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Reactor Neutrinos

® '| know Fermilab’s Vs; what’s different about reactor Vs?’

Cross-Section (mb)

— — — —
Qe o Qe o
- - - -
(i} n w o

] Cross-Sections:
much lower!

107
10° :: Extra-Galactic
107 E: Galactic
— - i Accelerator
=l — Atmospheric
= = SuperNova
EEEEEEEEENER EEEEEEEERN

errestrial
._‘ l‘t

1 0-22

1 0-25

1 0-28

-3
107 |5 Y Y Y Y|
1012 1014 1016 1018

Neutrino Energy (eV)

Energy: [-10 MeV,not [-10 GeV

Intensity: In | minute,a | GW core makes more
V than all NUMI+BNB v produced in 2018 Flavor:

(yes, both DAR and DIF v) Ve, Vi, Ve, \_/u

Ve only, not




What’s Been Done With Reactor Neutrinos? W

Savannah River Neutrino Detector schematic

® Proved neutrinos’ existence (1950s)

® Probed CC/NC cross-sections back
when that was new and cool (50s-70s)

® More recently: proving neutrinos
have mass, and measuring SM
neutrino oscillation parameters

® | eading or competitive precision for 3 of 6
SM oscillation parameters: 03, 012, |Am23|

2016 Breakthrough : ;’F 2 5 m :
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What We've Been Doing Very Recently ﬁ
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® Do we understand reactor neutrino fluxes!?

® Sterile neutrinos!?

® Do we understand reactor neutrino energies!?
® Bad nuclear data; implications for nuclear applications!?

® Mass hierarchy measurements at reactors!?




Reactor Antineutrino Production

® Reactor Ve: produced in decay of product beta branches

® FEach isotope: different branches, so different neutrino energies (slightly)
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Reactor Antineutrino Detection

® Detect inverse beta decay with liquid or solid scintillator, PMTs

® |BD e+ is direct proxy for antineutrino energy
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® [wo main methods:

® AD Initio approach:

Calculate spectrum branch-by-branch w/
databases: fission yields, decay schemes, ...

Problem: rare isotopes / beta branches:
missing, possibly incorrect info...

® Conversion approach

Measure beta spectra directly

’

Convert to Ve using ‘virtual beta branches

Problem: Virtual’ spectra not well-defined:
what forbiddenness, charge, etc. should they have!

‘Preferred’ method: smaller error bars

Example: Fit virtual beta bran
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Reactor Antineutrino Flux



Reactor Flux Predictions

® Three isotopes’ V. flux predictions re-formulated in 201 |

® Ab initio 238U prediction re-done at same time (fast fission)

® ‘flux’ often cited as IBD per fission, or ‘IBD yield’: flux * IBD cross-section

Huber-Mueeller
Model

BD/fission (x10-4=)

Mueller, et al, Phys. Rev. C83 (201 I)

Isotope ' Mention, et dl, Phys. Rev. D83 (201 )
Huber, Phys. Rev. C84 (201 1) 9



Reactor IBD Yield Measurements

® Three isotopes’ V. flux predictions re-formulated in 201 |

® TJo predict one experiment’s yield: multiply each isotope’s IBD

yield by its fission fraction, correct, sum, and you're done.

Huber-Mueeller
Model

x0.076

x0.571

x0.054

BD/fission (x10-4=)

tooe e

x0.299

%-level
corrections

Predicted IBD Yield




Reactor Antineutrino Flux Anomaly
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® Bad news: these flux predictions don’t match the data.

® New precise measurements also do not match predictions:
Daya Bay (1.5%), RENO (2%), Double Chooz (~17%?)

e WHY the

deficit??
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Sterile Neutrino Oscillations

® Hypothesis |: Some V. oscillated to unobservable types

® This hypothesis indicates a deficit that is baseline-dependent

® Oscillation must max out at small baselines: large (~eV) mass splitting

® Only measured averaged disappearance at

longer baselines; need a better signature. , , , L
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Sterile Neutrino Oscillations

® Hypothesis |: Some V. oscillated to unobservable types

® Note other experimental hints that point towards the idea of sterile-active
neutrino couplings: LSND, MiniBooNE vy - Ve

® Note: reactor and accelerator results probe

moz ; |I|I| | | |IIIII| I LR
~different active-sterile mixing parameters 3 —68%CL ]
E i —90% CL 1
< p? —95% CL .
MiniBooNE, PRL 121 (2018) NS < —99% CL ]

> — | I I I I I I I I I I 1 I I 1 I I I I I I I — e — 30 CL
o | "e  Data (stat err.) o 10 :> E
. h ] 5 —— 46 CL .
[ ] vefromu™ _ N NS=p) | KARMEN2 -
S F /] v, from Ko - 5 90% CL i
AT - 0 v8 frqm K } o  OPERA ]
al= s B n m';';j - - 90% CL -
i | | | A —> _
+ I dirt i 1 -
[ other . : -
3 + ——— Constr. Syst. Error ] - i
CTTTTCL Best Fit _ i i
- : | |
2 | — 107'F E
4 i - . LSND 90% CL

1 — . LSND 99% CL ]

: 10—2 llllll‘ | | lllllll | L LIl | L1 111
- 107 10 10” 1
8.2 0.4 0.6 0.8 1 1.2 1.4 3.0 sin“26

ESE (GeV) 13



Bad Flux Predictions

® Hypothesis 2: Something is wrong with the flux predictions

® Could be just one isotope; could be all isotopes.

® Recent Daya Bay results appear to suggest this hypothesis

Huber-Mueeller
Model

Rea Litg

BD/fission (x10-42)
BD/fisston (x10-42)



Bad Flux Predictions

® Hypothesis 2: Something is wrong with the flux predictions

® This hypothesis indicates a deficit that could be fuel-content-dependent

® All isotopes have ~same <E\,>, so oscillations can’t cause a similar dependence.
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Bad Flux Predictions

® Hypothesis 2: Something is wrong with the flux predictions
® This hypothesis indicates a deficit that *could be* fuel-content-dependent

® All isotopes have ~same <E\,>, so oscillations can’t cause a similar dependence.

Highly 23°U-enriched Commercial Low-Enriched
(HEU) reactor cores (LEU) reactor cores
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Combine The Two Hypotheses

® Note: you can have BOTH hypotheses be true

[eV?]

2
41

Am

® Global fits say this actually gives the best fit to existing flux measurements.

10

107

Giunti, Li, Surukuchi, BRL, hep-ph[1901.01807]; accepted to PRD

Overall best-fit comes
from allowing osc and
bad 239Pu predictions
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Reactor Antineutrino Spectrum



Entries / 250 keV

Ratio to Prediction

Reactor Spectrum Anomaly

® Bad news: these spectrum predictions don’t match LEU data.
® Eye is first drawn to the ‘bump’ in the 4-6 MeV range.

® /ooming out: kinda just looks bad generally across the entire spectrum...

