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PROSPECT Experiment Overview

1. Model Independent search for short-baseline oscillation at distances <12m

Physics Objectives
2. Precision measurement of 23°U reactor ve spectrum

Segmented detector design using PSD capable éLi-doped liquid scintillator o ,
. . . . Neutron capture on Li (nLi) provides:
(LiLS) provides powerful aboveground background rejection ) . )
* localized, distinct signal
e uniform efficiency in compact detector
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Experimental site: High Flux Isotope Reactor @ORNL

Compact Reactor Core

Power: 85 MW
235y Fission Frac.: >99%
Size: h=51cm d=44cm
Duty-cycle: 46%
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PROSPECT Detector Design

154 segments, 119cm x 15cm x 15cm Ty
100000000000000)

— ~25liters of LiLS per segment, total mass: 4ton

Thin (1.5mm) reflector panels held in place by
3D-printed support rods

Segmentation enables:
— Calibration access throughout volume

— Position reconstruction (X,Y)

— Event topology ID
— Fiducialization

Double ended PMT readout for full (X,Y,Z)
position reconstruction

Optimized shielding to reduce reactor and
cosmogenic backgrounds

L calibration access

/

PROSPECT - NIMA 922 (2019) 286
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Comprehensive R&D Program

PROSPECT Whitepaper
arXiv:1309.7647

AN

Reactor Background
NIMA A806 (2016) 401
arXiv:1506.03547

* Conceptual design for physics & bkg requirements
* Reactor site assessment
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Long Segment Energy & PSD
JINST 10 P11004 (2015)
arXiv:1508.06575

N

Physics Program
J. Phys. G, 43 113001
arXiv:1512.02202

* Characterize reactor & cosmogenic

* Validate shielding & detector MC with onsite

Calibration drive

Radioactive

deployment tube

Optical separator

Altank
Acrylic tank

X segment
supports

PMT housings

PSD (Tail Fraction)

1 Optical grid

Production Prototype
JINST 13 P06023 (2018)
arXiv:1805.09245

AN

Borated polyethylene

PROSPECT Experiment
NIMA 922 (2019) 286
arXiv:1808.00097

LiLS Production

JINST 14 P03026 (2019)
arXiv:1901.05569
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Optical Grid
JINST 14 P04014 (2019)
arXiv:1902.06430
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Calibration System

arXiv:1906.07244

NIMA 944 (2019) 162465
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Event Detection in PROSPECT

Event Identification

Prompt signal: 1-10 MeV
positron from inverse
beta decay (IBD)

Background reduction through detector design & fiducialization

Delay signal: ~0.5 MeV
signal from neutron
capture on 6L

40ps delayed n capture Pulse Shape Discrimination , Simulation =

-1 n om =
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fast neutron background
recoil-like prompt, capture-like delay
capture-like prompt, capture-like delay

Delay PSD

PROSPECT - NIMA 922 (2019) 286

Accidental Gammas |
0

10

accidental gamma background T segment x
y-like prompt, y-like delay

Background reduction is key challenge
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Energy Reconstruction

Calibration Spectra

y ’ } ®Cod .
=l ;s dam = Sources deployed throughout detector, measure single segment
8 LI  #Na data
* — N [)Best fit MC response
: o. -' *9“‘ 12 . .
|~ _M_AQ: \ = Proton PSD tagged '’B production - high-energy beta spectrum
0 0.5 1 1.5 2 25 3 H H
Eree [MeV] calibration
N . . .
T 3 2%, o = Full-detector Erec within 1% of Etrue
§ 2— i :: .!’Q.
. - Data vs MC . .
—— . . Stochastic resolution vs Energy
16 18 3 22 24 @1-04_ ¢ 2018 April o 040
_ . Erec [MeV] I.IJQ 1.02— 2Na LIJQ -
% " éi";'*Hu:*ﬁit"’HM t *B data | e g 37Cs++ """" CO#Na """"""""" +nH """""""""" \ol'u - + Erec
g i Fr Mﬁ!ﬁt“_" - |Best fit MC 0.98— 0.08_— |
5 o.sl‘— * H.%" 06l - 19706 —— E Resolution Model
o pa T ° > 1 " Average y-ray Energy [MeV] 0.06/—
2 4 6 8 10 12 T4 i
E\ec [MeV] o -
§1soc T ce daln w104~ ¢ 2018 August 0.041—
> —— ¥ Na dat ur1.02 ¢ 2018 December -
3 1000 - ; —|—‘37<?s rjca _N3+6°Co Na $ s -
o e R +- 2Na MC I nH I B
500 0.98— “'Cs AmBe 0.02—
:---'--- ""'."': 096_ i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
R i e . . 8 By Y S S U T S 0.0 0.5 1.0 15 2.0 25 3.0
1 2 3 4 5 6 7 8 9 : : ' A\,e,ag'g y-ray Energys[Mev]s Reconstructed visible E [MeV]

