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Neutrinos
e Neutrinos are produced everywhere: Adapted from RMP 84, 1307 (2012) B. Littlejohn
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.84.1307
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Reactor Antineutrinos Achievements

First detection of v, by Cowan &  First observation of neutrino Measurement of ©,, by Daya Bay.
Reines. oscillation from reactor by
KamLand.
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Recent results are shown for precision and emphasis


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.171803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.021802
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Neutrinos from Reactor

AN
« Fission isotopes bombarded with neutrons and produces (Number of Neutrons) gjg

neutron-rich daugthers:

- Beta decay of unstable produces ~6 antineutrinos/fission.

126

e 99% of antineutrinos in nuclear reactor are produced by
fissions in 235U, 238U, 239Pu, 241Pu.

82

- Highly-Enriched Uranium (HEU) only burns 23U.

- Low-Enriched Uranium (LEU) is a mixture of isotopes. s

o
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Prediction of Antineutrino Spectrum

Ab-initio/Summation:
e Summation of all B-branches of all fission
products using database.

e Huge uncertainty in the database: rare
isotopes/beta-branches ... s then
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Prediction of Antineutrino Spectrum

Ab-initio/Summation: Conversion:

e Summation of all B-branches of all fission *  Measure beta spectra then convert into v,

products using database using ‘virtual beta branches’.

e Huge uncertainty in the database: rare * Legacy dataset from the 80s.

isotopes/beta-branches ... s then o (Claimed smaller error than ab-initio ... st e
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Reactor Antineutrino Anomaly

Re-evaluation of the antineutrino spectrum: Nature 613, 257261 (2023)
L Th A Mueller et (Zl., PRC 83, 054615 (20]1) Combine Nugifer ' - 1 1.014 +0.108
summation and conversion methods. bk il 0792 10.072
SRP-| | 0.941 +0.026
) . SRP-I e 1.006 +0.029
e Huber, PRC 84, 024617 (2011): %-level correction factor asnoyarsk-57 —afiy 0625 10046
in the conversion. Krasnoyarsk-99 i 0.946 +0.028
Krasnoyarsk-94 — 0.936 +0.039
. K K-87 i 1 0. .
Huber-Mueller model is used as benchmark for all reactor 2om T e 0942 0492
_ STEREO | 0.945 +0.021
experiments.
Al HEU - pure 235U o 0.951 +0.012
e 5.7% flux deficit: Reactor Antineutrino Anomaly. DB+RENO (no osc) CHIE 0923 +0.015
|||||||I||||||||I||IElillll‘lllllllllll\llll
. . . . 0.6 0.7 0.8 09 1 11 12 13 14
e ~30 tension with previous experiments. GObserved | pExpecte
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.83.054615
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.024617
https://www.nature.com/articles/s41586-022-05568-2
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Reactor Antineutrino Anomaly

What could be the origin of this deficit?
e Miscalculation of the flux prediction?

e Could this be an eV-scale sterile neutrino oscillation at short-baseline (‘3+1’ model)?

== & T i_ T (I/T’X7/1)12045379 3 m? (eV?)
1.15 =% % sLL sI — T ¥ 3 (m,)’ ™ v
TS < 2858 58 o s 38 . '
11 Nucier ! 22 g sEl D B g 23
(2%:12;*" . g B OCBS 28 g o8
105 ' - T 7T
3 : ‘£_ —
31 + Am’
g 1+
5 b
& 0.95- J 1 )
= 1 ¢ |9 (m;)” Vi
‘-g 0.9 L= - A2
! - 4 4 m*
° - ! £
= 085 : N . : : ooT o : (m )2 | Ve
P R : i : o7 : : ) ————, —_
0.8 : : TP UR T [ SBEE b : R L . L - L | Amy, u
: | [i2ed : : : (m])*_]: _1 v, |V,
0.75 | | L H | m‘Tigh!cst (]
10° o' 10° 10°

Distance to Reactor (m)

Wine & Cheese Seminar 8


https://doi.org/10.48550/arXiv.1204.5379
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Other Sterile Neutrino Hints

PRD 64, 112007 (2001)

§ 175 r ® Beam Excess
LSND /MiniBooNE anomaly: ol B o,0n,
3 P&
. . . . . = e B other

e Excess of electron (anti)neutrinos in muon (anti)neutrino beam. 10
. X — 7.5
- Significant of ~60. g
25
- Also suggests 3+1 eV-scale sterile neutrino oscillations? a
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

Pkm

Gallium anomaly:

Deficit of electron neutrinos from radioactive sources in Gallium

based detectors:

-  GALLEX and SAGE experiments.