® HOW is spectrum incorrectly predicted???
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Reactor Spectrum Predictions

® Reminder: Convert beta spectra into antineutrino spectra

® |n theory, this is simple, but in practice, spectrum depends on:

® Fermi function, which depends on nuclear charge
® Forbidden-ness of the beta transition

® Smaller-order corrections (nuclear size, etc.)

® Since we're fitting ‘fake’ beta branches,
have to parameterize all these things.

® Usually parameterize vs. Epera: ' VWhat is the average
nuclear charge for branches with this Q-value?’

® Errors arise from parameterization, which can be
hard to quantify (see A. Hayes’s Neutrino2018 talk)

® One idea to get more info: is prediction
bad for all isotopes? Or a specific isotope!

Example: Fit virtual beta branches
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http://doi.org/10.5281/zenodo.1286841

Present Issues, Summarized

® Flux predictions don’t match global measurements
® Hypothesis |:Predicted fluxes are just wrong for some (all?) isotopes

® Hypothesis 2: Electron antineutrinos are oscillating away

® Spectrum predictions don’t match global (LEU) measurements
® Can’t be from oscillations.

® |ikely a model problem. Is one isotope’s prediction wrong? Or all isotopes!?

® VWhat can we do to address all of these issues????

21



Present Issues, Summarized

® Flux predictions don’t match global measurements
® Hypothesis |:Predicted fluxes are just wrong for some (all?) isotopes

® Hypothesis 2: Electron antineutrinos are oscillating away
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Flux-Independent Reactor Osc= Search

® Search for baseline-dependent energy spectrum distortion
inside a stationary, segmented, short-baseline detector

100s of detectors in 1! L vs E, oscillated
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235U Ve Energy Spectrum Measurement

® Measure energy spectrum of 235U V. using an HEU reactor

® Then ask: how do results differ for HEU and LEU reactors!?

® Can give a clue which isotopes are poorly predicted

— = : — Daya Bay, CPC 41 (2017)

.........................................................

J

E>
I
f

80000 —— Data

o= . Full uncertainty

H
<! .

60000 .
- Reactor uncertainty

t
Eig

40000

I l] T |I L

ntries / 250 keV

]
At
At

\

\

|

]

\
Y
Ny
(I @ ]

I.IIII
{

OO0

— —
. -

-

o
OO

"A’

1 * &0 0 $.0.0.0.0.0.0.0.0.0.0 O 0.00000

O
=
)
o,
B
o,
o)
o,
B

Reletele el %%
PSSO
070%6% % % %%

2 4 6 8
Prompt Energy (MeV)

]
Ratio to Prediction
(Huber + Mueller)

o O
—
&
o
")
o
o,
)
B

24



e, o o  —— e — - "
& St —_—_——— @ ‘ g e e Y
N s ‘ i ‘ o Py G g . “- \—| 2 o _"_*;—,_— — ~ 2 B o . i

e
RET 1

The Precision Reactor Oscillation

and SPECTrum experiment

r s
*T;‘,’

....

[
"y YI{ V. ) i D
A A J TR | G4
NN &N
' ¥ g |

' PROSPECT.

Georgia

IN]?VIQQE} £ TW@ZA\V& Tech

Lawrence Livermore BROOKHEUEN ler

[
m% National Laboratory NATIONAL LABORATORY

Drexel

UNIVERSITY

National Laboratory



PROSPECT Experiment Overview

Scientific Goals
|. model independent search for eV-scale sterile neutrinos at short baselines
2. measure 23>U-only antineutrino spectrum to address spectral deviations

Close proximity to reactor (< 10m)

search for sterile oscillations throughout
the detector (segmented)

high statistics for precision spectrum
possible at research reactors, allows us to
isolate a single isotope 23°U

Antineutrino Detector

FETITTTLL48)

@ High Flux Isotope Reactor (HFIR),
Oak Ridge National Laboratory
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High Flux Isotope Reactor (HFIR)

85MWV highly enriched

uranium reactor Power density Reactor Sizes

>99% of V from 235U,
~no isotopic evolution

24-day cycles, 467% RxOn;
RxOff: measure background

Power

Reactors

Compact cylindrical core:
0.2m radius, Im height

Baselines 7-12m within mobile detector
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PROSPECT Experiment Overview

Scientific Goals
|. model independent search for eV-scale sterile neutrinos at short baselines
2. measure 23>U-only antineutrino spectrum to address spectral deviations

Challenges at HFIR near-surface site

backgrounds: cosmogenic fast neutrons
and reactor gammas

limited space: compact calorimeter
reactor 03 detector technology not well-
matched for this environment

Antineutrino Detector

FETITTTLL48)

@ High Flux Isotope Reactor (HFIR),
Oak Ridge National Laboratory
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IBD Detection in ¢Li-doped LS

\

IBD: Ve +p = g7 +n

* develop new liquid scintillator to detect IBDs near-surface reactor environment

29



NS
IBD Detection in éLi-doped LS AV

prompt 7“@"7 E=1-10 MeV
|BDZVe+p—>ﬂ++n ﬂ+//

Ve
Ve
7/

* develop new liquid scintillator to detect IBDs near-surface reactor environment

* prompt (or detected) energy: positron ionization is a proxy for neutrino energy

30
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IBD Detection in éLi-doped LS AV

prompt 7“@"7 E=1-10 MeV
|BDZVe+p—>ﬂ++n ﬂ+//

Ve
/ Q
Ve v

delayed x
~10um
correlated coincidence!

* develop new liquid scintillator to detect IBDs near-surface reactor environment

E~0.55 MeV

* prompt (or detected) energy: positron ionization is a proxy for neutrino energy

* development of 6LiLS for neutron tag needed in compact detector as decay is highly
localized in space.. within a PROSPECT segment

6LILS ideal for neutrino identification in compact, near-surface detector

31



Pulse-Shape Discriminating 6LiLS

Probability

Developed ¢LILS with capabilities to distinguish particles through their scintillation timing

profile (ionization density).

PSD adds powerful information to identify IBD and reject backgrounds

A multi-year R&D effort to optimize PSD, geometry, optics, etc.

— electronic recoil
-~ nuclear recoil
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4 tons ¢Li-loaded liquid scintillator with
energy resolution of <5%/MeV

154 segments, | |9cm X [5cm X 15cm

thin (1.5mm) highly reflective optical panels

held in place by 3D printed support rods

calibration access along each segment

3D position reconstruction (X,Y) with (Z)

from double-ended PMT readout

optimized shield for backgrounds at the

surface and reactor

tilt for calibration
access

3D printed
support rod

3m

Ffoor

2.6 m

outer neutron shield

le PROSPECT cross section ||

100900060000060000)
100000000000000)
1000000000006000)
190006000006000000)
&00000000000000\

Concrete Monolith

| 19cm

il

Liquid Scintillator Volume
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Combatting Backgrounds On-Surface \
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Event rate [mHz/MeV]

Near-surface backgrounds: cosmogenic fast neutrons, reactor gammas

Combination of segmentation, ¢Li liquid scintillator; particle ID powerful

PSD, shower veto, topology, and fiducialization cuts provide

>| 0% active background suppression (signal:background > |)
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Component Fabrication

S5 == 7

2016-2017: COMPONENT FABRICATION
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NS
Within A Few Hours: Neutrinos! ‘///'

5 PROSPECT, ins-det[1808.00097]
(24 hours) Reactor On
i Reactor Off
A7 HOpeH
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1 o L%
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Time to 5o reactor antineutrino detection at Earth’s surface: <2 hours
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Neutrino and Background Datasets
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IBD counts (arb.)
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33 days of Reactor On
28 days of Reactor Off

From 0.8-7.2 MeV prompt:
24,461 IBD interactions
average of ~771 IBDs/day
correlated S:B = .32
accidental S:B = 2.20

IBD selection defined and
frozen on 3 days of data

Segment-to-segment |/r2
drop-off clearly visible!
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Present Issues Reminder

® Flux predictions don’t match global measurements
® Hypothesis |:Predicted fluxes are just wrong for some (all?) isotopes

® Hypothesis 2: Electron neutrinos are oscillating away

® Spectrum predictions don’t match global (LEU) measurements
® Can’t be from oscillations.

