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We examine the uncertainties in reactor neutrino fluxes within a nuclear physics framework.
These uncertainties enter any analysis of the reactor neutrino anomaly, wherein it is sug-
gested that only about 94% of the emitted antineutrino flux was detected in short baseline
experiments. We find that the form of the corrections that lead to the anomaly are very
uncertain for the 30% of the flux that arises from forbidden beta decays. Given the present
lack of detailed knowledge of the structure of the forbidden transitions, it is difficult to convert
the measured aggregate fission beta spectra to antineutrino spectra to the accuracy needed
to infer an anomaly. In addition, we analyze the shoulder in the antineutrino spectra ob-
served in current reactor experiments within a nuclear database framework. We find that
the ENDF /B-VII.1 database predicts that the antineutrino shoulder arises from an analogous
shoulder in the aggregate fission beta spectra. In contrast, the JEFF-3.1.1 database does not
predict a shoulder. We consider several possible origins of the shoulder, and find possible ex-
planations. For example, there could be a problem with the measured aggregate beta spectra,
or the harder neutron spectrum at a light-water power reactor could affect the distribution
of beta-decaying isotopes. In addition to the fissile actinides, we find that **®U could also
play a significant role in distorting the total antineutrino spectrum. Distinguishing these and
quantifying whether there is an anomaly associated with measured reactor neutrino signals
will require new short-baseline experiments, both at thermal reactors and at reactors with a
sizable epithermal neutron component.

1 Introduction

There are currently two puzzles associated with measured reactor antineutrino spectra: (1)
the magnitude of the spectra measured in all short-baseline experiments is lower than current
models, and (2) the shape of the measured spectra deviate from these model predictions. The
first of these puzzles is normally termed ! the “reactor neutrino anomaly”, and it generally
refers to a 3o deficit in the number of antineutrinos detected in short-baseline reactor neutrino
experiments relative to the number predicted. The second puzzle is that the shape of the
antineutrino spectra measured in the near detectors of both Daya Bay 2 and RENO 3 are not
consistent with the antineutrino spectrum predictions *° that we refer to as the Huber-Mueller
model. Most notably, the measured antineutrino spectra exhibit a significant shoulder relative
to the model predictions at antineutrino energies E, =~ 5 — 7 MeV. The spectra measured at
Daya Bay 2, RENO 3, and Double Chooz ¢ all exhibit this shoulder. We note that the two
antineutrino flux puzzles are not necessarily related.

The antineutrino spectrum emitted from a reactor is determined by 7 the reactor thermal
power (Wy,), the energy released in fission by each actinide (e;), the fractional contribution
(fi/F, F = X;f;) of each actinide to the fissions taking place, and the antineutrino spectrum



for each actinide S;(E;).
Win

S(EV) - mgz(fz/F)Sz(Eu) (1)
The thermal power and the fission fractions are both functions of time and are supplied by the
reactor operator, while the energy contributing to the thermal power per fission of each actinide
(e;) is normally taken from refs®Y. The Daya Bay near-detector has provided an absolute
determination of the reactor antineutrino flux, and this is consistent in magnitude with the
previous world average short-baseline reactor neutrino experiments. As such, the measured
magnitude is consistent with an anomalous deficit with respect to the most recent estimates
of the expected reactor antineutrino flux. The spectral distortions and the shape of the shoulder
seen in current experiments cannot be produced by any standard L/E dependence required of
neutrino oscillations, sterile or otherwise. Thus, there is a need to investigate uncertainties in
the antineutrino spectra within a detailed nuclear physics framework.

2 The Corrections to beta-decay that led to the anomaly

There is extensive literature dealing with the reactor anomaly, starting with a seminal paper by
Mueller et al. ® that reexamined the reactor antineutrino flux. The latter publication sought to
improve the earlier flux estimates based on the ILL on-line measurements %11 of the integral beta
spectrum of the fission products. The improvements > on the earlier analyses of ILL integral
measurements led to an increased energy of the antineutrino flux, which was subsequently verified
in an independent analysis .

