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Main question addressed by this talk:

What is the state of the art knowledge on reactor antineutrino
emission from direct measurements?

Will focus on experiments using the Inverse Beta Decay (IBD) reaction, which
IS where our best knowledge currently comes from
---------------------- prompt energy = kinetic energy

_prompt event * of positron + annihilation with
electron

.......... delayed event

thermalisation

y-cascade
(8 MeV)




There was a very significant leap forward with the advent of the experiments

designed to measure the 613 mixing angle:
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Data/prediction

Total Yield

-  Start with the total y|eId l.e. tlme averaged y|eld from all |sotopes (235U 239Pu 238 and 241Pu)

- Average global yield (mean cross-section per fission) now

: Data/Prediction
determined to < 1%
Nat. Phys. 16, 558 564 (2020)
S : Statistical uncertalnty :
Data/Prediction vs. Baseline Experimental uncertajnty
1.2 ———r ———rr Totaluncertalnty : :
- PRD 100, 052004 (2019){ DPCIV(ND) (0) = (5.71 + 0.08) X 10‘43 cm? per fission
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| L 4 Bugey4 (o) = (5.75 + 0.08) x 107*° crn® per fission
I t1 l i T‘ | Phys. Lett. B338, 383 (1994)°He @]
- ¢ Previous data
0.8~ ¢ {’)V&g‘? dB;yera . |  Dayabay (6;) = (5.91 £0.12') x 1074 cnif2 per fission
i o oo ExpVUn§ 1 CPC41.1.013002 (2017) n-Gd e
: ., 1-6 Flux Uno. 1 (now superseded?) : ;
0.6 == bbbttt — ~ 2017 world average (iincluéies Buégey4§& Daya bay)
10 . 10 10 CPC 41.1.013002 (2017) D ———t
Distance [m] I
Reactor model uncettainty (~2.3%)
" 1 1 1 1 i 1 : 1 1 : 1 l 1 1 | |
—  Most precise measurements come from Double Chooz 0.85 0.90 0.95 100
(~1%), Bugey4 (~1.4%), and Daya Bay (~1.5%)" Data-to-prediction ratio

- Discrepancy with Huber+Mueller (HM) model is the so-called Reactor
Antineutrino Anomaly

*see PRL 123, 111801 (2019). There is also a recent not-yet-published measurement from RENO that is consistent
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Spectral Shape

Have also measured the total prompt energy spectrum very precisely:

Spectral Shape
(Daya Bay)

— H-M model x 0.95

— SM2018 model x 1.00
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the “5 MeV bump”.....
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: Error bars include stat + syst
: uncertainties and are <0.6%
for 2-5 MeV region
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“5 MeV bump” (4-6 MeV excess) appears
roughly consistent among experiments



(i) Unfold the spectra (E

Challenges

These results cannot be directly adopted in

other scenarios/experiments:

They correspond to a specific
combination of fission fractions

* Yield and spectral shape vary from isotope
to isotope

« 239Py vyield is lower than 235U, so total rate
will decrease as fuel cycle progresses

response (i.e. they are in terms of
E )

promp

Solution? Two-pronged approach:

() Look at the yield’s evolution with fuel
composition: allows to disentangle the

contribution from each isotope

— EDe)

prompt

They are folded in with the detector
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Total yield with fission fraction (Daya Bay)
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(1)

o

|Isotopic Yields and

Spectra

= — e e -

The evolution with fuel composition allows to extract the individual yields and

spectra for the two main isotopes: 235U and 23°Pu

5.5
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4.5

T939 [107% cm? / fission]

3.0
5

Isotopic Yields

(Daya Bay)
9
Ax?
4
1 4 9
A Daya Bay PRL 118} 251801 (2017)
—e— Huber model w/ 68% C.L.
C.L
e 68%
(10.14£1.0) x10°% g
T938 — . . X d o
023? =(6.04£0.60) x 10~ % 99.7%
2 56 60 64 6.8 7.2

0935 [1074 cm? / fission]

(suggests 235U is main contributor to
Reactor Antineutrino Anomaly)

10 cm? / fission / MeV

DYB/Huber

Local dev.

|sotopic Spectra

15}

(Daya Bay)
. e ¥ | PRL 123, 111801 (2019)
..... + ++ 235
+ 4+ U DYB
e —— 2py DYB
U 2% Huber x 0.92

Huber x 0.99

Prompt Energy / MeV

(first measurement of individual spectra
with commercial reactors)

Comments: have to make conservative assumptions about the contributions from 238U and 241Pu.
RENO released consistent yields in PRL 122, 232501 (2019)



(i) Unfolding

“Remove” the detector response by unfolding the spectra (3 different methods):

Unfolded Isotopic

—— Wiener-SVD method Bayesian iteration method —— SVD method
Spectra

2: 3 (Daya Bay)
— 138 4 Pu combo Total
2 1.6F 3
E 14f :
% 1 2: 239Py + 241Py L
= are grouped Provide a
NE 1F given their
5 o4 large data-based
f% correlation Spectrum
% prediction for
o other

Rel. Uncer. Rel. Uncer.