® |ikely a model problem. Is one isotope’s prediction wrong? Or all isotopes!?

® VWhat can we do to address all of these issues????
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Rate

Neutrino Oscillation Measurement

® Combine data into |6 energy, 6 baseline bins

® Divide each baseline’s measured energy spectrum by the
full-detector measured energy spectrum

® Compare this to predicted ratio for different (Am24;, sin2204):
2 (Am?,sin?20) = ATV 1A

Xmin
PROSPECT, PRL 121 (2018)
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Oscillation Fit Results

~y

“uy
N

® Best-fit X2 of 57.9/78

® Null (reactor flux anomaly) oscillation is 4 (10.8) higher in X2

® \VWhat does this mean?

® Do we rule out null oscillations? Or the osc-only flux anomaly best-fit?

107"

10° No oscillation
X2/NDF=61.9/80

107"

1
. 2
sin 2614

10°

Flux anomaly best fit
X2/NDF=68.7/78

Best-fit
X2/NDF=57.9/78

45



N
Establishing Confidence Intervals ‘//

® To change AX2to p-value preference (X0 exclusion),
usually assume that Ax2follows a X2 distribution

® Generation of toy PROSPECT datasets show that this is not true for
short-baseline reactor measurements with ~small osc signatures

® Must establish confidence intervals with frequentist (Feldman-Cousins) method

Will’s Will’s
95% CL

Null

:

(@)
N
N
(@)
(@0
—
o
—
N
—
N
—
(@)
—h
(0]
N
o
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Osc Parameter Sensitivity and Exclusion \

el 4
Ny
e

i

® W/ith 33 days of reactor-on data-taking we are excluding new
interesting regions of sin220 4 parameter space.

® Short-baseline reactors currently do

the best in constraining .
this active-sterile
mixing parameter

AmzZ, [eV?

® Rule out best-fit of
the osc-only solution
to the flux anomaly

at 2.20

® Currently statistics limited
major improvements
coming with additional data

I I I I I T 1 I I I Lﬁ;.—r I
10— — —]
1= - -
-~ RAABESTFIT i

— \
PROSPECT EXCLUSION, 95% CL N

~  PROSPECT SENSITIVITY, 95% CL 3
\
SBL + Gallium Anomaly (RAA), 95% CL '

1 0—1 | | | | | L1 1 r | | | | | | L1

10°° 107

PROSPECT, PRL 121 (2018




Measurement of 23°U
antineutrino spectrum

T 1.0 T T T T T | T T T
3.0 v i
CI\EI)L\J/N—LS . 5 + Present results
LOUNIS € ° . s |LL, from € spectrum
MeV h o I . ) 0 P |
T ~ D et al., calculation
: A1 :
2.0 : 0.5k : o AG, calculation |
| iz, ~REACTOR ON
\ i | __REACTOR OFF
| |
1.O} \\ B
\
\ ¢ ° .
A
™ O | | | | | | 1 |
I T e 0 2 3 4 5 6 7 8
E+ (MeV) Eet (MeV)

Here’s the best existing measurement from an HEU reactor:
5000 events inl1 981 ILL experiment with copious backgrounds



Switch to Spectrum Measurement

® Search for baseline-dependent energy spectrum distortion
inside a stationary, segmented, short-baseline detector

® Datasets largely similar: 40 (33) reactor-on days for osc (spectrum) result

® Spectrum dataset: 31,000 IBDs detected, |.7:1 signal:background
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Spectrum Result
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Neutrino and Background Datasets

o 4

® | ook at reactor-on and reactor-off data in a different way:
energy spectrum before and after on-off subtraction

® Subtraction looks complete in high-energy sideband (good!)

® Expected background peaks at ~2 and ~4.5 MeV cosmogenic neutrons

PROSPECT, [nucl-ex]1812.10877 (2018)

% 2500 — Reactor-on
X - - Reactor-off
8 ¢ IBD candidates
' 2000
(%,
C
3 1500
O

1000

500 )
O T —_ Jrnnn— l..uuuuuuui ----- ] ‘-;’..-....l...I......-....'."......;..‘...

2 4 6 8 10 12
Prompt Energy (MeV)

vy

\4
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PROSPECT 23°U Spectrum Result

A\

LN & 4
Ny

7 4
.,'

® Background-subtracted 23°U spectrum result

® Compare to the Huber
beta conversion prediction

® Small neutrino contribution
from activation of reactor

components

® Small correction for
time-dependent effects
in reactor fuel

® General agreement in broad

spectrum features

= 2000
-
o
o
Q
4 1500
c
-
O
O

1000

500

PROSPECT, nucl-ex[1812.10877] (2018)

—— “SAl+"He+NonEq
——— Huber **"U
-~  Combined Model
{ IBD candidates

| | | | | | | &

1 2 3 4 5 6 7
Reconstructed Visible Energy (MeV)
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PROSPECT 23°U Spectrum Result

® Background-subtracted 23°U spectrum result

® |s PROSPECT consistent PROSPECT, nucl-ex[1812.10877] (2018)

2 2000 e
. () —_— BAIIHe+
with Huber’s 235U model? s @ I
% 1500 —— Combined Model
® XZ/ndf = 52. |/3 I ; § { IBD candidates
p-value = 0.01 S
1000
® So Huber broadly agrees with
PROSPECT, but not a great fit 200
® Worst offender is high energy; oF, , , , , , r
fit is OK otherwise. X
0
® Bkg issue? Unlucky statistics? T
Need more stats to know for sure. =
2
® Note: stats still dominate overall @ 075p== Hiber H

uncertainties across the spectrum

110"

3 -1

Local P-Value

:102

x> Contribution

Al 1 | | | 1 L 3
A2 3 4 5 6 710

Reconstructed Visible Energy (MeV) 52



PROSPECT 23°U Spectrum Result

® Background-subtracted 23°U spectrum result

OSPECT, nucl-ex[1812.10877]
® How does PROSPECT =
¢ y - —— “Al+"He+NonEq
compare to ‘bump’ in ey
LEU O3 experiments?