The beta-decay spectrum S for a single transition in nucleus (Z, A) with end-point energy
Ey=E.+ FE, is

S(Ee, Z,A) = So(Ee)F(Ee, Z, A)C(E.)(1 + 6(Ee, Z, A)) , (2)

where Sy = G% peEe(Eo—E.)? /273, E.(p.) is the electron total energy (momentum), F(E,, Z, A)
is the Fermi function needed to account for the Coulomb interaction of the outgoing electron
with the charge of the daughter nucleus, and C'(E,) is a shape factor 12 for forbidden transitions
due to additional lepton momentum terms. For allowed transitions C(E) = 1. The term
d(Ee, Z, A) represents fractional corrections to the spectrum that were the central focus of the
original anomaly studies. The primary corrections to beta decay are radiative, finite size, and
weak magnetism, or §(F,, Z, A) = 0ad + 0Fs + OwM-

Before discussing the details of the corrections C'(E) and d(E.), we briefly summarize the
treatments used in earlier work. The radiative corrections as derived by Sirlin 3 were included
in the description of the beta spectra (though not in the antineutrino spectra) in the original
analyses of Schreckenbach et al. 1%!!. In the later ILL work '! an approximation for the FS and
WM corrections was included by first deducing the antineutrino spectrum from the measured
beta spectra without these corrections, and then applying a linear correction to the deduced
antineutrino spectrum of the form, dpg+dwnm = 0.0065(E, —4 MeV). In that work no corrections
were made for the shape factors C'(E,). In other analyses >*!* an approximation (derived by
Vogel 1) for the FS and WM corrections was applied on a transition-by-transition basis and the
shape factor appropriate for unique forbidden transitions was used for all forbidden transitions.
In the present work, we derived ab initio analytic expressions for the FS and WM corrections
for allowed GT transitions, as well as WM and shape factors for first-forbidden GT operators.
We used the radiative corrections derived by Sirlin 3.

We now turn to the form of the corrections. The attractive Coulomb interaction increases
the electron density near the nuclear surface and increases the beta-decay rate, while the finite
nuclear size decreases the electron density and decreases the rate (relative to the point-nucleus
Fermi function). Using first-order perturbation theory in Za, the finite-size correction to the



Table 1: 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. 2° for Z = 0. The weak magnetism correction for
Jv involves the unknown overlap of very different 1~ matrix elements and is therefore not listed. The nucleon
isovector magnetic moment is u, = 4.7, My is the nucleon mass, g4 is the axial vector coupling constant, and
B = pe/E.. No meson currents were used in the magnetic moment operator, and a truncated orbital current led
to the factor of “1/2” in dwwm.

Fermi function, drg, for allowed GT transitions is

3 Za E, m2c!
o = =5 e M) (E REGRARET) ) | ®

The quantity (r)y = [ d*r pw(r) [ d®s pen(s) | ¥ — & | is the first moment of the convoluted nu-
clear weak and charge densities (called a Zemach moment !7). We assume uniform distributions
of radius R for the weak and charge densities, for which '8 (r>(2) = %R.

The WM correction arises from the interference of the magnetic moment distribution of the
vector current, Jy =V x i, with the spin distribution ¥ of the axial current. We previously
derived 16 the WM corrections for allowed and first-forbidden operators. There are four possible
operators in the case of first-forbidden GT transitions, and all have well-defined WM corrections,
as listed in Table 1. Our '® FS and WM corrections for allowed GT transitions are identical to
those derived by Holstein ', but differ from the forms used in other work %14 The first-
forbidden shape factors, C'(E,), n Table 1 agree with the forms derived by Millener?® in the
Z =0 limit.

