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Reactors and Beta Deca

.o  Fuel assembly evolution

@ In Pressurized Water Reactors, thermal i
power mainly |nd.uced by 4 isotopes: "
O 23U and 238U in fresh fuel Sdoonf-
[ Other fissile nuclei (2°Pu & 2*'Pu) created 2 so00f- . zonjms
after reactor start by fission/capture process 5 U
O Burn-up effect => unit GWd/t F PPu—
@ Fission process gives thermal energy: TR e e e T
@ The fission products (FP) after the fissions
are neutron-rich nuclei undergoing 3 and p-n
decays:
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Beta Decay for Present and Future
Reactors

@ The exploitation of the products of the beta decay is threefold:

O The released y and B contribute to the “decay heat” - critical for reactor safety and
economy

U The antineutrinos escape and can be detected > reactor monitoring, potential
non-proliferation tool and essential for fundamental physics

O p-n emitters: delayed neutron fractions - important for the operation and control
of the chain reaction of reactors
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Reactor Antineutrinos are used
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=> Neutrino Fundamental Physics

@ Measurement of the 0,, oscillation
param by Double Chooz, Daya
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@ Next generation reactor neutrino
experiments like JUNO or
background for other
multipurpose experiment

optical coverage: 70-80%

Muon tracking—

Stainless steel tank -

Water Seal —__ - <" . %

>

Water Buffer 10kt—__ - - §

Oil buffer 6kt

Liquid Scintillator

~15000 20" PMTs ___ . "". "% §

VETO PMTs — .

,,,,,,

\\\\




Reator Antineutrins

B 241Pu
[T]2ssu
[ 239Pu

235U

-4

- About 6 antineutrinos

1 emitted per fission

' > About 1021

| antineutrinos/s
emitted by a 1 GW,

reactor

I S S ] .
E. (MeV) X - - !!AEIAANBErn?mw

Use the discrepancy between antineutrino flux and energies from U and Pu isotopes to infer

reactor fuel isotopic composition & power:
=> reactor monitoring, non-proliferation (see IAEA Report SG-EQGNRL-RP-0002 (2012).

Idea born in the 70s, demonstrated in the 80s/90s but developed lately.

v ( fission™.Mev
S

102

@ The International Atomic Energy Agency (IAEA): UN agency => peaceful use of atoms.
O Safeguards Department is interested in: Inter alia remote and unattended tools, bulk accountancy;

Safeguards by design
O has shown interest in the detection of antineutrinos

@ The IAEA Nuclear Data Section (NDS) includes the measurements for reactor antineutrino
spectra in their Priority lists (CRP meetings, TAGS consultant meetings...)
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Reactor Antineutrino Spectral Knowledge

= First Double Chooz, Daya-Bay and Reno theta13 results published in Phys. Rev.
Lett. in 2012
Y. Abe et al Phys. Rev. Lett. 108, 131801, (2012)
F. P. An et al., Phys. Rev. Lett. 108, 171803 (2012).

J. K. Ahn et al., Phys. Rev. Lett. 108, 191802 (2012)

= The Double Chooz experiment has devoted efforts to new computations of
reactor antineutrino spectra (mandatory for the 1st phase !!!)

" Two methods were re-visited:
v' The conversion of integral beta spectra of reference measured by
Schreckenbach et al. in the 1980’s at the ILL reactor (thermal fission of

235, 239Pu and ##'Pu integral beta spectra): use of nuclear data for realistic
beta branches, Z distribution of the branches...

v' The summation method, summing all the contributions of the fission
products in a reactor core: only nuclear data : Fission Yields + Beta Decay

properties (several predictions from B.R. Davis et al. Phys. Rev. C 19 2259 (1979), to
Tengblad et al. Nucl. Phys. A 503 (1989)136)
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Summation Method

N(E,))= Y Y,(Z, A1) ¥ b, (E)P,(E,.E;.Z)

\ exp.
) ( spectrum
heutron .

