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They report a cross section (!) of 6 x 107 cm—2 —

to measure a cross section one needs to know the flux.
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Why care today?
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Neutrinos from fission

235 U

239 Pu

stablen

fission yield
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#-branches
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NB: Sizable fraction of fission product beta-decay
information in ENSDF is based on so called gross
beta decay theory.
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A priori calculations

Updated [-feeding func-
tions from total absorption
v spectroscopy (safe from

pandemonium) for the 1so-
. 102,104,105,106,107
topes: Tc,

105Mo and °?Nb

The calculation for 238U
agrees within 10% with

measurement of Haag et
al.
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gy oy ° Still a 10-20% discrepancy
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Energy (MeV) ﬁ—spectra

Fallot et al., 2012
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B-decay — Fermi theory

Ns(W) = K g2 (W — Wy)® F(Z,W).
W
phase space

where W = E/(m.c?) + 1 and W, is the value of W
at the endpoint. K 1s a normalization constant.
F(Z,W) is the so called Fermi function and given by

. 2
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F(Z,W) = 2(y + 1)(2pR) [(2y + 1)2

7 =+V1-(aZ)
The Fermi function 1s the modulus square of the
electron wave function at the origin.
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Corrections to Fermi theory

Ns(W) = K p*(W —Wo)> F(Z,W) Lo(Z,W)C(Z,W)S(Z, W)
x Gg(Z, W) (1 + dwuW).

The neutrino spectrum 1s obtained by the
replacements W — Wy — W and G — G,.

Ly and S have been recently re-evaluated for fission
fragments Wang, Friar, Hayes, 2016.

The whole set of corrections has been critically
examined McCutchan, Sonzogni, Hayes, 2017.

= all well under control for decays!
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Induced weak currents

Describe protons and neutrons as spinors which are
solutions to the free Dirac equation, but which are
point-like, we obtain for the hadronic current
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Weak magnetism & (-spectra

g 1s called weak magnetism and the question 1s how
it manifests itself in nuclear S-decay. Nuclear
structure effects can be summarized by the use of

appropriate form factors F'5 .

The weak magnetic nuclear, F;y form factor by virtue

of CVC 1s given in terms of the analog EM form
factor as

F31(0) = v21(0)
The effect on the 5 decay spectrum is given by

4 Fy(0)

7%
3M FY(0)
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Size of WM correction

In impulse approximation
Fy(0) = py—py, ~ 47 and Fy(0) = Oy ~1.27,
and thus

5WM ~ 05% MeV_l

This value, in impulse approximation, is universal for
all S-decays since it relies only on free nucleon
parameters.

There are good reasons to doubt this value, but recent
work Wang, Hayes, 2017 1ndicates that this value 1s OK
for allowed decays.
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Extraction of v-spectrum

We can measure the total F-spectrum

Ns(E.) Z/dEoNﬁ(Ee,Eo;Z)n(Eo)- (1)

with Z effective nuclear charge and try to “fit” the
underlying distribution of endpoints, n( Ey).

This 1s a so called Fredholm integral equation of the
first kind — mathematically ill-posed, i.e. solutions
tend to oscillate, needs regulator (typically energy
average), however that will introduce a bias.

This approach 1s know as “virtual branches™
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Virtual branches

1072
Ey=8.09MeV, =0.204 Eo=7.82MeV, =0.122
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1 — fit an allowed (-spectrum with free normalization 7 and
endpoint energy F the last s data points

2 — delete the last s data points

3 — subtract the fitted spectrum from the data

4 — goto 1

Invert each virtual branch using energy conservation into a
neutrino spectrum and add them all.
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3 spectrum from fission

230 foil inside the
High Flux Reactor at
ILL
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Electron spectroscopy
with a magnetic spec-
trometer

: 7 8 9 0
KINETIC ENERGY OF BETAS INM

Schreckenbach, ef al. PLB 160, 325 (198)5).
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Result for 2°U

our result
1101.2663

ILL inversion
simple f—shape
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Shift with respect to ILL results, due to
a) different effective nuclear charge distribution
b) branch-by-branch application of shape corrections

If there were only allowed decays involved, the error
bars would be firm. P Hubce - VT CNP—p. 1



Forbidden decays

Ey=10MeV e,/ final state can form

A=140

a singlet or triplet spin
state J=0 or J=1

Allowed:
s-wave emission ([ = 0)

Forbidden:
p-wave emission ([ = 1)
or/ > 1

Significant dependence on nuclear structure 1n
forbidden decays— large uncertainties!
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Forbidden decays

—— Treat all transitions as allowed GT
Treat all non-unique forbidden transitions as [Z,r]o'

Treat all non-unique forbidden transitions as [Z,r]1'
Treat all non-unique forbidden transitions as [Z,r]z'

original

Hayes et. al, 2013 point

out that in forbidden de-
cays a mixture of different

operators are involved.
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Large source of uncertainty.
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A coincidence?