3 The antineutrino spectrum dependence on forbidden transitions

To examine the effect of the forbidden beta-decay transitions on the expected antineutrino
spectrum we fitted the Schreckenbach ! electron spectrum, with and without a treatment for
forbidden decays. There is no unique physical prescription for beta-decay operator assignments
to the transitions included in the fit. For this reason we examined four prescriptions: (1) all
transitions are assumed to be allowed; (2) all end-point energies can be associated with either
an allowed or forbidden transition; (3) 30% of the branches are selected to be forbidden at equal
energy intervals; (4) 30% of the branches are selected to be forbidden with a bias towards higher
energies. In addition, we examine fits in which the operator determining the forbidden decays
was taken to be [X,7]°7 [, 7]}, [£,7]?” or a combination of these. We found excellent fits to
the electron spectrum in all cases. However, different treatments of the forbidden transitions

Classification | Operator | Shape Factor C'(E.) dwm (Ee)
Allowed GT | S=or 1 2 |82 (B, 82 - B,)
1°t For. GT | [2,7]" | p?+ E2+26°E,E, 0
15! For. py (=, %" \E? 0
1R GT | (] | 2 B - A EE | [l ] [
15t For. GT | [%,r]*” P2+ E? 3 Hw;;ﬂ {(p§+E3)(ﬂ2Ee—?;E)IéﬁngeEu(Eu—Ee)/g}
Allowed F T 1 0
1%t For. F rT p?+ E2+ 23°E,E, 0
15¢ For. jv rT E(Z) -
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Figure 1 — The fit to the electron spectrum for 2*>U (left) for two different assumptions on how to treat forbidden
transitions, and the ratio of the corresponding antineutrino spectra to that of Schreckenbach (right). 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
allowed (25% forbidden) transitions results in a 2.2% (0.06%) increase in the number of detectable antineutrinos.

can lead to antineutrino spectra that differ both in shape and magnitude at about the 4% level.
Two examples are shown in Fig.1, where we present the fits obtained when the WM and FS
corrections are included. In one case all transitions are assumed to be allowed, while in the
second case the best fit results from about 25% forbidden decays. For the assumption of all
allowed transitions, we see a systematic increase of about 2.2% in the number of antineutrinos
relative to Schreckenbach, while including forbidden transitions leads to no increase relative to
Schreckenbach.

4 The Shoulder

We calculated the aggregate beta and antineutrino spectra using both the ENDFB/V-IIL.1 2!
and JEFF-3.1.1 22 nuclear data libraries that provide cumulative yields Y, for all fission frag-
ments of interest. The updated ENDF/B-VIIL.1 beta-decay library 232* provides spectra for
approximately 95% of the nuclei appearing in eq.(2). The remaining 5% of the fission fragments
are modeled 2526 by extension of the Finite-Range Droplet Model plus Quasi-particle Random
Phase Approximation (QRPA). Figure (2) shows the database predictions for the shape of the
antineutrino spectra for Daya Bay 2’ and RENO ?® relative to the Huber-Mueller model*5. The
Daya Bay and RENO experiments differ in the linear combination of actinides determining the
total fissions. For Daya Bay the 239U: 238U: 239Py: 24Py fission split is 0.586: 0.076: 0.288:
0.05. RENO has not published their fission split, but we took 0.62: 0.12: 0.21: 0.05 from Kim 28.
As can be seen in Fig. (2), the ENDF/B-VII.1 fission fragment yields lead to the prediction of
a shoulder relative to the Huber-Mueller model, but the JEFF-3.1.1 yields do not. This strik-
ing difference arises because the cumulative fission yields for some nuclei that dominate in the
shoulder region are different in the two evaluations. Within the ENDF/B-VIIL.1 analysis, the
shoulder in the antineutrino spectrum results from a corresponding shoulder in the aggregate
beta spectrum, and involves the decay of several nuclei, as listed in Dwyer and Langford ?°. We
next discuss in detail possible origins of the shoulder.

1. Non-fission sources of antineutrinos: We examined the contribution to the antineutrino spec-
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Figure 2 — The ENDF/B-VII.1 and JEFF-3.1.1 predictions for the ratio of the Daya Bay and RENO antineutrino
spectra to the Huber-Mueller model. In all cases, the spectra are normalized to the same number of detectable an-
tineutrinos in the energy window E, = 2—8 MeV as the Huber-Mueller spectra when folded over the antineutrino
detection cross section. The database uncertainties shown are only for the beta-decay branches. The uncertainties
arising from the fission-fragment yields are large, as is evident from the difference between the ENDF/B-VII.1
and JEFF-3.1.1 predictions. The large difference between the two database predictions for the shoulder arises
entirely from a difference in the evaluated fission fragment yields.