- Also suggests 3+1 eV-scale sterile neutrino oscillations?
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Current Landscape
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Current Landscape

19 JHEP 01, 167 (2021)

The Reactor Antineutrino Anomaly is fading: 5 '

 Daya Bay fuel evolution measurement suggests over- ,
prediction of 2°U flux, PRL 118, 251801 (2017). 1.1f

e« New fission beta measurement suggests lower 235U is
needed PRD 104, L071301 (2021)

e  Ab-initio prediction shows reduced deficit with improved
beta data, PRL 123, 022502 (2019)

e Beta conversion unable to predict neutrino spectrum:

- Distortion around 5 MeV. ,
e N —— ! ; 08"
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.251801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L071301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502
https://link.springer.com/article/10.1007/JHEP01(2021)167

PRESPECH,

The Reactor Antineutrino Anomaly is fading:

e Many SBL reactor oscillation experiments have ruled

Current Landscape

Ami, [eV7]

out much of ‘sterile neutrino hypothesis’ space:
DANSS, NEOS, PROSPECT, STEREO.

107"
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Current Landscape

The LSND /MiniBooNE anomaly is still present:

e MicroBooNE: MiniBooNE’s excess doesn’t seem v _-dominated but many
potential photon and efe- channels remain unexplored.

« LSND anomaly still has not been directly experimentally verified

SN82 . k. h ] Ve CC FZ1 Cosmics 4+ Data
(J 1S WOr lng ere.) v other Total predicted, == = LEE signal
v with m® constrained == model 1
Uncertainty

. ) ) X .
> i P > p g T 30 1 Runs 1-5, 1eNpOm selection
ﬁ : , ’ o) . ' : MicroBooNE preliminary, 1.11 x 102 POT
e- e e e-

- 3
=
v y 2
\%w;w p\ ‘““m.,{,Q, §
Overlapping eve-  Overlapping e+e- Highly asymmetric ere-  Highly asymmetric e-e-
ﬁ%“—:“:‘%:}—': ---------- _:F:‘-g:j :: % {—ﬁ# \ ’ ‘.\ 0 T T T T
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1127-PUB.pdf
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Current Landscape

PPNP ,J(),Jo’ 104()8,3

Inner target

The Gallium anomaly is still present: T ——
e Strengthen by the BEST experiment: I [ 20 ]
& lo 4
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https://www.sciencedirect.com/science/article/pii/S0146641023000637
https://www.sciencedirect.com/science/article/pii/S0146641023000637
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The Neutrino-4 Experiment

PRD 104, 032003 (2021)

2 _ 2 g =
Am, = 7.3 eV’ sin 29M =0.36

Reactor antineutrino experiment deployed at SM-3 Dimitrovgrad, Russia s,

« Non-zero oscillation (Sin?(20,,), Am?,) = (0.36, 7.3), at ~2.9c. :Z
— Consistent with the newly strengthen Gallium Anomaly. %;2 % _ﬂf #ﬁ%&‘%
« HEU reactor operating at 90 MW. 2; ? YR S—
« Movable detector L € [6.4, 11.9 m| BE T
Notes on Neutrino-4 results: | R — ) \
- arXiv:2006.13147 - AN
- PLB 816, 136214 (2021) ) Wi ed
- JETP Lett. 112, 452 (2020) ’ A
sam it s oty Gallium anomal

sinfczel_f
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003
https://arxiv.org/abs/2006.13147
https://www.sciencedirect.com/science/article/pii/S0370269321001544?via%3Dihub
https://link.springer.com/article/10.1134/S0021364020190066
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Current tension: Reactor

¢ The gallium anomaly and Neutrino-4 seems mostly ruled out by other SBL reactor measurements.

o If the Gallium anomaly is caused by electron-flavor disappearance, then how can the electron-
flavor Reactor Anomaly be ‘fading away’?