———  Combined Model
{ IBD candidates
® PROSPECT relative bump size 1000
WRT to Daya Bay: 69% + 53%

N

o

o

o
|

1500

Counts/200keV

500

® ~consistent with ‘no bump’ (0%)
and ‘DYB-sized bump’ (100%

® ‘Big bump’ (178%) if 23°U is 5
. 0
the sole bump contributor E
O
e Disfavored at 2.10 ke }
© 0.75F=— Huber {
o -~ = Best-fit excess | |
1 1 | 1 1 1
| Daya Bay, CPC 41 (2017) ) N 110
S5 12 ‘the bump’ 00000001 S oL 1
B = RN 5 1O
5 g 1.1 : 2 3110 >
£ B = O =
L5 8 110 2'®
o -g 0.9 =~ _2 B ®)
T T R < , -
o 0.8 : i i M -4 1 | | | ! L10™
2 4 6 8 1 2 3 4 5 6 7

Prompt Energy (MeV) Reconstructed Visible Energy (MeV) 3



N
Summary \///

® PROSPECT has set new limits on active-sterile neutrino mixing

® Have disfavored best-fit of osc-only reactor flux deficit hypothesis at 2.20

® PROSPECT and other reactor experiments will continue to lead global
sensitivity to sin2204 in the eV-scale regime for the foreseeable future

® PROSPECT has performed the best-ever measurement of the
235U V. spectrum

® General, but marginal, agreement with beta conversion predictions

® |ack of a‘large bump’ in PROSPECT data with respect to prediction:
indicates 23°U is not the sole producer of ‘bumps’ in LEU measurements

® Additional statistics will greatly improve both of these
PROSPECT measurements in the near future.
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THANKS!

PECT |

| IH M F 0 SR

® Things | didn’t even get to mention (quiz me later!)

New STEREO HEU results

RENO and Daya Bay Spectrum Evolution

DANSS and NEOS

Reactor IBD-CEVNS complementarity

New studies questioning ILL beta spectrum calibration accuracy

Theory studies test inaccuracies in conversion/summation methods
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Active-Sterile Osc Fo

. \
rmalism ‘//

® With | additional (sterile) neutrino,

Giunti and Lasserre, hep-ph[1901.08330]

[ ] m A
new PMNS matrix;
" ) Uy
e RN e —1013 , —1014
C12C13C14 S12€C13C14 C14813€ S14€
C13C24823
— (8 A — 51 C1482.
U —81;;.5‘1_132‘1(3'(3“ 913) 14524
(71,1(72.183.1(’,_m:“
. . ° ° . . 2
® Short-baseline oscillation looks like this: Amig,
—>
1?5”)3[‘(_) = [0as — sin 29,3 sin” (AYZEIL) ‘, _.i
Vo —Vg
where Am3; = Amig;, and AITF
sin® 21 4|Uns” |6 \U |2| AQTM —2
Vap — a4 afB — B4 . 1
Amgo <\__|
. F 1 ° [/1
or numu, nue experlments.
3no+1

sin” 20, = 4|Ues|?*|Uus|? = pin® 2014fsin® 924 LSND/mB/uB

sin® 20, = 4|Uea|? (1 — |Uesa|?) =[sin”® 2914 | PROSPECT / s

nort-baseline reactor
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Active-Sterile Osc and LBL CP-Violation ﬁ///

v Events / 250 MeV

v Events / 250 MeV

Dutta, Gandhi, Kayser, Masud, and Prakash, JHEP 2016:122

R . .
To avoid obscuring LBL B. Kayser, 2016 PITT PACC SBN Workshop

CP-violation interpretation,
would be best to have O(5%) constraints on sin220x4

250 __' T l ™TTT I ™TTT I ™TTT l ™TTT I xxxxxxxxxxxxxxxxxxxxxxxx AL B S S S B S B S T ' ™TTT [ ™TTT I ™TTT ] TTT ' ™ T T
: . 0,4, 0,4, 05, =5°,5°,5° (NH-v) | —— 340 (+ 10% error)

: 6[320 ] 3+-l 6”:1-'[/2 d
200 - T B

150} t :
100 f

50
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) 0,4, 0s1, 05, = 15°,10°, 25° (NH-»)| —F— 340 (+ 10% error) 6 —11/2
613=0 341
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20}
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https://indico.cern.ch/event/465347/timetable/?view=standard_inline_minutes

Path to seg

mented SLILS detector with particle |

Aug 2014-Spring 2015

PROSPECT-0.1 5cm length
Develop LS 0.1 liters
Characterize LS LS, 6LILS

PROSPECT-2 12.5 length Ty
Background studies 1.7 liters ey e
Dec 2014 - Aug 2015 6LILS light guides

low mass reflectors -

PROSPECT-20

Segment optics
Component design

PROSPECT: NIMA A806 (2016) 401 |§j

Internal reflectors

I
{

Acrylic cell

1m length
23 liters
LS, 6LILS

T
Li EJ-309 LS 15.i cm

100 cm

UVT acrylic flange

PMT with light guide

Spring/Summer 2015

PROSPECT: JINST 10 P11004 (2016)

PROSPECT-50
Performance validation
Subsystem testbed

Simulation benchmark

1x2 segments . _
light collection

1.2m length 8.l |
50 liters & energy resolution
LS 6LI LS § 0.1 T electronic feéoil PS D performance

2017-2018

PROSPECT: JINST 13 P06023 (2018)

T T - T :
1.0 15 2.0 2.5
Energy (MeV)

.-:I
0.5

PROSPECT AD

Physics measurement
data taking 2018

Calibration drive Borated polyethylene

11x14 segments
1.2m length

4 tons

6LILS

PROSPECT: arXiv:1808.00097

Danielle Norcini

Stanford HEPL Seminar: 16 January 2019 Yale University ~ 58



Energy Calibration

Gamma sources (137Cs, 60Co): Deployed throughout the detector
Fast-neutron tagged 12B: High-energy beta spectrum calibration

Full-detector Eicc within 1% of Etrue

High light collection: 795+15 PE/
MeV

(a) Gamma Sources
+ 1870g
-+ *Co
. |BestfitMC

Arb. Unit
(@)
o
(@))

o

o

=
o
-
o

Data
Energy Model

w
S
c
Q
-—
=
O
(%))
)
o

0

4.5% at 1MeV

o o
(0] (0]

Rate [mHz/MeV]
o
N
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PROSPECT Response

Response to 4 MeV Neutrinos

— 5%NE

— —- 5%/VE shifted to fit the PROSPECT peak
—— PROSPECT Response

Prompt Energy (MeV)

PROSPECT detector is compact with a
limited gamma catcher volume and
modest inactive volume

Escaping gammas and the energy lost in the
inactive volume makes the response
complicated

Additionally a small contribution of
reconstructed events at ~0.5 MeV arises
from IBDs originating in the inactive volume
whose gammas and neutrons are detected in
the active volume

Monte Carlo-generated response matrix is
used in PROSPECT to handle this
complicated response

Response matrices are similarly required to
be able to properly model energy response
of other compact detectors
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Energy Stability and Uniformity