trum from neutron-induced reactions in reactor materials other than the fuel. We used MCNP
simulations that are available for all neutron-induced reactions on the coolant, cladding, and
structural materials in the NRU CANDU reactor at Chalk River. We then calculated the ex-
pected beta-decay spectrum from the unstable nuclei produced by these reactions. We found
that all of the antineutrinos from this source are well below the energy of the shoulder. While
materials in other reactors may differ in detail from those at the NRU reactor, none is known to
produce a significant number of antineutrinos above 2 MeV, and we conclude that non-actinide
sources of antineutrinos cannot explain the shoulder.

2. The forbidden nature of transitions: Several of the beta-decay transitions involving
90.92Rb, and '42Cs that dominate in the shoulder region have a total angular momentum and
parity change that generates no weak-magnetism correction 6. This fact was not taken into
account in the analyses of Huber 4, Mueller®, or Fallot 4. Above half of the end-point energy in
an allowed decay, the weak-magnetism contribution reduces the antineutrino component. This is
opposite in sign to the other leading corrections 416 that suggested the existence of the reactor
anomaly !. Thus, the lack of a weak-magnetism correction for 0t — 0~ transitions increases
the magnitude of the antineutrino flux relative to the Huber-Mueller model. A second issue is
that the shape factor, C'(E), associated with 0% — 0~ forbidden transitions ¢ is quite different
from the approximation used by Mueller et al. °, who took the shape factor for all forbidden
transitions to be that for a unique forbidden transition. A third issue is the lack of a proper
finite-size Coulomb correction to the Fermi function for these transitions '®, where all analyses
to-date (including the present one) were forced to use an approximation.

96,98y
)

We calculated the antineutrino spectra with and without taking the AJ™ = 0~ nature

of transitions into account. There are two possible shape factors for such transitions !¢ that
affect the spectrum differently, which introduces an uncertainty in the shape of the aggregate
antineutrino spectrum. Using the shape factor that gives the bigger increase in the antineutrino
spectrum and setting the weak-magnetism term to zero, we found an increase in the shoulder
region of less than 1%. We conclude that a proper treatment of forbidden transitions cannot
account for a significant fraction of the shoulder.

3. 28U as a source of the shoulder: RENO reports that 238U is responsible for about 12% of
its fissions, while Daya Bay reports only 7.6%. Referring to Fig. (2), relative to their respective
experimentally established base lines (rather than with respect to Huber-Muller), the RENO
shoulder is more than 50% larger than that observed at Daya Bay. This raises the question



whether 233U, which was not measured in the original ILL experiments '>!!, could be causing

the shoulder. Because 2*®U fissions into isotopes further off the line of stability than 23°U, its
antineutrino spectrum is both larger and harder in energy, and in the region Eprompt = 4 — 6
MeV the 23U spectrum is almost twice as large as that of 23°U. Thus, 2**U contributes about
24% (15%) to the total spectrum in the shoulder region for RENO (Daya Bay). We compared
the ENDF/B-VII-1 and JEFF-3.1.1 predictions for 23¥U to Mueller’s prediction ®, and found
that both databases predict a significant shoulder for 22*U. The magnitude of the JEFF-3.1.1
(ENDF/B-VIL.1) shoulder and the percentage contribution to the total antineutrino spectrum
suggests that 238U could account for 25% (50%) of the observed shoulder in RENO and Daya
Bay. To account for the entire shoulder the 238U yields of the fission products dominating the
shoulder region would have to be on average about a factor of four (two) larger than the JEFF-
3.1.1 (ENDF/B-VII.1) evaluations. While not ruled out, this is unlikely. Thus, we conclude
that 238U could be responsible for a significant fraction of the observed shoulder, but probably
not the entire shoulder.