PRL 128, 232501 (2022) PLB 829,137054 (2022)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.232501
https://www.sciencedirect.com/science/article/pii/S0370269322001885?via%3Dihub
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Current tension: Accelerator

PRL 130, 011801 (2023)

LSND /MiniBooNE anomaly: 102 € ;
e No excess seen by the MicroBooNE experiment. - : MicroBooNE 6.369x10™ POT
. . - 95% CL
e For a 3+1 model, combined mu- and e-flavor disappearance f g, .
10 L wee= Diata, profiling
searches rule out the suggested mu-e oscillation space. E p) « = = = Sensitivity, profiling
103 SLANALL B AL B AL B AL BT ALY B RRALLL R AL = : f - Sﬂnsiti\'it}r,, ‘Ilrc App‘. Dnl}f
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.071801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801
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Current tension - Summary
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Going Forward
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e Vanilla 3+1 — oscillation from a single additional sterile neutrino — cannot be the full solution.

e Around/after Snowmass 2022, the community has gravitated towards more diverse, potentially

interlocking explanations:

3+1 ... plus more: decoherence, decays, NSI, etc.

Neutrino couplings to hidden sector particles

Conventional explanations

Some combination!

Wine & Cheese Seminar

Amiy (eV?)

10" 5

1 === Solar

1071

27 Plane wave
— 27 Wave packet

BEST 20 PW

BEST 20 WP

PRD 107, 036004 (2023)
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https://arxiv.org/abs/2209.05352
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.036004
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Going Forward

1 - Short-Baseline Neutrino 6 - JSNS2

. Direct MiniBooNE test. . Direct LSND test.
. Access to rich hidden sector in . Access to rich ‘lowmass’ hidden

> GeV beam.
 Two-beam osc capabilities.

sector.
. Probe LFV models.

5 - Reactor
e  Pure e-flavor.
« Low (MeV) v energies.
e  Pure probe of vacuum

« Highest v/BSM flux.
e High beam energy.

« PRISM ND concept. 7
oscillations.

4 - Sources
e Direct Gallium Anomaly Test.

3 - IceCube
e Probe non-standard matter

effects. e  Pure e-flavor.
e Very high energy v’s also ) ) e Lowest v energy.
accessible All experiments can contribute to the &Y

resolution of the pU—ZZIG- B. Littlejohn: summarizing Snowmass22 21
NFO02 Report and Whitepaper.


https://arxiv.org/pdf/2209.05352
https://arxiv.org/abs/2203.07323
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The Precision Reactor Oscillation and SPECTrum Experiment
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Experimental layout

Scientific goals: Strategy: Challenges:

* Deployment at HFIR
facility, Oak Ridge, TN.

« Proximity of the reactor, * Backgrounds: cosmogenic fast

* Precise measurement of the baseline < 10 m. neutrons and reactor gammas.
25J antineutrino spectrum.

e Search for sterile neutrino e Minimal overburden.

oscillations,

» High statistics for precision

measurement.

Antineutrino
Detector
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High Flux Isotope Reactor (HFIR)

« 85 MW Highly-Enriched Uranium reactor
- > 99% of v from 235U,

e 24-day cycles:
- 46% Reactor on
- 54% Reactor off

- No isotopic evolution.

 Compact cylindrical core: 0.2m radius, 0.5m height

— Ideal to probe high frequency oscillation.

Wine & Cheese Seminar 24
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PROSPECT Detector

 Deployed at the vicinity 7-9m of HFIR reactor.

e Detector is filled with 4-tons of ¢Li-doped liquid
scintillator

e Grid of 11x14 (154) optically separated segments:
- Relative measurement for neutrino oscillations.
— Fiducialization.

- Topology cut.

« 3D position reconstruction (X,Y,Z) from double-ended
PMT readout.

Wine & Cheese Seminar 25
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Calibration

source capsule

Held together by 3D-printed
support hollow rods.

; ——FEP

1.omm

—— Optically clear adhesive reﬂeCt Or panels .

—FEP

= Optically clear adhesive

=~ DF2000MA .

— Garbon fiber Segments are thin
DF2000MA
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Detector Performance

Radioactive sources deployed throughout the detector for

calibration:

e Gammas sources (137Cs, 0Co. 22Na,) for single segment
9 9

response measurement.
» 2B for 3-energy scale calibration.