Based on JEFF fission yields and using ENSDF
spin-parity assignments

allowed
18! non-unique
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The SMeV bump

RENO Preliina.rv
Near detector
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Seen by all three reactor experiments
Tracks reactor power

Seems independent of burn-up

P. Huber — VT CNP —p. 19



Explanations?

Dwyer and Lanford, 2014 propose a direct summation.
Latest ENSDF database with allowed beta-spectrum
shape Sonzogni et al., 2016

235 thermal

* Corrected ENDF/B yields
= Qriginal ENDF/B yields
= JEFF yields
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This direct summation, as all other direct summations,
does not agree with the Schreckenbach measurement.
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What happened?

Fission yield data has been suspected previously Hayes
et al. 2015 and this what Sonzogni et al., 2016 found:

Who 1s the odd-
one-out?

® ENDF/B thermal
Gaussian fit
v Corrected
O ENDF/B fast
- -+« GEF
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Fission yields for germanium-86 wrong in ENDF/B
but not in JEFF.
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Uranium-238?

Hayes and Vogel, 2016 point out that fast neutron fission
of 233U could be responsible for the bump
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It true, NO bump should be seen a reactors running on
HEU (nearly pure °U).
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Neutron spectrum?

Hayes and Vogel, 2016 point also out that the neutron
spectrum 1s important
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It true, NO bump should be seen a reactors running on
HEU (nearly pure #°°U).
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Not the neutron spectrum
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Fission {fragment distri-
butions do depend on

Incoming neutron energy.
Littlejohn, et al., 2018

Antineutrino Energy [MeV]

Enhancement of the high-end of the neutrino
spectrum for a realistic neutron spectrum, no
bump-like structure and too small.
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Different reactors

Optimistic flux errors (per 1sotope) from Huber, 2011
and bump put by hand to match Daya Bay result

MOX3 - true bunp in U-238

1\%(0), €
ButpinPu-289 — ) Fit/True [ 235U 238U 239pu 241py
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Requires good statistics: 5 ton, 40% efficient, 1 year

data taking.
Huber, 2016, see also Buck ef al., 2015
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NEOS vs Daya Bay

Huber, 2017

There 1s more U235 in NEOS, since core 1s fresh =
3 — 4 0 evidence against Pu as sole source of bump,
but equal bump size 1s still allowed at better than 2 o.

NB: This paper was conceived during NOW 2016
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0SC. + norm.
+ energy scale

JUNO 1s sensitive to mass
hierarchy by observing the

beat frequency between
solar and atmospheric

Am? driven oscillation
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Small effect, detector
non-linearities very

important

Capozzi, Lisi, Marrone, 2015
The 1nterplay of high frequency shape uncertainties

and detector non-linearities 1s difficult to study using
Fourier transforms.

for details see talk by G. Ranucci on Tuesday ?#ber-vree-p.2r



Fine structure
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Forero, Hawkins, PH, 2017

Some authors find negligible impact:

Qian et al = no variation of database numbers.
Danielson, Hayes, Garvey, 2018 => small variation of
database numbers.
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Pandemonium

Pandemonium effect:

- Ge-detectors have a low
g, gamma ray absorption
! 8 efficiency, hence faint

énergy (I\sl‘,eV) .
lines are overwhelmed
by Compton scattering

backgrounds from strong
lines.
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Note, wuranium-235 has
been “pandemonium cor-

rected’ 1n this calculation.
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Fallot et al., 2012
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TAGS feeding functions

“Rb:

Many more Q-values al-

lowed by more accurate
TAGS data

Creates extra fine struc-

i WY T ture not contained 1n
1000 000 : 300 ;)0 6000 7000 8000 ENSDF database

Energy [keV]

:TAS Experiment (-tagged

:ENSDF (High resolution)

IGISOL collab. 2015
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Random spectra
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Effective branching fraction

Distribution of fission
yield-weighted end-
points and branching
fractions for thermal
fission 1n uranium-2335.

We draw beta-branches
from this distribution till
we have the right total
number of neutrinos =
one random spectrum,
repeat many times to ob-
tain ensemble.
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Near detector to the rescue

8 10 12

Energy Resolution [%/ E]

Forero, Hawkins, PH, 2017

Shown is Y?-difference
between NO and IH as
a function of energy
resolution of the near
detector.

Points at 8% show re-
sult with neglecting fine
structure (point A) and
no near detector but the-
ory prior from our ran-
dom spectra (point B).
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Summary

Reactor anti-neutrino fluxes are complex and reliable
a priori calculations are elusive.

Measured integrated beta-spectra form the starting
point for the most accurate flux predictions.

Forbidden decays introduce very significant
(percent-level) nuclear structure related uncertainties.

The 5 MeV bump likely 1s due to nuclear physics, but
no quantitative viable models have been
demonstrated.

Better understanding will come from neutrino
measurements at many different reactors.

This has become precision science!
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