4. The relatively harder PWR Neutron Spectrum: The neutron flux spectra at the PWR reactors
used by Daya Bay, RENO and Double Chooz are harder in energy than the thermal spectrum of
the ILL reactor, and involve considerably larger epithermal components. This raises the question
whether epithermal neutron contributions to the fission of 23°U, 239Pu and ?*!Pu could result in
a shoulder in the antineutrino spectrum. Studies?” of energy-dependent variations in the fission
product yields found clear evidence for significant yield changes for nuclei in the valley of the
double-humped mass-yield curve. For example, the epithermal yield (relative to thermal) for
the relatively unimportant isotope ''>Cd varies by a factor of 0.5-3.0, depending on the location
of epithermal fission resonances. The effects are much more pronounced in ?**Pu than in 23°U.
Resonance-to-resonance fluctuations cause the average effect to be small (~ 4%) in the energy
range 19 < E, < 61 eV for 23U, while in 2*Pu the prominent and isolated resonance at 0.3
eV produces a change in the ''°Cd yield of more than a factor of two. For high-yield fission
products, such as %Y and ?2Rb, yield changes are not expected to be as large as for nuclei like
H5Cd, both because of theoretical arguments3! and because the sum of the independent yields
is fixed. But changes of the order of 20% are not ruled out. A comparison of the antineutrino
spectrum measured at a very thermal reactor with that at a reactor with a sizable epithermal
neutron component would be valuable in addressing this issue.

5. A possible error in the ILL beta-decay measurements: As pointed out by Dwyer and Lang-
ford 2% the ENDF/B-VIL.1 prediction of a shoulder in the antineutrino spectrum in Fig. (2)
corresponds to an analogous shoulder in the aggregate beta spectrum. In Fig. (3) we show the
absolute ratio of the ENDF /B-VII.1 prediction for the aggregate beta spectrum for 23°U to that
of Schreckenbach %!, We conclude that the shoulder could be the result of a problem in the
measurement or analysis of the beta-spectrum measurements at ILL.

Finally, we comment on whether database analyses of the antineutrino spectra provide any
insight on the reactor neutrino anomaly !. The most important comment is that the database
uncertainties are too large to draw any conclusions. Nonetheless, it is noteworthy that in com-
paring the two fission-yield evaluations, the prediction of a shoulder (no shoulder) appears to
be correlated with the predictions of no anomaly (an anomaly). Daya Bay observes a shoulder
and its measured absolute rate is in excellent agreement 27 with the previous world average. The
ENDF /B-VII.1 prediction for both the shoulder and the absolute magnitude of the antineutrino
spectrum are close to Daya Bay; that is, relative to ENDF/B-VII.1, Daya Bay sees no anomaly.
In contrast, the JEFF-3.1.1 predictions are closer to the Huber-Mueller model, which would
suggest an anomaly.



=
N
T

Schreckenbach Uncertainty
— ENDF/B-VII.1

=
= [

Database/Schreckenbach
=
[{e]

o
[e5)

Figure 3 — . The absolute ratio of the ENDF/B-VII.1 aggregate beta spectrum for **U to that of Schreckenbach.
The shoulder in the energy window Eg ~ 4 — 6 MeV corresponds to the same shoulder in the ENDF/B-VII.1
antineutrino spectrum shown in Fig. (2).

5 The Need for New Experiments

Both the anomaly and the shoulder could be due to (a) a difference in the hardness of the reactor
neutron spectrum, or (b) a problem with the original aggregate beta-spectra measurement 011
at the ILL. It is also possible that the shoulder and the anomaly are not correlated. Answering
these questions is not possible within current theoretical frameworks or from existing data.
Consequently a new set of reactor experiments is needed at short baselines. To address the
important issue of the anomaly and the possible existence of a 1 eV sterile neutrino, two detectors
at different distances viewing the same reactor are needed. To quantify the role of the neutron
spectrum on the shape and magnitude of the antineutrino spectrum, one measurement should
be carried out at a very thermal reactor and the other at a reactor with a considerably harder
neutron spectrum. The use of highly enriched 235U fuel has the advantage of restricting the
resulting antineutrino flux to fragments produced by a single actinide. On the other hand, if
238U and/or 2*Pu play a significant role in the anomaly or the shoulder, measurements from
fuel that is of low enrichment will be needed to reduce these sources of uncertainty.
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