227Ac dissolved in liquid scintillator:

e 29RN-25Po (o-a) provides a proxy for relative mass per

cell measurement, 2.2% variation.

e (Crucial for neutrino oscillation

Wine & Cheese Semina
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PROSPECT Installation

i
BRUARY 2018 | N B POSITION A -
»]® A OR i 2 i B UR B
s
7 T L
—ll A -
cd
= ol
»




} ILLINOIS |N3T|TUT§'V7'
PRM OF TECHNOLOGY

Antineutrino detection

A
J L 0.511 MeV -1
\ Eeui‘cEV Y‘I‘L% . 10 _E —— electronic res;oil
o/ VA oG . —— nuclear recoil
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\ N 21073 g
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22 MeV ‘\-:-Q*, E“‘:OSMEV/"@OL § g
\%Z oo, gﬁgu <IN Qtull .y
y A o 1077 3 o
0 (\ 1“ \ 3 | %)
v tp =50 ps @t o
(~20%) nH | nLi (~80% of captures) 1074 4 :
“L1—!oudch1qmd . T T T 0.0 - .;:I I I - I . |
Scintillator 0 200 - 400 600 800 0.0 05 10 15 20 25
P {11%) Energy (MeV)
Positron annihilates promptly e« Developed SLiLLS with capabilities ¢ Pulse Shape Discrimination
and gives an estimate of the v to distinguish particles through uantifies the scintillation
(§]
scintillation timing profile. shape, Qtail/Qfull.

energy.

Delayed neutron capture on « Electronic recoil emit light faster e PSD adds powerful
6Li tags IBD events. than nuclear recoil. information to identify IBD

Correlated coincident and reject backgrounds.

signals!! Wine & Cheese Seminar 29
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Data

PROSPECT detector took data from March 5 to L

October 6, 2018
e 105 days reactor-on.
e 78 days reactor-off.
o 8 days of calibration.

e Discard candidates from 36 fiducial segments

—_
o
=]
o

Events rate, per day

200

experiencing PMT current instabilities.

e Average of 529 IBD per day.

e IBD rate follow 1/r? distribution.

1.1
1.0 =
09+
0.8
0.7
0.6
0.5

IBD counts(arb.)

800 -
600 —
400 -
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IBD Signal and Background

= 5000

O

-

o

Cc?d —— Reagctor On

@ 4000 Reactor Off Background:

g —— Reactor Off, Scaled .

8 2000 | 18D candidates 1) }\/Iultl—nfutron events,

H(n,y)*H peak at 2 MeV.

2) Fast neutron events,

2000 ?C(n,n’)"?C* peak at 4.5 MeV from

the first excited state of *C:

1000 « Outgoing n’ can leak into the

neighboring segments.

0 — AL FY T LY DR P PY LYY PSS
1 1 | |

2 4 6 8 10 12
Prompt Energy [MeV]
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Results and Highlights

Small experiment with successful run and outsized physics impact.

PRD 103, 052001 (2021

3 [ ) EE— PRI 121, 251802 (2018) PRL 128, 081801 (2022) arXiv:2406.08359
o —— Huber 35U ~“Ly ~ ~ ~ 6 6 6 0) ¢
% T gc;m:;:z?dgzze\ PRD 1 03)’ 0(4))2001 (2021) 2 .PRZ.; 12187 0(‘9180]2 (210222 i + :l;ean Reconstructed v, Direction
3 ey — - e oot )
S 200 10 I T - % 112 = _;,4 ;l‘*: b combinec mu 3 46— DATA = 1o Statistics Only
L ] g “E ¥ ** i Cni Sy 3 ¢ Reactor to Detector Direction
1000 = 14 E T |8 e Huber x 0.92: 2%y =
g - E
5 12 E = Huber x 0.98: 2Pu E 44 |
. £ 1 3
AP il X " 1 5.
o 125t { | e N 5 O06F E § 42
% 1.00 bk d el - .44.+r‘|’+’|1'+""+‘§~!-41., hgr F % 0'45 E ;
g I I — FC Exclusion, 95% CL e 02k E 401~
= 0.75[== HFR Model | — CL, Exclusion, 95% CL s F
- mestitoces . , [ Sensitivity, 95% CL, 1o B 12F
[ []Sensitivity, 95% CL, 20 E [ 38—
E [ 1SBL + Gallium Anomaly (RAA), 95% CL i<} H
< 107 o e 'F
o 102 10" 1 I r + %}
3 sin20,, %038 e L 361
] 1 2 3 4 5 6 7 8 [ R SR B
10~ . . . Daya Bay prompt energy [MeV] 94 96 98 100 102 104
LA T DU SO PO B A World leading sterile neutrino Joint analysis constraining 0 (deg)
Best precision measurement exclusions. production from multiple Application demonstration,
235 . .
of *?U spectrum. isotopes. Precise reconstruction of the

mean neutrino direction from a
compact nuclear reactor.