Calibration position map Energy uniformity

Energy stability

e Source Calibrations
e Optical Calibrations

May 30
Date in 2018

60 80 100
Segment Number

@ 35 calibration source tubes throughout
detector to map energy response

@ Uniform segment to segment response
o Stability in reconstructed energy over time

61



Energy Stability and Uniformity

{ Po-215  { Po-214 {nH
e P 5% ety 98 8000 apmepe
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Date in 2018 [mm/dd]
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Position Calibration

lib

i s < L — SO UMD~ AL~ USMAMAIRL '~ UMMM . st

"

PrvommerentSomemmmatyiovsmearensh s At e

. A J

Pinwheel tabs alter local light transport,
causing ‘tiger stripes’

rate [Hz/ns]

nown tab positions anchor

absolute position scale in
every segment




Relative Segment Volume Calibration

e Relative mass vital for oscillation search

200 S’egmeé\t 76

=
o
[
—
c
=2
O
O

o Survey during assembly: < 1% variation

e 22/Ac added to LS prior to filling

Uniformity in rates within segment

* Double alpha decay
(219Rn—215Po—211PDb), highly localized, °E PRELIMINARY 20 Ja274 000
1.78ms half-life, efficient selection | |
straightforward,

* Measured absolute z-position
resolution of < 5cm

600 hr if data
1.4% per cell

* Direct measurement of relative target I

mass in each segment Segmen
Uniformity in rates between segments
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Other Backgrounds

Correlated nH followed by nLi Correlated inelastic scattering on
12C followed by nLi

M ol o

COFFe|€l_’FQ_d Fast Neutrons

o R B

Delay PSD Paramater

ACCiden‘tals | R TR Ry 3

gammas | arXiv:1309.7647

Prompt PSD Parameter

Cosmogenics are the main source for these two background classes 65



Cosmogenic Background Variations

Events Rate, Hz

(&)
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e
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29.2
03/22 04/08 04/26 05/13 05/30 ' 29.6 29.8 A?ﬁé%pherig%fessure3?ﬁﬁg
Time Scale ’

e (Cosmogenic backgrounds are slightly dependent on the atmospheric pressure

© Measure correlation between pressure and background rates during reactor-off time

e Scale the backgrounds during reactor-off time using this correlation
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Why use FC 7

<

Feldman-Cousins 95% CL Exclusion

Standard 95% CL Exclusion




Why use FC 7

Correct coverage

Overcoverage

e |f probability contained in the Wilk’s theorem-defined chi2 values <(>) 0.95 then that point is undercovered (overcovered)
e Chi2 = +/- 1 taken as threshold to define the right coverage

e => undercoverage if P(6.99) < 0.95 and

overcoverage if P(4.99) >0.95 68



Neutrino-4

Feldman-Cousins Approach

O Standard (incorrect) method does not handle boundary features such as bounded nature of sin?26
(0,1) or cases when oscillation frequency approaches energy bin size. Feldman-Cousins method solves
those problems

[ Comparing p-values for Feldman-Cousins and standard (incorrect) methods:

P-values 3v-oscillation hypothesis RAA sterile v oscillation
hypothesis
Feldman-Cousins 0.58 0.013 | —
> - _
Standard (incorrect) confidence  0.14 0.005 % 10F ]
intervals assighment e f :
= i i

I

Q If standard (incorrect) confidence levels used instead of Feldman-Cou|

|

 We say 3vis less compatible with data than it actually is

 Illustrates an importance of using Feldman-Cousins 1

Best-fit

lllllll

—— Feldman-Cousins, 95% CL

—-— PROSPECT Sensitivity, 95% CL )

| * | sBL + Gallium Anomaly (RAA) 95% CL
1 L 1 1 L L1 1 1

1072 107" 1




Neutrino-4

Feldman-Cousins Approach

[ Standard (incorrect) method does not handle boundary features such as bounded nature of sin?26

(0,1) or cases when oscillation frequency approaches energy bin size. Feldman-Cousins method solves

'l |

X Observed, 24p, 500keV

I |« Am’=7.34eV7, sin’(26) = 0.39 N S Ut ri No -4 D a—ta—

Am’=7.34eV’, sin’(20) = 0.39 ' /DoF 16.8/25 GoF  0.89
l Unity L/DoF  30.1527 GoF 031 [ll=\ ' eell Erilely)
i

hods:

.
th
1

average

N(L, E)/N(L,E)
1.
1

- Y -
R

:Es.
%47

_I—

: ki
’Mi—i
)
&

4
2T

e 1

]

=8

I«

L J

l—i—i

*
*
L ]
]

Am’=7.34eV’, sin’(20) =0.39 y'/DoF 10.26/17 GoF 0.89
Unity Y/DoF 222919 GoF 0.27

e
th
1

1 ' 1 ' 1
[ 1.0 1.5 2.0 25 3.0 3.5 4.0
L/E

v

vve oo

. : . 1
O Illustrates an importance of using Feldman-Cousins

IIIIII
llllll

|

—— PROSPECT Exclusion, 95% CL
% Neutrino-4, Bestfit and 1c CL
Neutrino-4, 2 CL

Neutrino-4, 3¢ CL \
--- PROSPECT Sensitivity, 95% CL '
SBL + Gallium Anomaly (RAA), 95% CL
10——-1 L 1 L 1 1 L1 1 [ 1 L 1 1 1 |
1072 10°" 1




New STEREO Results at Moriond |9

Events

Ratio to Normalized

prediction

Ami1 (eV?)

3500 £ 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
— : LI L e LI LI ’ 1 LI LI LI LI LI
3000 |- —+—+++—¢—+ : %%/ ndf=33.3/21 Preliminary ! ! il ! ! ! !
- -+ : :
2500 [— 4~ aa Nucifer & 1 1.014 =0.108
: = Preliminary 7.2m .
U = =
2000 — ++ zI3.L76Lm & - 0.792 +0.072
1500 |- N SRP-| 4 0.941 =0.026
E * : SRP-I [ 1.006 +0.029
1000 — ++ 238 m E
- =2 , Krasnoyarsk-87 —s 0.925 +0.046
~ 33.0m .
500 [{ —#— Data S— .
- e Krasnoyarsk-99 e 0.946 +0.028
~| —+— Normalized prediction 340m -
0 bl eeeee000000600000000000000800000000000000000000000000000800000000000000000000000000000m00 Krasnoyarsk_94 +‘ 0.936 t0.039
1.9 |freseeenee e A B e = 57.3m -
1 q—.—_‘-_—“’“ -+-1=;i-_‘—+-—l-+-—|-‘H-“JTT|-'4~‘+--+;F ------- Krasnoyarsk-87» | 0.942 =0.192
09 } : : ~ -
08 | —}— Data / Norm. prediction + . AV?"Q e pure 235 .“ 0.954 +0.014
Total uncertainty _|_~|> JHEP 1708, 135 (2017) E
071 Exp. uncertainty 9S4T1E‘RZEO "E+_‘ 0.972 :0.025
06 1 1 1 | 1 Co B - -
? ’ ) ° ° ! New world average L 0.958 +0.011
107 DB+RENO (no osc) o1} 0.924 :0.014
lllllllllllllllll|ll§llllllllllllllll|llll|ll
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
bserved Expected
op / o

' \ e VWow! Nice!