Core Simulation ﬁ:rSAPGZCT;GddGTGbGSIZ :

Evolution Code S. Rudstam et al.,
ENSDF, JEFF, JENDL, ..

other evaluated nuclear databases

5~ decay rates B~ /v, spectra
Y.(z.4.1) o Sy i(z.4.E5)
weighted X

|

Total v, and 5 - energy spectra
with possible complete error tfreatment
+off-equilibrium effects Y ——————r-




Measurement Caveat

Picture from A. Algora

Before the 90s, conventional detection techniques:

high resolution y-ray spectroscopy g RN Od\
QO Excellent resolution but efficiency which strongly ' 77 -
decreases at high energy “ :
O Danger of overlooking the existence of p-feeding into ,,_,_Yj
the high energy nuclear levels of daugther nuclei N .
(especially with decay schemes with large Q-values) / \

E
Y Ge

EY‘,F.»YI

Incomplete decay schemes: overestimate of the
high-energy part of the FP 8 spectra

E

Phenomenon commonly called « pandemonium
effect™ » by J. C Hardy in 1977

— TAGS
JEFF3.1

** J.C.Hardy et al., Phys. Lett. B, 71, 307 (1977)

[ |

=) Strong potential bias in nuclear data
bases and all their applications

E, (MeV)

FIG. 1. Ilustration of the pandemonium effect on the Mo
nucleus anti-v energy spectrum presents in the JEFF3.1 data
base and corrected in the TAS data.
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What can nuclear data bring to antineutrino spectra ?

Summation Calculations:

0.3 =T

using P. Huber’s prescriptions for spectral shape calculations, a ' P
careful selection of decay data, and fission yields from JEFF3.1: 02¢ 235 |

0.1 =

N(E,) = Y Y, (Z. A1) ¥ b, (E)P.(E,,E;,Z)

= Test of various nuclear databases: Pandemonium

effect: Overestimate of the ILL spectra @ high energy + shape
distorsion

=> Requires hew measurements of FP beta decay properties

0.2

B R PN PO PR
0'32 3 = 5 6 7 8

Kinetic energy (MeV)

(Summation spectrum — ILL)/ILL

*MCNP Utility for Reactor Evolution: http://www.nea.fr/tools/abstract/detail/nea-1845. Th. Mueller et al. Phys.
Rev. C 83, 054615 (2011)., C. Jones et al. Phys. Rev. D 86 (2012) 012001, arxiv.org/abs/1109.5379

The reactor antineutrino estimates suffer from the Pandemonium Effect: similar
to Reactor Decay Heat (Yoshida et al. NEA/WPEC-25 (2007), Vol. 25)
= |Importance of the selection of data sets for Summation calculations: i.e.
appropriate choice of decay data & fission yields
= Improve systematic errors: list of nuclei to measure with TAS experiments
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Conversion Method

emit _ i a,(1) k k
N"(E) = { P,h(t)xifu; S0, k%leNv(E)ﬂ (t) dt

assemblies k isotopes

fissile B-decay
neutron mat. +FY Coret uclear DB theory ILL spectrum
flux l / geometry \ l /
Reactor Simulation Revisited conversion
+ Evolution Code of ILL S-spectra

Converted

fission rates weighted =

4

v, spectra
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Reactor Antineutrinos: Converted Spectra

@ Calculation of Reactor Antineutrino Spectra from the conversion of the beta
spectra measured by Schreckenbach et al. at the ILL reactor in the 80’s

@ Principle: Fit the beta spectrum shape with beta decay branches (nuclear data +
fictive branches or only fictive branches), taking into account proper Z
distribution of the fission products, proper corrections to Fermi theory and a
large enough number of beta branches

Example: Th.A. Mueller et al, Phys.Rev. C83(2011) 054615:
Ratio of Prediction / Reference ILL data

[ Fitted]
0.8 j/ﬂﬁ_ﬁl‘f

0.6 ——
- Built with Nuclear Data -

0.4 B
- ]
0.21- 235U ]

prediction / ILL ref
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Kinetic energy (MeV)
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ILL electron data anchor point

