gamow–Teller contribution and the magnetic dipole 
contribution to the weak current.

A. C. Hayes, J. L. Friar, G. T. Garvey,
Gerard Jungman, and G. Jonkmans, 

PRL 112, 202501 (2014)

Approximately:

44



Single-particle matrix elements 

Weak magnetism correction

It is exactly -1/2, for the spin-orbit partner… X. B. Wang, and A. C. Hayes, 
PHYSICAL REVIEW C 95, 064313 (2017)45



Weak magnetism correction

HFB+LN calculations
Valence space, decaying nucleon

Fission fragments, which has important 
contributions to the neutrino spectra:

46



Weak magnetism correction

Shell model calculations for A ∼  100 region 
proton orbits (π1f7/2, π1f5/2, π2p3/2, π2p1/2, and π1g9/2) 

neutron orbits (ν1g9/2, ν1g7/2, ν2d5/2, ν2d3/2, and  ν 3s1/2 ) 

Fission fragments, which has important 
contributions to the neutrino spectra:

statistics:
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Weak magnetism correction

statistics:

In general, there seems no short-cut or simple answer for WM correction…  
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In the case of the fission fragments that 
dominate fission antineutrino spectra
 the assumption is found to be a good 
approximation and typically introduces 
less than a 1% uncertainty in the 
fission antineutrino spectra.

Contributions to weak magnetism LS
from meson-exchange currents have not 
been examined and is working on…

2-body meson-exchange corrections
 in light nuclei are typically ~ 25%.

=> Suggests an uncertainty in WM ~ 25%
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The “Z” models of the fission fragments for the Fermi function, for the 
conversion method 

and others…
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Not allowed transitions…
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