Multiplicity

Lawrence Livermore National Laboratory PROSPECT, PRD 103, 032001 (2021) PR PEC}\; 7

LLNL-PRES-835814



https://doi.org/10.1103/PhysRevD.103.032001

Event Reconstruction Stability

= Scintillator light yield decreased over the PROSPECT-I run 1_005__—*—| 2‘5Po §2"%Po {nH | Rx y Edge |**°TI| T
— Energy smearing applied to normalize response - 1
. o, . . . Q B 7 w
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First Oscillation Search

. Phys.Rev.Lett. 121 (2018) 251802
h Its & Pl :
P ys I CS Res u ts P a n S First Spectrum Result

Phys. Rev. Lett. 122, 251801 (2019)
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Short Baseline Oscillation Search

= Build y? by comparing measured spectra to average at multiple -

Al
baselines %10 = =
= Covariance matrices capture all uncertainties and oo f ]
energy/baseline correlations g - .
= Use both Feldman-Cousins and CLs to convert A y? values to I |
statistically valid excluded regions of oscillation phase space
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Pure %3°U Spectra from PROSPECT-I
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Suggests Spectrum Anomaly not due to 23°U alone
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PROSPECT and STEREO Joint Spectrum Analysis
Increasing the power of statistics limited 23°U data sets

Compatibility of data sets collected
with different detectors and reactors
verified in prompt energy space of
STEREO

+ 4 Mapped PROSPECT Spectrum
¢ STEREO Spectrum
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PROSPECT & STEREO, PRL 128, 081802 (2022)
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Joint unfolding provides an improved
reference for the community

Bump excess has 2.4c significance
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Daya Bay and PROSPECT Joint Spectrum Analysis
Pure 23°U data provides additional constraint on evolution analysis

. . . : : 235
Compatibility of data sets collected Combined analysis reduces Relative shape uncertainty of “*>U
with different detectors and reactors degeneracy between dominant improved to 3%
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Motivation for additional PROSPECT-I Analyses

= Previous results were limited by degradation of photo-multiplier tube bases throughout data collection.

Detector configuration used for PRD analysis :
154 segments with two PMTs

140|141 1142|143 1144 | 1451146 147|148 149] 150 151) 152] 153

126 |127 | 128 {12911 130 {1311132| 133 | 1341135 136 | 137|138} 139
DE Segment

112 {113 |{114 | 1151116117 {118 119!120 121}122 123) 124

98 | 99 |100 {101 {102 103|104 |105]|106| 107|108 110} 111
D SE Segment —r —D —r

84 185 |86 |87 188189190191]192] 93] 94)95]96] 97

. 70 |71 \ 72 \ 73 |\ 74 | 75 | 76 | 77| 781 79| 80| 81| 82 83
DBlmd Segment

56 |67 |58 |59 | 60 | 61 |"627| 63 | 64 | 65| 66| 67| 68 | 69

42 |43 | 44 |45 46 | 47 | 48 {49} 50 g_‘Ls_z_ 53 | 54| 55 Some segments coupled to one PMT or
26 | 20 WA 5 | o2 Wl =< WEBH] = NERUREE o | + both switched off due to scintillator

14 |15 | 16 | 17 {15 {19 | 20| 21 | 22 Lz-s_‘Lz_ﬂ 25| 26 | 27 leakage into PMT housing.
ol1lalsPalslelzls]oloft1]i2]1s

= |n order to improve upon previous results, two new analysis approaches have been implemented:

Data Splitting (DS)
&
Single Ended Event Reconstruction (SEER)

Lawrence Livermore National Laborator
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Data Splitting

Period 1 Period 2 Period 3 Period 4 Period 5

Goals
= Split PROSPECT-I data into distinct periods to
increase average active volume

= Maximize number of live segments in each
XXXX period
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= Each period should start immediately after a
new calibration campaign
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= Each period must contain one full RxOn cycle
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Single Ended Event Reconstruction (SEER)