- RAA 95% C.L.
- = RAA 99% C.L. .
N\

- Ao Interested to see closer
e comparisons to PROSPECT,

[ Sensitivity Phasel+Phasell

10~} BB Exclusion 90% C.L. Phasel+Phasell N gl Obal fI uxes, e | 3 eXPe ri m ents

1(1‘ 1 1
sin?(26,.) 71




Testing Steriles: NEOS i/

® 2016: Compare spectra between two experiments at different
baselines: NEOS (25m) and Daya Bay (~500m)

® NEOS: compact detector underground in commercial reactor’s tendon gallery

® Everyone knows DYB...

° ° o T T || I | T T T || ; | 1T T 1 |
® No strong evidence for steriles 3 anaiowed | ]
- 90% CL 5
e Limited by uncorrelated DYB-RENO systematics £ [ 95% CL = i
< L 99% CL % - -
e Limited by larger core size and distance = ;
= ~ > Excluded B
E NEOS 90% CL ]
— B — — Bugey-3 90% CL |
1.1 ( ) —+ NEOS/Daya Bay - T e D?ya Bay 90% CL_ |
S i Systematic total ([ ]L B .
s O i | |
o] BRI
o 1.0 b=t b AL ). L 7= —
a .
s 107" —
8 . (1 73 evz 0 050) I ll—"" | | A I || | | L 1 1 111
(2.32 eV2, 0.142) 107 10” 200 |
""" - , 0. sin
oo . o 0 o 1| NEOS,PRL 121 (2016 h
1 2 3 4 5 6 7 - - 10 ’ ( )
Prompt Energy [MeV] 79




DANSS

® 2018: Compare spectra between the same detector deployed
at two different baselines (10.7m and [2.7m)

® Commercial 3m-length reactor — 5000 events per day! Awesome!

® Have presented relative spectra between locations

Reactor up heref

DANSS, PLB 787 (2018)

o
N
)

Ratio Bottom/To

0.68

0.66

0.64

o
~
—‘lllllllllllllllllllllIlllIlllI
|
R
{

T2 3 4 5 6 7
Positron energy, MeV
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DANSS

LN & 4

Ny
i 7 4

~,'

® 2018: Compare spectra between the same detector deployed
at two different baselines (10.7m and [2.7m)

® Published results (Phys Left B): no steriles yet

® Neutrino 2018: showed 30 allowed region; not sure what to make of this

® Statements about some systematics still needing to be investigated

10
Am?2
[eV?Y] Feldman-
Cousins
Allowed:
1
B 99%cCL
B 95%CL
mwe B oo%cL
Syst. effe
0.1
Up/Dn
only * 3 g means not a discovery,
: but just a cause of thinking”
00131 DANSS, Neutrino 2018 | —— A. Serebrov

T
0.001

0.01

g sin¥(20)

107"

DANSS, PLB 787 (2018)

—— All v, Disappearance Expts (Mention), 95% CL

——— SBL Reactor Anomaly (Kopp), 95% CL

~——— All v, Disappearance Expts (Kopp), 95% CL
Gallium Anomaly (Kopp), 95% CL

1072 107" , 1
sin°20,,



(Data-MC)/Data

DANSS: Systematics

] g 12
e DANSS systematics o F Blue: PROSPECT Full Energy Model
8 1.15—
. Yo Open: PROSPECT Linear Energy Model
® E-scale at high energy seems 11E Red: DANSS, PLB 787 (2018)
well-calibrated — great! -
1.05:— QI‘IH
® What about low (<4 MeV) E? | SN S— S — b
S
® What about relative low-E "E o -
calibrations between positions!? 09F- > F
- ;1202_ x * %°Co data
® Temperature fluctuations " S 100F- — "Cowe
between different positions? ogt ] & 80
* 60
40F
0.1 20F- \
= a) =200 ndf=23 nGd peak O oo™ | e
0.05F _|_ P:
— o 'VE * *Na data
0;'-_ + +‘|‘| | | | -I-‘I‘ —|_ = 60 — #Na MC
= _|_+++ T + '-I——|—|_ —I_ *%502— -
~0.05F T 40F-
= 30F- ! h
-0 L L _ 20F- x
6.5 7 7.5 8 8.5 10F :
O 05 1 15 2 25 3 35 4 45 5
Energy, MeV




Testing Fluxes: Daya Bay Evolution ¥/

LN & 4
Ny

¥
.,'

® Measure IBD yields during periods with differing fuel content.
® Flux anomaly’s size depends on how much 23°U is burning
. . Daya Bay, PRL 118 (2017
® Sterile neutrinos cannot 036 A Y —
explain this result 0.32 f ,ﬁ‘% (;f
- A »
. :A:l A o
e Points towards flux problems < °*° ii y éf‘
0.24 © j
: o EH1 A EH2:
(Blue line scaled down 0'23012 2013 2014 2015
to emphasize slope difference) Daya Bay, PRL |18 (2017)
— 6.05 . . : . 7.0~ ¢ Data
(- -
ke 6.00 —  Best Fit
g 5 o 56-5- Model
3 5.90 ;Eﬁ-o-
S 5.85 by
o ? 55-
7 5.80 - =
o — Best fit - =+ Model (Rescaled) R 5.0 -
T >-13 n_ .. Average ¢ Daya Bay °
© 5.70 l l ) l ) 4.5 FromT. Langford
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Testing Fluxes: RENO+DYB Evolution

® RENO sees similar behavior — flux evolution badly predicted

® No-osc fits indicate 235U

PrediCtiOn is too hlgh Giunti, Li, Surukuchi, BRL, hep-ph[1901.01807]

— & Daya Bay Data
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Global Flux Fits
® What if we fit ALL global flux data: HEU, LEU, flux evolution?

® No-Osc fits indicate 23°U and 238U flux predictions are off!

® ‘Hybrid’ models with both oscillations and incorrect fluxes also fit well
® Q:lIs older HEU data really reliable (STEREO@Moriond — A: Seems so...?)