= Fit of residual: five effective branches

are fitted to the remaining 10%

=> Suppresses error of full Summation Approach, if
assumption that ILL data = only reference

= “true” distribution of all known $3-
branches describes >90% of ILL e data
= reduces sensitivity to virtual branches approximations



Ingredients to Build Beta and Antineutrino
Spectra

oN; (W) = K pW(W-W,)? F(Z,W)L,(Z,W)C(Z,W)S(Z,W)G; (Z,W)(1+5,,,,W)

Where W=E/m_c?, K = normalization constant,

pW(W-W,)* = phase space, to be modified if forbidden transitions

F(Z,W) = ,traditional” Fermi function

L,(Z,W) and C(Z,W) = finite dimension terms (electromagnetic and weak interactions)

S(Z,W) = screening effect (of the Coulomb field of the daughter nucleus by the atomic
electrons)

G; (Z,W) = radiative corrections involving real and virtual photons

Owm = weak magnetism term

The first results were published in Th.A. Mueller et al, Phys.Rev. C83(2011) 054615
Followed by P. Huber, Phys.Rev. C84 (2011) 024617
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Newly Converted Spectra

- \ Tl \

é 1E v' Th.A. Mueller et al, Phys.Rev. C83(2011)

e 054615.

S v’ P. Huber, Phys.Rev. C84 (2011) 024617

"

210"

by included
(computed with summation method

—h
e
N

MURE)

provided the
- E used databases for the conversion + a
2 3 4 5 & 7 8 new 238U prediction

Recent works defining new reference on the neutrino flux prediction for
neutrino physics
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@ Reactor Anomaly:
1 converted v spectra = “+3% normalization shift with respect to old v spectra, similar
results for all isotopes (23°U, 23°Pu, 24!Pu)
O Neutron life-time
O Off-equilibrium effects

2 flavour simple scheme :
Posc= 5in?20 sin?(1.278m? 5 L /Ervev)

11 \I\w [TTTTT T TTTI I \IHH\I T TTTTIT I N\HHI

=gz 2 e S o G. Mention et al. Phys.
: Rev. D83, 073006 (2011)

09

| New Oscilatioﬂi
08—

to sterile v? Atmospheric

Ratio of Observed To Predicted Events

07 Oscilation
0.6
Solar
0311 Oscilation
0.4l L1 [N R [ [ IH\| [ L L
0 10 100 ) 1000 10000 100000 (3+1)
Reactor To Detector Distance (m)
| |
=> Light sterile neutrino state ? 2
could explain L=10-100m anomalies, Am?2 = 1 eV/2 i
Candidate(s) can’t interact via weak interaction : constrained by LEP result
on 3 families => so can only exist in sterile form —:A ,
L a:m
—— "




@ Reactor Anomaly:
1 converted v spectra = “+3% normalization shift with respect to old v spectra, similar
results for all isotopes (23°U, 23°Pu, 24!Pu)
O Neutron life-time
O Off-equilibrium effects

2 flavour simple scheme :
Posc= 5in?20 sin?(1.278m? 5 L /Ervev)

11 \I\w I \IHHI‘ T TTTTT I NIHH\I T TTTTIT I N\HH\I

A A A it e - G. Mention et al. Phys.
' ~ _ Rev. D83, 073006 (2011)
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=> Now looking for sterile neutrinos as a potential explanation to the reactor anomaly:
numerous projects: SoLid (UK-Fr-Bel-US), STEREO (France), Neutrino-4 (Russia),
DANSS(Russia), PROSPECT(USA), + Mega-Curie sources in large v detector... (white
paper: K. N. Abazajian et al., http://arxiv.org/abs/1204.5379.)




Are Converted Spectra Reliable ? 1

@ By now the reactor antineutrino prediction with the smallest systematic
errors

@ But potential additional sources of systematic errors:

U ILL data = unique and precise reference => Need for a second measurement
with similar accuracy to exclude potential systematics on the ILL data
normalization and shape !!!