= Poor energy and position reconstruction capabilities since event position unknown
= Provides a good handle on particle identification = additional background suppression

DEER PSD Distribution SEER PSD Distribution

SEER PSD

PRD Data - 97:47:10 Signal integral [KADC] Signal integral [KADC]
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Detector Configuration for Each Period

Period 1 Period 2 Period 3
-
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Detector Response for Each Period
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DS + SEER Improvement in Statistical Power

Previous PROSPECT Analysis New DS+SEER Multi-Period Analysis
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* |Implementation of DS+SEER yields improved:
* |BD counts ~(x1.2) e Signal to cosmogenic background (S/CB) ~(x2.8)

* |IBD effective counts ~(x2) * Signal to accidental background (S/AB) ~(x2.4)
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DS + SEER Improvement in Statistical Power

IBD Effective/ Total IBD |Total IBD counts/

IBD Effective | calendar day counts calendar day |S/CB (Total) | S/AB (Total

enshot

wawa Splitting + SEER 35875 374 60650 632 3.81 4.25

SZ
Equivalent statistical ‘effective counts’ = (for equal signal and background integration times)
S+ 2(AB + CB)

* Implementation of DS+SEER yields improved:
* |IBD counts ~(x1.2) e Signal to cosmogenic background (S/CB) ~(x2.8)
* |IBD effective counts ~(x2) * Signal to accidental background (S/AB) ~(x2.4)

N |
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Multi-Period Spectrum Contributions & Unfolding

Building from joint-experiment spectrum analyses, perform
joint multi-period of prompt spectra

e Example of how these techniques could be extended to multi-

e Comparison of each prompt spectrum to simulated
response indicates inter-period compatibility

£ ¥°F experiment / multi-reactor experiments
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Multi-Period Unfolded Spectrum

PROSPECT, arXiv:2212.10669v1
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Improved spectrum uncertainties
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Improved spectrum uncertainties strengthen ‘equal isotope’ interpretation

PROSPECT, PRD 103, 032001 (2021) PROSPECT, arXiv:2212.10669v1
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Improved spectrum uncertainties strengthen ‘equal isotope’ interpretation

PROSPECT, PRD 103, 032001 (2021) PROSPECT, arXiv:2212.10669v1
PROSPECT PRD ‘bump’ amplitude Best Equal
(1= Daya Bay) No U-235 Fit Isotope All U-235
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Improved spectrum uncertainties strengthen ‘equal isotope’ interpretation

PROSPECT, PRD 103, 032001 (2021) PROSPECT, arXiv:2212.10669v1
PROSPECT PRD ‘bump’ amplitude Best Equal
(1= Daya Bay) No U-235 Fit Isotope All U-235
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Work in progress to incorporate DB uncertainties via simultaneous fit
Uncorrelated detector systematics, not HEU statistics, are now limiting the ability to probe the all U-235 hypothesis
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Forthcoming Results from PROSPECT-I Data:
Oscillation Absolute Flux IBD Backgrounds

= Will perform 5-period oscillation = New PROSEPCT-I measurement will further = Use PROSPECT-I data to provide insights

analysis with PROSPECT-I IBD dataset  constrain 23°U yield w/ < 3% uncertainty: into background mitigation for
= Improved statistical power — Statistics better than 1.5% aboveground IBD detection
. . . cie . _ ine ~ D0 .
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Conclusions

= PROSPECT has supported a rich technical and scientific program

= Joint Spectrum Analyses with Daya Bay and STEREO have leveraged the unique features of each experiment to
extract further information and represent a first step towards common data standards for neutrino data

= The statistical power of the PROSPECT-I dataset has been approximately doubled through new analysis
techniques: Data Splitting and Single Ended Event Reconstruction

= A multi-period (-detector configuration) response unfolding strengthens our observation of a spectrum excess
between 5-7 MeV and provides new constraints on the origin of the data-model disagreement
— this approach could be further extended to multi-experiment/multi-reactor measurements

= The final PROSPECT-I spectrum measurement strengthens the ‘equal isotope’ hypothesis for the origin of the
data/model discrepancy between 5-7 MeV
— Multi-reactor measurements with correlated detection systematics would help to further test this

= The PROSPECT-I dataset will continue to produce scientific results as the new DS+SEER event selection is is
applied to our SBL Oscillation Search, an Absolute Flux measurement, and studies of aboveground IBD
backgrounds
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