experiments
with different
fission
fractions to
2% precision

234567892345678923456789
Antineutrino energy [MeV]

Isotopic spectra uncertainties dominated by statistics and 238U & 241Pu model uncertainties



HEU Experlments

* Placing a detector very near a Highly Enriched Uranium (HEU) reactor enables a
direct measurement of the 235U yield and spectrum

235J Spectral Measurement 235 Spectral Measurement
(PROSPECT) (STEREO)
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i e
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235 spectrum uncertainty in 2-5 MeV region is ~4% for PROSPECT, STEREO and Daya Bay
experiments (see backup)



So far LEU and HEU experiments give us a consistent story for the 235U yield:
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235 Yield Data/Prediction

PRL 125. 201801 (2020)
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New average (pure **°U)

PRD 99, 073005 (2019)

Illllllllllllllllll

L—— JHEP 06 (2017) 135

0.942 +0.192
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0.950 +0.013

only experimental uncertainties

0.923 +0.015
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o935 [1074 cm? / fission]
(from M. Licciardi’s talk at Moriond 2021)

With ~2.5% precision, STEREO has the most precise pure 235U yield measurement

Note: there are many other short baseline LEU and HEU experiments that we do not have time to cover here
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Ratio

Expect more results from Daya Bay and RENO with
their final data sets

Expect new results from STEREO with
~twice the current data

The PROSPECT collaboration is pursuing an
upgrade

Relative Uncertainty [%]

JUNO will deploy a satellite detector called TAO
near one of the Taishan 4.6 GWw cores:

Fine Structure and
Stat. Uncertainty :

HENCUS) - SiPM and Gd-LS at -50°C

| arXiv:2005.08745

- ~1.7% @ 1 MeV energy
resolution

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

i - Reference spectrum for JUNO
: and other experiments

- Benchmark for nuclear
databases

- |Isotopic yields and spectra
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235 Spectrum Uncertainties
(PROSPECT)

0.8+

(from PROSPECT Il
Snowmass LOI)

PROSPECT-I PRL Stat+Syst
PROSPECT-II Stat+Syst
Model Uncertainty
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|sotopic Spectra Uncertainties
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Neutrino energy [MeV]
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Summary & Outlook

e e

* Neutrino physics have been done with nuclear reactors to exquisite precision:
—  Despite lacking a precise enough prediction of reactor antineutrino fluxes!

* Great progress in characterizing reactor antineutrino emission achieved in the
last decade by LEU and HEU experiments:

—  Time-averaged yield and prompt spectrum measured to < 1 %

— 235 and 239Pu isotopic yields and unfolded spectra determined to several %

—  Can make data-based prediction of reactor antineutrino spectrum to 2 %
 EXpect even more progress...

—  Some current experiments are still producing results, and anticipate projects like
PROSPECT Il and JUNO-TAO coming online soon

B
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—— Data

— H-M model x 0.95 — SM2018 model x 1.00

arXiv:2102.04614
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Vii

235U Spectra Uncertainties

— Total — Statistics — Detector — Model ( ***U, ?*'Pu) — Unfolding
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STEREO

Event rate [v/day]

H
o

lllllllllll]ll

50

30

20

10

} == Joint fit
o
gtk : —e— STEREO
| [
P - —+— PROSPECT

3

:*":EF-
&

W
S
£

- '#

- Vi,

- s .

- PRELIMINARY “Sa

T L1 l L1 L1 l L1 1 1 l 1 L1 1 l 11 1 | | 1 L1
3 4 5 6 7

Antineutrino energy [MeV]
(from M. Licciardi’s talk at Moriond 2021)

17



Side
Shield
(HDPE)

SiPM arra

Cu shell

esig

Top shield

HDPE, heat insulation layer

Filling port

|
’

Inner ball
Gd-LS
-50 C

PU, heat insulation layer

Bottom shield

HDPE , heat insulation layer Gl

Ground

—— —— e ———————

Cable
feedthroug

Side
Shield

| (HDPE)

arXiv:2005.08745

18



- The three 013 experiments rely on very similar detection technology
+ Use Daya Bay as an example:

inner water shield
RPCs outer water shield

|

# B B — oy g £ \.
- Liquid s T |
b ] g L : NEE = &
Scintillat e
192 8” S o =
PMTs [
AD support stand concrete /
Energy resolution: Double purpose: shield the detectors and
6./E = 8.5%/VE[MeV] veto cosmic ray muons

NIM A 811, 133 (2016)
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Main goals: Sterile neutrinos, reactor L, measurements, reactor monitoring

Rich program of ton scale detectors 6-30 m far from LEURHEU reactors

Uranium (LEU)

Low-Enriched {31 00 MW

Fission of 23U, 238U, { 2800 MW
239P|y, 241Py |
/100 MW
Highly Enriched § 85 MW 4t
Uranium (HEU) <
Fissionof 235U 65 MW 1.6t
58 MW 1.71
21 24 m

+ (m|n| )CHANDLER, JUNO TAO, NuLAT
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Short Baseline Neutrino Experiments

= e ——

Similar baseline, large diversity in detector design

PROSPECT

Segmentation:

8 Segmented

Unsegmented /P
Doping:

V5 V4 V3 Y2

Muon veto
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for / Borated PE ok y b
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