® Need more osc constraint, more fluxes to totally resolve this!
Best-Fit Parameter Space: 235+238+239

Best-Fit Parameter Space: OSC+239

10 6.8
| — Daya Bay ! ! } | - Rl R W R WO | W S —
| —— Rates - : ' : :
I 6.6 !
6.5 i "
m i ™M
6\16.4 : 6\‘
6.3 ;
. i
c\; 6.2 - E
2. 6.1 :
_ 1 F 7] 6.0 1 3.0 35 20 45 5.0 55 6.0
NEv i 0238 0239
< 6.0 T
5.5 i 5 5o )(2 =20.76
’ X _0.65
Combined 2 g NDF — ™
o 16 .
— D ___Theoretical
1 0_1 T 316 1 11 1 1.1 I : 1 1 1 1 11 1 l I 1 1 1 3 o IBD Yield
10°° 1072 10~ 1 3.5 i A Best fit 0;
sin2213€.e 3.0

1
2 3 4 5 6 7 8 9 10 11 12

Giunti, et al, JHEP 10:143 (2017) 0238 Gebre, BRL, Surukuchi, PRD 97 (2018) /8


http://moriond.in2p3.fr/2019/EW/slides/3_Tuesday/2_afternoon/1_LauraBernard.pdf

Entries / 250 keV

Isotopic Origins: Daya Bay W

® Daya Bay approach: does bump size change with fuel content?
® Would indicate if a single isotope is preferentially responsible for it

F‘235 F‘235
0.65 0.60 0.55 0.50 0.65 0.60 0.55 0.50

- = = Best fit
+ ¢ Daya Bay

bl

E, = 0.7 - 2 MeV

S-1dS,/dFy=-0.16 + 0.07
Daya Bay, CPC 41 (2017)

oMy

0.35

0.30 0.35 : 0.30
F239 F239
Daya Bay, PRL 118 (2017) 79
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Isotopic Origins: Daya Bay
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® Daya Bay approach: does bump size change with fuel content?

® Nothing uniquely odd happening in 4-6 MeV region...

O
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|
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|
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I
©
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O
00

® Not enough statistics to draw a

valuable conclusion, though

Daya Bay, PRL |18 (2017)
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0.98
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Fine Structure: A Problem For JUNO? ﬁ/

L N 4
..'
4

® Another ill-defined aspect of spectrum: fine structure

® Arises from endpoints of individual beta branches in aggregate spectrum

® Do fine structure wiggles obscure wiggle frequency from oscillations, and thus
mass hierarchy measurements at reactors?

Ab initio LWR spectrum

Summation

Huber-Mueller (shifted down)
| . | . | . | . |

2.5

VAR N, MM RUMIEL TRk MR
3.0 3.5 4.0 4.5 5.0

Sonzogni et al, PRC 98 (2018)

P.. dN/dE 6, (cm?/MeV/fission)

le—44

Ab initio LWR spectrum, oscillated

I
1

,\!_ f\/‘\’/\\/\ ......

J

(O8]
’.;:::\
P—

| —

(\
]

— NO JEFF & ENDF

NO Huber-Mueller
10 JEFF & ENDF
IO Huber-Mueller

S
2 3 4 5 6 7 g
antineutrino energy (MeV)
Danielson et al, arXiv:1808:03276 (2018) 81
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Fine Structure: A Problem For JUNO? \//

® Nuclear theorists: fine structure features are too small to affect
the mass hierarchy measurement.

Fourier Cosine Transform of Oscillated LWR Spectrum

® Demonstrated using a Fourier 4 (\ ——— NO Huber-Mueller

decomposition approach .. 10 Huber-Mueller
— NO JEFF & ENDF

N 10 JEFF & ENDF
------ NO residuals
IO residuals

® Some discussion appears
to continue in community!?

® ‘Fourier decomposition not
used by JUNO...’

FCT (cm?/MeV/fission/eV?)

® ‘One specific energy range
matters for hierarchy; what’s
fine structure like there?

=31 Danielson et al, arXiv:1808:03276 (2018)

0.0020 0.0022 0.0024 0.0026 0.0028 0.0030
|IAm?| (eV?)

® Some discussion of dedicated fine structure measurements
® Need a high-resolution detector (better than JUNO)
® Need a high-statistics measurement (ideally much more than JUNO)

® DYB and PROSPECT could provide some info on fine structure; optimized,

dedicated detector would more precisely nail down fine structure ”



N
IBD-CEVNS Complementarity \//

® CEvVNS is predicted by standard model with high precision

® Precision absolute measurements of CEVNS = ability to probe BSM physics!

e Ultimate limitation for CEVNS BSM-testing with reactors:
the antineutrino flux

® As we know, we cannot trust reactor flux and spectrum predictions
® Solution: relative measurements VWRT IBD measurements

® SM likely also predicts CEVNS-IBD ratio with high precision

=15

® So for sake of A g sofeamore T [T Beamon

CEVNS, let’s g 15f + + + +
squeeze every o.-_{-+_+g+-wH+-+ﬁ-+«-+V+i+~+_+_++.~+~.
last improvement <1~ t° J ' ' T

5 15 25 35 45 5 15 25 35 45
OUt Of abSOIUte B . 60— ' ' ' Number of photoelectrons (PE) ' ' ' '
IBD vyield and $ as| "o OF I vy G, y,| BeamON
spectrum 2 y

I 3 1 + It |

measurements!! : °“++*+“+++*++**_++_+“HM o eumars

1

3 5 7 9 11 1 3 5 v, 9 B |
Arrival time (us)
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Reactor Neutrino Monitoring Advances ﬁ//

Last few decades have brought major advances in realized tech:

8  \e

1950s: First Detection; ~1000 counts in | mont; 2000s: SONGS: ~230 counts per day, 25:1 S:B, but
5 background counts per | antineutrino count (S:B |:5) must be underground. ‘semi-safe’ detector liquid

1980s: Bugey: ~ | 000 counts per day, S:B 10:1,but only NOW: PROSPECT detector: ~750/day from only 80MW
underground. flammable/corrosive solvent detector liquids reactor, S:B I:1 on surface, ‘safe’ plug-n-play detector g4



Spectrum Measurement Applications

® Note: An experimental demonstration of reactor monitoring
® Theory-based case-studies of Iranian, North Korean nuclear reactors: arXiv[1403.7065], arXiv[1312.1959]

® Unambiguous monitoring of reactor’s 23°Pu content utilizing a reactor’s antineutrino spectrum

|—|—| Events in 5 ton year X mark neutrino detector locations
250m >10*
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Includes copyrighted material of DigitalGlobe,Inc., All Rights Reserved
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Flux Measurement Applications i%

Counts/hour

® (Can perform ex-situ reactor power monitoring with
compact inverse beta decay detectors

® May be helpful for specialized reactors (sodium-cooled,
high-pressure gas-cooled), etc.

® We now have tech for doing this on-surface (PROSPECT)

5
Reactor On

Reactor Off

N
|

p(n,y)d

w
|

120(n,n)120*

N
|

T
E—

2 4 6 8
Prompt Energy (MeV)

o
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Bad Flux Prediction Possibilities

® A litany of hypotheses HOWV the fluxes could be incorrect:

® Maybe it’s specifically related to beta-decays:

® Maybe forbidden decays aren’t treated properly. Hayes, et al, PRL |12 (2014), PRD 92 (2016)

® Maybe fission isotope beta spectrum measurements
are wrong. Letourneau and Onillon @ AAP 2018

® Maybe it’s specifically related to fission yields:

® Fission yield databases are
incorrect! Sonzogni, et al PRL |16 (2016)

® Fission yield dependence on neutron energy not
considered correctly? Littlejohn, et al PRD 97 (2018)

® Maybe there’s an issue with
*ONLY* U238?