 Large uncertainty for Weak Magnetism term: the most uncertain one among
the corrections to the Fermi theory !
P. Huber PRC84,024617(2011): could change the normalization of the spectra if very different value...

D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015): The finite size effects and the weak
magnetism corrections obtained in Huber’s paper for the allowed (GT) decays are estimated to give a
reduction in the number of low energy antineutrinos of 2 - 3%.

L Impact of the conversion method ?

] Treatment of forbidden decays => could change normalization & shape of
spectra...
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Are Converted Spectra Reliable ? 2

...Treatment of forbidden decays => could change normalization

& shape of spectra: A. Hayes et al. Phys. Rev. Lett. 112, 202501 (2014)

Nonunique=[X r]0-
—— Nonunique=[X r]1-

= Large log(ft) contribute importantly to the R A .
spectra ("30%) but we don’t know how many of £l 1
them are forbidden non-unique transitions, nor gs 015~ | -
the spin/parity of the transitions z i /ﬁ I L

= Need inputs from Nuclear Physics §> IW r 1 o -

ool 1 v 1 v 1] s L L A
ST 2 4 6 8 2 6

E, (MeV) E (MeV)

See also D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015)
Using mlcroscoplc models : Shell Model and QRPA

= The forbidden transitions further
increase the uncertainty in the
expected spectrum

= Two equal fits to Schreckenbach’s §-
spectrum, lead to nu-spectra that
differ by 4%

dN /dE,

E, (MeV) E, (MeV)



Are Converted Spectra Reliable ? 3

(1 Observation of Shape Distorsions w.r.t converted spectra by the 3
large reactor neutrino experiments: Double Chooz, Daya Bay, and
Reno:

First communication by Double Chooz & Reno @Neutrino 2014 Followed by Daya Bay @ICHEP2014

Reactor v

Absolute shape comparison of data and
prediction: x2/ndf = 41.8/21

"What is this?!?

4 - e —— Data
eutrino Ph 20000~ ®m =
N - - - Huber+Mueller (full unc.)
->
- > - - Huber+Mueller (reac. unc.)
" © 15000~ * -
RENO Preliminary 4 RENO Preliminary S s . o : = ILL+Voge|

3 E ' Near detector _ = 3s00; Far detector 1 1200 A —+— Background-subtracted data wn | L ] :
é 0000 - * toct 2 3000 J‘““’k — Data 3 1000 ”‘"‘ .‘Eﬁ“ ~~~~~~~ Noo:cllhnon AN - -
i — MCuwc S G aseo; . o Cene 3 oo ~ W g or o yiry<d & 10000 f— - Measured spectrum

0000} e / 3 e el 3 F : - - = - . .

ot AR 000 L -t 3 gg - ot am? = 000208 o¥° 2 B «  is normalized to

oooof 1 ] vooof- | W ] 00k e Mg prtimnary S - = prediction for shape

g o i = e o N 5000~ “. only comparison
° | T TP D, S P TR RISTIRYS SERRTYIORS ! | - - Yy p .
S ; 3 = - i -
[} E 3 5015 i a2 -
= £ +4 : g 4 + + 1.1 sl -
§ oo Hy 3 Eo 5] + 4 ++ »ﬁ H{” % 1.0 Hh(ﬂ', AAAAAAAAAAAAA o °F

S I B | % F _—
o0l +‘_+*. of pHt f + J[ HJ[
'°"-'1+‘ I S S S S S S S °o-®
ompt Energy [MeV] [} 5 3 7

Rate only analysis =»

Visible Energy (MeV)

Rate + shape analysis =»

Data/Prediction

Preliminary result C data set ( ~800 days)

sin?(2 0,,) = 0.101 + 0.008 (stat.) + 0.010 (sys.)

sin?(2 6 13)=(0.09+0.03)
(x2/n.d.f. = 51.4/40)
background substracted

Prompt Positron Energy (MeV)

he field benefits greatly from 3 exps!

| Also observed by the NEOS experiment Phys. Rev. Lett. 118, 121802 (2017)