Joint analysis with the final PROSPECT, STEREO, and DYB data is underway, stay tuned!! 32
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What’s new in the final PROSPECT-I analyses

 Over the course of operation, a number of PMTs displayed current instabilities:
- LiLS ingressed into the PMT housing, and interacted with the PMT circuitry.
- 720% of the total segment turned off at the end.

'E E RxOff 3 .--
e Maximize the PROSPECT-I data set: 2 OF e =
- Data splitting (DS), g o -
- Single-Ended Event Reconstruction (SEER). 8 aof- =~
— - : ;
E_ _"'-Period1 Period 2 Period 3 i Period 4 Period 5
i PR I P I B S AN B P PR S B O
LICL ATTACKING 03/18 04/18 — 06/18  06/18 — 07/18 0718 08/18

RESISTORS

s Hrﬂ \-”_;

Wine & Cheese Seminar 33



b ILLINOIS INSTITUTE‘,./;:
PR@C\\? OF TECHNOLOGY

Dataset Optimization: Data Splitting

e Split the dataset into distinct periods:

g F ; —
5 6o on =
.. . . . z °F xOn -
- Maximize number of live segments in each period. = F 5 g
§ sof— 5 i
© L : <
. . . . =] ' -
* Splitting criteria: § . F L
- +
- Each period must contain one full RxOn cycle. 30— 2 I
: . . 20— = el :
- Each period should start immediately after a new - & |
calibration campaign. o £ i
& Period 1 Period 2 Period3 | Period 4 Period 5
_I r.\ Ll | Ll | ‘ Ll 1 1 ‘ L Ll | Ll 1 | I:I 1l I L1 1 1 | 1 1l I Ll 1 | L
. oL
- All periods should have RxOff data before and 03118 041180813 | 06MB_07ME 0718 08118

after each corresponding RxOn cycle.
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Dataset Optimization: SEER

[ DE segment

DSESegment

. . 1oy i Blind S t

e Only one PMT experience current instabilities for some Period 5 | _pindSeqmeg
segments (SE-segments): 1a0( - [r42 140 144 {145 [ras 147 1a8 s 50 151 [ v52] 0|

126 1127 | 128 |1291130 1131|132 133 | 134} 135] 136 | 137 1138] 139

— Lack of energy and zposition reconstruction

eqeg e 112 {113 {114 115|116 |117 | 118|119 120] 121 122|123} 124] 125
capabilities.
. . 98 |99 |1001101|102|103 {104} 105]106|107|108| 109 1ﬂ1ﬂ
e Provides a good handle for background suppression: 2 (o8 | = | o7 | oo oo |90 o1 | 2 o8] o+ | s8] o] =
- PSD reconstruction from SE-segments is still good. 70 eile L?_sﬁ!?s 76| 77| 78| e | ao| 81| 82| e
56 |iaf —5—8—159 60!61 62 | 63 64‘85 66 | 67 Sirﬁg
DEER PSD Distribution SEER PSD Distribution 42 i43 144 T 46 147 |5 T 5O I 52 I 54!55
a 4 @) 28 2930F1 32 |33 134135136 |37]| 36| 39]40] 41
w w —
e = 14 115 116 |17 | 15 {19 | 20| 21 | 22| 22 { 24| 25| 26 27
L
. ol1|l2l3(4Ys5)6|7]|8)o)w0j11]12]13
Signal integral [KADC] Signal integral [KADC]
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Detector configuration

e Previous analysis did not make use of single-ended segments:

— This new method uses all the data collected by the PROSPECT-I detector.

e 5 detector configurations with their own response:

- Each period is an independent measurement with correlated systematics.