Hayes, et al PRD 92 (2016); Gebre, et al PRD 97 (2018)

® Ftc...
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https://neutrinos.llnl.gov/content/assets/docs/workshops/2018/AAP2018-ILL-spectra-normalization-Onillon.pdf

Flux Results

® |etourneau and Onillon: "Investigation of the ILL spectra
normalization,” presented at AAP 2018 in Livermore, CA

Four measurement performed at the ILL in the 80’s

= 235(1): [1] K. Schreckenbach et al., PLB99 (1981) 251

% Normalized on: *7Au(n,e’)**Au Slan emmeewen
= 235(2): [2] K. Schreckenbach et al.", PLB160 (1985) 325 % b Uncorrelated
% Normalized on: 27Pb(n,e’)2%8Pb and E"“E‘ ................................................................................................................................. +++
_ . 115 116m N U —
B-decay following **>In(n, y)*°™In MSE_ ...... _H_ +{_ &L W{fhp—}r}_}% AAAAAAAAAAAAAAAA +
m 233py: [3] . Feilitzch et al.”, PLB118 (1982) 162 o_gi_ .........................................................................................................................................................
Q> Normalized on: 197Au(n,e')198Au and 115In(n,y)115In 0_85;_ .........................................................................................................................................................
0.85 e —— e )
= 241py: [4] A.A Hahn et al., PLB218 (1989) 365 | Electron energy (MeV)
 Normalized ons 7Pb(n,e )%Pb and Sin(n,e JHm) 5o 76 o measuredsectron-energy spct o

® Neutron flux calibrated out through relative measurement
with respect to well-known neutron cross-sections

® | ooks like some of the ‘well-known’ cross-sections may have been wrong

® This adds a 5% shift between 235 and 239 - solves DYB flux evolution?  gg



Incorrect Spectrum: Theory Studies

® Do non-thermal neutrons cause the bump!?
® |LL neutrons are thermal; LEU are NOT — different fission yields!

® This difference has only minor impact on
antineutrino fluxes and spectra.

No bumps!
No major flux offsets! l
0.175 - — == HFIR 235U
I o R NBSR 235U
 0.150 - —— LWR 235
| e twReRU o oo
; — WRZ%Pu | S A
: —— LWR %*1py A T |
' g 1.10} 239Pyy
B 1.05 ==
IR 1 1] S ——
(Vp] ;
© 1150
c .
o 110 24lpy
e
D 1.00k-cco-ee.
— :
1150
1100 L EU ,
1079 108 107 10-6 105 10~4 10 1.00p=zzzces ; s i S o — S——
Energy [MeV] 2 3 4 5 6 7 8

Antineutrino Energy [MeV]

Littlejohn et al, PRD 97 (2018) 89



Incorrect Spectrum: Theory Studies

\

® Could incorrect effective nuclear charge cause the bump?

® ‘How bad would effective charge have to be to make it cause a bump?’

® A:really bad, beyond
what could be
reasonably expected
in nuclear physics...

® So this is not the cause.

Sonzogni, McCutchan, Hayes, PRL 119 (2017)

| | | |
50 h -
40 4 Y -
/ T
/
30 / —— % summation
/ —— 25U Huber
-/ — **U adjusted
20 T . T ' T ’ T ’ T
2 4 6 8 10

End Point Energy (MeV)
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Incorrect Spectrum: Theory Studies

® Could incorrect forbidden shapes cause the bump!?

® A:lt seems possible; multiple theory groups seem to agree on this.

Sonzogni, McCutchan, Hayes, PRL 119 (2017)

S (a)
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Reactor Spectroscopy: Application

® Why is there more decay heat than predicted 3-3000s after a

reactor is turned off???

® Means we need higher
cooling safety factors
during reactor-off periods:

This costs $$3!!!

® Hypothesis: maybe we
measured branching
fractions of some rare
isotopes incorrectly...

Figure 3. Electromagnetic decay heat following thermal
fission burst of ““Pu - data from JENDL, JEF-2.2, JEFF-3.1
and ENDF/B-VI are shown together with experimental data

from Yayoi, Lowell and Oak Ridge National Laboratory
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» 054 o
g 044
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- = = JEFF3.1 (Europe, 2005) & Lowel
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Time after fission burst (5*
Nuclear Science
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Reactor Spectroscopy: Example

TAGS: One small nucleus, one big effect
Total absorption
92Rb
gamma a) 2000 ENSDF
SPeCtrOSCOPy 51(18) % 0.030 + I‘\\. v ' —‘lllWln :
Measure total & 0| \ g
S, o 00204 9] J.a
gamma energy, g s "0
not individual - .
gamma energies sogp D) Update with o101 //
new data S o00s ;5,,, L
Allows ID of 05(5) % ool 1 R
2 4 6 8
Ievels’ BRS Anti-neutrino E (MeV)
mUCh eaSIer g‘s‘ BROOKHAVEN

A. Sonsogni (BNL), (2010)

If branching ratios are known better, decay released in those
decays will be modelled better

Better model = smaller safety factor = $$$ saved.

93



Reactor Spectroscopy: Implications

® 5 MeV ‘bump’ region One small nucleus, one big effect
produced by many isotopes 2RD ) 2000 ENSDF
of great concern to this ’ L R S a——r
decay heat measurement! N
g.S. :'h: 0.020 N\ tl.
® [wo anomalies from the same o Uodatewith & 1) |
92Rb P ate with * 0010/
Source? new data é 0.005 y 7
95 (5) % 0_0()02 . - \;
® Reactor spectroscopy Avineuino E (MeV)
measurements can provide: B A Sonsogni (BNL), (2010) "eowsies

&= Nucl. Calc., Major Branches
= Nucl. Calc., Minor Branches

: : : Nucl. Calc., Total
e — 8 Conversion, Huber

B .Convorsion. Muel}cr

® Direct check on existing
TAGS measurements

=]
I

e TOTALLY different systematics!

® NEW data if TAGS has not
been done!

® |sotopes: Rb-92, S5r-97, Cs-142

.................................................................................................................................
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Beta Decay Recap

. ° . t p _
® VV-mediated weak interaction — :
9 o &
® Use Fermi’s Golden rule to calculate:
Ns(W) = K p*(W — Wo)? F(Z, W) )
,8( - g ( 0 > ( ’
- T
F | trix el : udd
ro?X:;c fi?:;or:sa (;X © Zment phase space QED correction: semi-classicaly, n
i here for beta gezayps positive nucleus attracts
product beta; lowers its energy RD Evans, The Atomic Nucleus (1955)
. 5111;{T||]l]r%\5'E'T‘l‘iil'!'_
. ° | - —
Other corrections: . TPTS: Cossf
i . 4 i i
® Finite size: C, Lo <3 Higher £ _ = 3 Lower B!
s T = .
® FElectron screening: S ‘r ] 2r B
® Radiative corrections: C : 1 'r N
o Weak : d 00|0|,|012|0|3|0|4'olslos—rm 0~|||||I||| L
eak magnetism: Awm TS T 0 0.1 0.2 0;9 (Moe.Vé) o.(sTe)::s 0.7
10— '
= Huber, Phys. Rev. C84 (201 1) G
3
=
.‘%
_10.|
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