The only alternative to converted spectra in
absence of new integral measurements relies on
the nuclear data with the summation method...
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A Reduced List of Important Contributors

Summation calculations (in agreement!) give the following priority list of nuclei,
with a large contribution to the PWR antineutrino spectrum in the high energy
bins:

TABLE 1. Main contributors to a standard PWR antineutrino
energy spectrum computed with the MURE code coupled with
the list of nuclear data given in Ref. [12], assuming that they have
been emitted by °U (52%), Z°Pu (33%), **'Pu (6%), and >**U
(8.7%) for a 450 day irradiation time and using the summation
method described in Ref. [12].

4-5 MeV 5-6 MeV 6-7 MeV 7-8 MeV

2Rb 4.74% 11.49% 24.27% 37.98%
%y 5.56% 10.75% 14.10% ..
142¢s 3.35% 6.029% 7.93% 3.52%
100N 5.52% 6.03% .o ..
BRb 2.34% 4.17% 6.78% 421%
%Bmy 2.43% 3.16% 4.57% 4.95%
135Te 4.01% 3.58% o -
04mNb  0.72% 1.82% 4.15% 7.76%
%Rb 1.90% 2.59% 1.40% .
%Sy 2.65% 2.96% o -
%Rb 1.32% 2.06% 2.84% 3.96%

The number of contributors in
these bins is small enough to give
the hope to produce summation
calculations with reduced
systematic errors due to decay
data at a relatively short time scale

A.-A. Zakari-Issoufou et al. Phys. Rev. Lett. 115, 102503
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TAGS Solution to Pandemonium Effect

@ Decay Total Absorption Spectrometer (DTAS - Pure beams required: Use of the
IFIC): used in Jyvaskyla in Feb. 2014 for the double Penning trap from JYFL
reactor antineutrino proposal: 18 modules 15x15x25 NS L XL RY gl

cm3 Nal(Tl) + 57 PMT
0 12 nuclei for antineutrinos measured & 11 for

decay heat

@ BAF, TAGS (Surrey-Valencia): used for the
2009 measurement at IGISOL-JYFLTRAP: €Br,
87Br, 83Br, 91Rb, 92Rb, 23Rb, %Rb

M. Fallot et al., PRL109,202504 (2012)
A.-A. Zakari-Issoufou et al. PRL 115, 102503 (2015)

J. -L. Tain et al. PRL 115, 062502 (2015)
E. Valencia et al., Phys. Rev. C 95, 024320 (2017)
S. Rice et al. Phys. Rev. C 96 (2017)014320.

Collab. : IFIC, Subatech, Surrey, IPNO, IGISOL, 2 TAGS arrays developed by the Valencia team
CIEMAT, BNL, Istanbul, ... (Spain, B. Rubio, J.L. Tain, A. Algora et al.):
V.Guadilla et al.,, Nucl. Inst. and Meth. B, Online (2015)
21
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A Result: the Case of °2Rb

v' Candidate Pandemonium nucleus, GS-GS 1st forbidden transition with high I,

v’ Big contribution in 235U and 23°Pu v spectra: respectively expected to be around 32% and 25.7% in

[6-7] MeV, 34% and 33% in [7-8] MeV

Intensity

[ 235U thermal BM Spectrum |

£e0 4 A.Sonzogni (BNL)’s presentation @
INT neutrino Workshop, Seattle,
November 2013.

E-1

92Rb

———#12 34-5e- 87
#7 35-Br- 86
- #0 35-Br- 89
#17 35-Br- 90
—#14 35-BR- 91
—#11 36-Kr- 93
—#1 37-RB- 92
—#4 37-RB- 93
——#6 37-Rb- 94
—#239-Y- 096
#839-Y-98
—#5 39-Y - 98M
—#1939-Y-99
#1339-Y-100
#18 41-Nb-104
—#20 41-Nb-104M
—#16 50-5n-133
——#1551-8B-135
—#1053-1-138
—#3 55-C5-142
w2 ENDF/B-VII.1
u L

I

i AR LSSy e G e ey
g o o i
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R e e e ot
S e e Y AE RS By

euEREY N A N b NN \l
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Our summation calculations give the following
priority list:
TABLE 1. Main Contributors to a standard PWR antineu-

trino energy spectrum computed with MURE using the sum-
mation method [12].