. N . . . -DE Segment
—  Previous results were using Period 5’s configuration (treat SE-segments as blind). -
SE Segment
DBlind Segment
Perlod 1 Perlod 2 Perlod 3 Perlod 4 Perlod 5
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5000

Final Optimized Dataset

4000

Counts/200kev

3000

2000

1000

—— Reactor On
—— Reactor Off, Scaled

4 IBD candidates

Pogetne, s ceroeeston B

Previous analysis, Phys. Rev. D 103, 032001,

using only DE-segments.

50,560 IBD signal.
« 1.37 S/B ratio.

8 10 12
Prompt Energy [MeV]

Counts/200keV

5000

4000

3000

2000

1000

ILLINOIS INSTITUTEﬁV}.
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— Reactor On (Total)
— Reactor Off, Scaled (Total)
¢ IBD Candidates (Total)

8 10 12
Prompt Energy [MeV]

Current analysis, arXiv:2406.10408 using

DS&SEER.
61,029 IBD signal.
3.90 S/B ratio.

Wine & Cheese Seminar
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PROSPECK,

Final Optimized Dataset

ILLINOIS INSTITUTEﬁW

-

~

This is an on-surface detector with < 1

N

m.w.e overburden!!

N
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New U Antineutrino Prompt Spectrum Measurement

PRL 131, 021802 (2023)

= 4500
. . 5 = .
« Combine segments’ spectra into one. 8 4000 - — Total RxON Clperiod 1
a E — Total RXOFF [[Jperiod 2
93500:_ { Total IEDs |Per?°§ z
. — P
— Same treatment for period. so00 - e
25002—
e Produced a final antineutrino prompt spectrum 2000
measurement with the new dataset. 1500 ==
10003—
- Spectra are compatible to each other. 500 .
. . . . E’ 15:_I { [Ilatn I I Simulﬁtilcm : .‘ I- : '
 Minimimal impact from segment status g e bt dppgedededop oo '{'?m\' o
. o 05—
Of eaCh pel‘lod = 15__ { bpata e Simulation
S LSRRI SO SR ,iaitirflf;il.}}{h
“ osb—
e Minor impact from difference in FUE e s
g [ Rt gt g e Ao bge g g b e g e '+; +. 3
detector response. = E—
H B { pata e Simulation
% 1:},—.-—:..!. goreboe g I — l.l;;ly{ih{{.}%}l
05 =
g s B f pata e Simulation J
by 1%....{....4 ...... ""‘i""i""i'"‘mi“'i"'é"“""i‘"‘i""i"'T"'}'""l""f"'{""l ......... { } ................. l .........
2k |
1 2 3 4 5

6 7
Prompt Energy [MeV]
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Oscillation Analysis Strategy

e« Combine spectra from segments into baseline.

- 6 baseline bins x 33 energy bins x 5 periods.

plil = = =

£ P —nReactorOn Comelaled
3 I —HAeactor Of Complated, Scaled 2 3

e Reactor On Accidental »
X Reactor O Accidental, Scaled M}.
~=-180 canddates
- i IR
. i B
!

RO HO
OFROO RO BO

1
>
= 1|1
O 1011
(]
= 1 (1)1
o]
o
- - q'D | (51 ] (3 0 1 (D 0 5 OO _ EEENI
+ 2 oy
ok i il } _ 6 DE Segment Blind Segment
g } |'L T h |P1|P2IP3|P4 PS5 SE Segment Non-fiducial segments
100 - L & = = _
-, f bt
mI -"j-L__‘_ﬁ —+ PL- f.__"' llﬂﬂ]ﬂpék ¢—H—LFL‘ Fﬂ” ]:
- P T e . I
tfeirerrssaccsnsnssnnnns f .Jr.'l.-.“ I..-.:.;: ....... e 1,.21.".,.'. - _;?_ _____ '.':[_+_ _____ H‘L“i:
1 N FTETE FTTeT | aaaalasy i.“.l...._..“:.“.’.l;..}..., ‘
i I Prm:p!Emrn Mev] I : : g Pfcr:lplE'lUu'r [MeV] Pm-rpl&ww |M|,N‘|
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Oscillation Analysis Strategy

e« Combine spectra from segments into baseline.

- 6 baseline bins x 33 energy bins x 5 periods.

RO HO

e Search for spectral distortion by comparing each
baseline to the detector integrated average (flux
independent).

