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dm2/10-5 eV2 7.54 (     ) 7.32 - 7.80
∆m2 /10-3 eV2 2.43 (2.38) 2.32 - 2.49

sin2q12/10-1 3.08 (       )       2.91 - 3.25

sin2q13/10-2 2.34 (2.40) 2.15 - 2.59

sin2q23/10-1 4.37 (4.55) 4.14 - 5.94

d/p 1.39 (1.31) 0.98 - 1.77
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However, Four Experimental Anomalies 
do not fit within the 3! Mixing Picture

! LSND

! MiniBooNE

! The Gallium Anomaly

! The Short BaseLine Reactor Neutrino Anomaly
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LSND Observed a 3.8s excess

En-Chuan Huang, Neutrino 2018
Ann. Rev. Nucl. Part. Sci, 63, (1) 45



MiniBooNE
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The two MiniBooNE signals (! +! ) and LSND are 
consistent with the same L/E appearance signature 
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The Gallium Anomaly

! L>GALLEX = 1.9 m; <L>SAGE = 0.6 m

=> 

" bdurashitov et al.  (SAGE) 2006 PRC73  045805.; Anselmann et al.  (GALLEX) 1995 PLB342; Hampel et al.  (GALLEX) 
1998 PLB420  114; Giunti, Phys. Rev. C 83, 065504.

Monoenergetic neutrino sources used to test the SAGE and GALLEX detectors 
suggest too few neutrinos being detected.

Expected comes from cross section based on t1/2 of 71Ge 
Bahcall +  Haxton



Gallium Anomaly – New experiments and Theory

Baksan Experiment for Sterile Transitions
- Two concentric zones filled with Gallium. 

71Ge in each Ga zone analyzed separately

Subdominant corrections to the cross section 
need to be recalculated.

But find agreement with the previous estimates.

Excited state cross sections also being checked.
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The Reactor Neutrino Anomaly

1 GW reactor emits 1021 antineutrinos/sec,
allowing for precision oscillations experiments
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The predicted number of detectable reactor 
antineutrinos has evolved upward over time

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.

In the 1980s two predictions became the standards for the field:

• Schreckenbach !"#$%. converted their measured fission b-spectra for   235U, 239Pu and 
241Pu into antineutrino spectra

• Vogel !"#$%. used the nuclear databases to predict the spectrum for 238U

In 2011 both Mueller !"#$%&#and Huber predicted that improvements in the  description of the 

spectra increase the expected number of antineutrinos by about 5%.
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The Original Expected Fluxes were determined from measurements of aggregate 
fission  b-Spectra (electrons) at the ILL Reactor in the 1980s  
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Eb (MeV)                          .           

! 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
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i ) = Eβ pβ (E0

i −Eβ )2 F(E,  Z)(1+  δcorrections)

δcorrection (Ee,Z,A) = δFS +δWM +δR +δrad
δFS = Finite size correction to Fermi function

δWM =  Weak magnetism

δR  = Recoil correction

δrad =  Radiative correction
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The higher the average nuclear charge Zeff in the Fermi function used 
to convert the beta-spectrum, the higher n-spectrum

• New parameterization of Zeff with end-point energy E0 accounts for 50% of the current anomaly.

• At the peak of the detected neutrino spectrum both fit may be high.                                                        
form for the fits causes this.

Si (E, E0
i ) = E! p! (E0

i ! E! )2 F(E,  Zeff (E0 ))(1+  " )

Zeff = a+b E0 +c E0
2



Examined different ways of estimating Z-average(E0)
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Improved treatments of the conversion method, with simultaneous fit of b
and n data, reduce the anomaly to 2.5%

Simultaneous fit to Daya Bay’s and same combination of b-spectra

• More accurate description of Zeff and the inclusion of forbidden decays gives closer fit to Daya Bay.
• But generally, predictions too high around En ~3-4,  but within 1s of experiment (2.5% anomaly). 

Schreckenbach
+ ENDF 238U
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slope =1/2( dFS + dWM)

The finite size and weak magnetism corrections account for the remainder of the 
anomaly

S(Ee,Z,A) =
GF
2

2π 3 peEe(E0 −Ee )
2F(Ee,Z,A)(1+δcorr (Ee,Z,A))

δFS =   Finite size correction to Fermi function
δWM =  Weak magnetism
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However, 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

2π 3 peEe(E0 −Ee )
2C(E)F(Ee,Z,A)(1+δcorr (Ee,Z,A))

Forbidden transitions introduce a shape factor C(E) and corrections are different and sometimes unknown:

The forbidden transitions increase the uncertainty in 
the expected spectrum

Two equally good fits to Schreckenbach’s b-spectrum, 
lead to n-spectra that differ by 4%
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Antineutrino experiments are not yet definitive on the origin of the BUMP.

RENO report a correlation between
5 MeV excess and 235U fission fraction.

- Not clear whether this is consistent with spectrum 
simply getting softer?

PROSPECT disfavors a solely 235U 
cause at the ~3s level

RENO, arXiv:1806.00574v3 
PROSPECT, Phys. Rev. Lett. 121, 251802 (2018)



A change in the  BUMP with the fuel evolution is important in 
determining whether 238U is a likely source
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Relative to the JEFF database, both 
Mueller and Haag show a BUMP.

The harder spectrum of 238U 
increases it’s relative importance.
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Reactor Fuel Burnup Data shed light 
on the anomaly 



As expected, the total number of antineutrinos decreases with burnup, but 
the slope from theory based on the Conversion Method seems too high

Daya Bay Experiment

Theory based on conversion method

(-1.93  +/- 0.29)  x   10-43 cm2/fission RENO Experiment

Daya Bay

Daya Bay versus RENO
RENO, arXiv:1806.00574v3 
Giunti et al., PRD 99 073005 (2019)

Raises the question of how well the ILL reactor normalization was
monitored from experiment to experiment. 

Daya Bay, Phys. Rev. Lett. 118, 251801
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" -spectra

#-spectra Daya Bay, PRL 118, 251801 (2017); RENO, arXiv:1806.00574v3
Hayes, et al , Phys. Rev. Lett. 120, 022503 (2018)

https://arxiv.org/abs/1806.00574v3


The JEFF Nuclear database explains all of the Daya Bay fuel 
evolution data, but still results in a small 3.5% anomaly.

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

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

• This is not statistically significant from a BSM  physics point of view, but 
suggests a possible problem with the database. 
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