4-5MeV  5-6MeV  6-7TMeV 7-8MeV
92Rb 4.74% 11.49% 24.27% 37.98%
96y 5.56% 10.75% 14.10% -
1420 3.35% 6.02% 7.93% 3.52%
100N 5.52% 6.03% - -

92Rb =~16% of the antineutrino
energy spectrum emitted by PWRs
in the region of energy 5 to 8 MeV !!!

A.-A. Zakari-Issoufou et al. PRL 115,
102503

v' Priority 2 for Decay Heat in U/Pu cycle and Priority 1 in Th/U cycle
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Impact of 92Rb on Antineutrino Spectra

1.25 -
Ratio between the antineutrino spectra 2F “Pu . = *Pu
calculated using the results presentedin / 5
Z. Issoufou et al. PRL 115, 102503 with : i :
respect to the data on 92Rb decay used HE Fa i il
in: g 1ooF VO A
- M. Fallot et al., Phys. Rev. Lett. 109, 8 S N—. AN N—
202504 (2012): thick red dashed- 3 g ] D
dotted line, 2 R ! p— LB . p— |
- A.A.Sonzogni, T. D. Johnson, and E. A. 3 12sF g X
McCutchan, Phys. Rev. C 91, 2 LE U E 2, i
011301(R) (2015): green dotted line, & ~f ; .
- D.A. Dwyer and T. J. Langford, Phys. MsE 3 o
Rev. Lett. 114, 012502 (2015): black 11F , 3 Ao
dashed line. 105 f o \‘:, 3 F ' i
e | - e '

1 pemens ‘f‘:’—:‘m;;':'““ L oamaas = w;;-_-'------------éémmuﬂ-
-l a ]
“'\\‘;:.J;
0.95 E o
raoa AR TN WU ST ST S TN AN 5% NN TN N NN NN TN U NN NN U A AN SN N SN S O O O |
4 6 ] 10 2 4 6 ) 10
Energy (MeV)

Gray horizontal bar: indicates the region of the
distorsion observed by reactor antineutrino experiments with respect to converted spectra.
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TAS data now obtained for...

...8 nuclei out of the top 11

4-5 MeV 5-6 MeV 67 MeV 7-8 MeV

(2R 4.74% 11.49% 24.27% 37.98% \
20y 5.56% 10.75% 14.10% ‘o
142 3.35% 6.02% 7.93% 3.52%
10ONb 5.52% 6.03% ‘oo ‘o

\ "Rb 2.34% 4.17% 6.78% 421% »
Fomyr 2.43% 3.16% 4.57% 495%
135Te 4.01% 3.58% ‘o ‘oo
104m N 0.72% 1.82% 4.15% 7.76%
“Rb 1.90% 2.59% 1.40%

S8 2.65% 2.96% ‘oo o
*Rb 1.32% 2.06% 2.84% 3.96%

See new results showing the impact of 8-33Br and °1:9294Rb and
new analysis results about 190.190mNp_in A. Algora’s talk

See also B. C. Rasco et al., Phys. Rev. Lett. 117, 092501 (2016),
B.C. Rasco et al. Phys. Rev. C 95, 054328 (2017)
A. Fijalkowska et al. Phys. Rev. Lett. 119, 052503 (2017)



Summation Calculations...