Dzﬁgﬁ%*‘*‘ﬁﬂmmf}hw‘i W”{H}IHM‘” HIWWH i 1 1

LY
¢ DE Segment Blind Segment
I P1 I P2 I P3 I P4 P5 SE Segment Non-fiducial segments

OFROO RO BO

-

-t B b B =h B -

Ratic

| | ] Lesialaisil 1.0l | l | [ | ||
& 1 ¥

] L] r L 2 4 4 L] L}
Promps Enargy [MaV]

Pbbgdelotigeleteley e mo
Prompt Enargy [MaV] Prompt Enargy [MeV]

Subset of period 2
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Data Visualization

e Challenging to visualize the final data set in the full analysis binning configuration.
e Summarize the data in L /<E > format.

 No obvious sign of oscillation in the measured dataset.

o 1.2r¢
S - —e— Data/Null
115~  —— Neutrino-4/Null
[ —— Best Fit/Null
1.1F
: [ ]
AW L 1
= [ ]
' (2] T + 1K
0.95H
0.9H
0.85H
q I L 1 1 1 I 1 1 1 1 | L | 1 L | 1 1 1 1 | 1 1 1 1 ‘
0.8 1 15 2 2.5 3

3.5
LIE,) [m/MeV]
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Oscillation Analysis Strategy

Use Chisquare test to quantitatively assess the paramete:
fitting the dataset:

- Combined Neyman-Pearson to minimize bias from
low statistics bins, NIMA 961, P163677 (2020).

Remove reactor model dependency with ‘relative spectral
ratio’ analysis approach illustrated 2 slides back :

—  Correlated statistical uncertainty.
Xonin(sin? 20, Am?) = ATV 1A

V: Stat + Sys uncertainty

Pl,e
Al,e — Ol,e - Oe Pe

O1 E Observed
P1 . Prediction

Wine & Cheese Seminar
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iP1IP2IP3IP4

18

DE Segment
SE Segment

RO HO
OFROO RO BO

Blind Segment
Non-fiducial segments
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Results

Ay? Map

» Best-fit point(sin226, Am?) = (0.42, 15.2).

- Ay? of 3.56 wrt to the null hypothesis.
» Frequentist tests performed at a few key grid points: 10

Am

— Data is highly consistent with null-oscillation
toys (p=0.73).

- Toys at Neutrino-4 best-fit point provide Ay?2
far below that observed in the data.

Null Toy:(0, 0) | £

Toys

N4 BF Toy: (0.36, 7.3)

107 =

L 12 sin229114
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e Given the compatibility of the data with null
hypothesis, we use the Gaussian CLs method to
draw an exclusion contour.

e (Claimed observation of short-baseline oscillation
from the Neutrino-4 experiment is ruled out at

more than 5o.

e Exclude all phase-space for Am? below 10 eV?2
suggested by the recently strengthened Gallium

Anomaly at 95% CL.

Results: Exclusion Region

ILLINOIS INSTITUTEﬁV}.
OF TECHNOLOGY

——— CL, Exclusion, 5c

]

C\; T T T T T T T
Q,
F 105—
< T
1

--------- CL, Sensitivity, 95% C.L.
| —— CL, Exclusion, 95% C.L.

B3 Neutrino-4 95% C.L.
Gallium Anomaly 95% C.L.

10—1| I R

Wine & Cheese Seminar



b ILLINOIS |N3T|TUT§!'/7
PRM OF TECHNOLOGY

Global Context

e New PROSPECT limits lead short-baseline reactor efforts for most Am? values above 3 eV2.

e Reactor-based ©,, limits are much stronger than other experiment sectors over most of the
pictured phase space