M. Fallot et al. PRL109,202504 (2012) Dwyer & Langford, PRL 114, 012502 (201 )
i " ENDF database predictsan | § |  |_enopmvig o
analogous bump in the L8,
beta-spectrum relative to \gH

ivf Schreckenbach. o 1%
0 g
’ 10° §0.9
10°® 8 I
08— 5 s 7T 8
But D&L did not take into E, (MeV)
2 4 6 8 10 12 1[;ne1rzy>l(’:nl:|\l/;l4“l6”|8|“10I“12I“14I”16I aCCOunt TAGS data nor

Emphasis on Pandemonium effect, correct fission yields !!! Sonzogni, et al. PRL,2016

and careful choice of nuclear data Careful Study of fission yields data

Hayes, et al. PRD, 92, 033015 (2015) 3 T ' ' ,
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NEOS Results
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NEOS: ~24 m away from a

Korean power reactor

“bump” clearly observed,
but

no evidence for sterile
neutrinos

Green and red lines
indicate the best fit for the
3+1 oscillation scheme as
indicated.
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Phys. Rev. Lett. 118, 121802 (2017)
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Status by end 2017...

In 2017: Daya Bay’s new result about the reactor anomaly: pb is in the 23°U
[, far spectrum!!!

F. P. An et al. (Daya Bay Collaboration), "Evolution of the Reactor Antineutrino
Flux and Spectrum at Daya Bay," Phys. Rev. Lett. 118 (2017).

= Measured antineutrinos from six 2.9-thermal-gigawatt reactor
cores, which were located either at Daya Bay or at the Ling Ao

} power plant in China
— Deficit in detected antineutrinos compared to predictions
0o depends on the relative fractions of 235U, 239Py, 238, and
02| i 241Py in the reactor.
i —+- = 235 fissions produced 7.8% fewer antineutrinos than
& 04 predicted—enough of a discrepancy to explain by itself the
% —os entire antineutrino anomaly !!!
Lo | Hberieler = In contrast, the discrepancy = almost zero for 2*%Pu fissions.

0 1 2 3 4 5 6 7 8
Prompt Energy [MeV]

Previous hints were pointing to 23°U: ArXiv:1609.03910, 1608.04096, 1512.06656.
BUT hitps://arxiv.org/abs/1709.04294: sterile neutrino hypothesis cannot be rejected

based on global data 27
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Even more recent studies...

A. A. Sonzogni, E. A. McCutchan, and A.

| C. Hayes PRL 119, 112501 (2017)

Dashed is the 238U
spectrum adjusted to
match the DB data: Clearly
disfavors the hypothesis of
the 238U contribution origin

« an analysis based on the summation method

explains all of the features seen in the evolution
data, but it predicts an average IBD yield that is
3.5% higher than observed ».

Hayes et al. arXiv:1707.07728
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—= Current fit 1o ILL data
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= Underlines the importance of experimental shape factors for both
conversion and summation calculations

+ X.B. Wang, J. L. Friar and A. C. Hayes: Phys. Rev. C 95 (2017) 064313 and Phys. Rev. C 94 (2016)
034314: investigate uncertainties on FS and WM corrections to allowed (3-decay

M. Fallot
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@ The reactor anomaly:

O Uncertainties on the converted ILL spectra are underestimated (nuclear physics
inputs: first forbidden non-unique beta decays)

O Suspicions on the 235U ILL or ILL-converted spectrum (DB PRL 2017, Huber PRL
2017, Giunti 2016, ...) ?

0 NEOS first results don’t see evidence for sterile neutrinos, wait for other
experiments !

O Global analysis cannot reject the sterile hypothesis arXiv:1709.04294

@ The ,,bump* (i.e. energy distorsion w.r.t. predictions from ILL converted):
0 Seen by DC, DB, Reno, NEOS, and previously Chooz

d Cannot come from 238U, not from fast fissions, not an oscillation pattern, not first
forbidden non-unique transitions

O Not seen by summation method with up-to-date ingredients
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of the Reactor Antineutrino
Spectrum...

...That’s how we have ended with a problem common to particle AND
nuclear physics...

We don’t know yet the end of the story !!!

= Measure antineutrino energy spectrum at research reactors: SolLid,
STEREO, DANSS, NEOS...

= Measure the shape of the ~20 most important beta decay electron
spectra

= Keep going with Pandemonium free measurements (TAS)

Solvay Workshop 2017