f\l'— T T 1T | T T T T T T 17T T T T I—Lﬁ-( T 1T 11 ‘ T T T T LI T .
> —--- PROSPECT-I, CL_, 95% C.L. -=_-—:_'_:, — PROSPECT-|, CL_, 95% C.L. i
9 g STEREO, CL_, 95% C.L. === ~—— DYB, CL_, 95% C.L.
- .. | P —
i [ ——— DANSS, 90% C.L. P - F-- KATRIN, 95% C.L. = =
E I NEOS, 90% C.L. = ,=:_:;—* @ | [~ - - MicroBoone, CL_, 95% C.L. n
< | Neutrino-4 95% C.L. P T ol i
-l _Z>  Eea—= =
F Gallium Anomaly 85% C.L. /:1_ ________ N A -
- e 1F e
gIoI . ] Y
L &S b = 1
—
1= S —‘-E*‘-"*"*_.._ —HF -
s T - RS 1C ]
C N B 1r ’
[ ueneEmue URsRmEs ”’ \/ i __- i
e 2 TF e
— _‘\,-.——"‘"{ - -~ -
———% O (i N - =
-~ . S —,
- 7 i T W ammm
g o U wemeTmm
. 9 e il
A -~ e | L 2|
1 = ~ 1= - —
O Y B | L I | | -\I_\ L Ll Ll I = \c|—|-r+’f L 1 L Y 1 B | { L 1 L L1111
o -1 5 —1
10 10 L, 1 10 10 -
sin“20,, sin“20,,
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PROSPECT-II Motivations: Anomaly Resolution

e  What’s next ?

 Reactor experiments play central piece in an integrated

global effort to understand the remaining anomalies:
LSND /MiniBooNE and Gallium Anomaly.

—  Pure source of MeV electron antineutrino
disappearance.

o Upgrade from few reactor antineutrino experiments:
TAO, Neutrino-4+, and PROSEPCT-II.

-  PROSPECT-II will be the only US-based reactor
antineutrino experiment.

- Do we want to rely on Neutrino-4+ to be the only
next-gen SBL effort probing higher Am? regions?
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Other PROSPECT-II Motivations remeree

« SBL v, disappearance would also impacts LBL oscillation signatures, like DUNE!:

— Independent experiments constraining ©,, and ©,, < 5° will extinguish potential

parameter degeneracies for DUNE, JHEP 1511 (2015) 039. neutrino events, NH
300 ] T (el 9 )I-(Z{}0 ]IU'O) I
14- 824):(20 . 10 ) —
e Precise measurement of the 25U spectrum to determine the (176'S0) e
. . 250 - T340 —
isotopic dependence of the bump.
200 3
e Measurement of the 25U flux to increase the reliability of the 3 =
global flux picture. § 150 S
» Benefits of a IBD re-deployable detector: 5 100 E
=
- Application demonstrations: Reactor monitoring, and - =
nuclear non-proliferation.
0
- BSM searches at reactor and non-reactor sources (SNS). 2 3 4 5 6 7 8
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PROSPECT-II Detector

Improving stability and performance of the detector to achieve these goals.

: w S

Avoid PMT exposure to
the liquid scintillator:

- Separate PMTs from LiLS.

A

PMT alignment and  Acrylic window and
window support seal to tank

PM

Lined aluminum tank
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PROSPECT-II Detector

Match the initial P-I Physics goals while improving stability and performance of the detector.

Avoid PMT exposure to
the liquid scintillator:

- Separate PMTs from LiLS.

a3

Minimize the LiLS contact

with other materials: PM

Lined aluminum tank

- Thin UVT acrylic windows serve PMT ali tand  Acrylic window and
. . window support seal to tank

as the optical interface between the

PMTs and LiLS.

- Double-layer seal design. Wine & Cheese Seminar 50
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PROSPECT-II Detector

Match the initial P-I Physics goals while improving stability and performance of the detector.

Avoid PMT exposure to
the liquid scintillator:

- Separate PMTs from LiLS.

- Similar design to P-I
without internal holes.

- External calibration.

JINST 18 (2023) 06, P060
10

o

Minimize the LiLS contact
with other materials: PM

J j 3 ¥ ¥ i [ I J I | J

: o : — Lined a
- Thin UVT acrylic windows serve PMT tand  Acrylic window and

. . window support seal to tank
as the optical interface between the

PMTs and LiLS. _
Acrylic frames  Slotted corner rods  Reflector panels  PTFE window interface

- Double-layer seal design. Wine & Cheese Seminar o1
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PROSPECT-II R&D Retiring Risks

€10
£
- External calibration source tubes along the perimeter of the segment array. 2 ;
- Use PROSPECT-I data to simulate “external-like” source deployment. :

0 2 4 6 8 10 12
b) x-segment

- Performance of external calibration is comparable

w w
. . . % | ®co data % 100 | ®cCo data
3 3
to internal calibration 3 20 | ossen | & | s data
} #Na data | #Na data
i -+ Best fit MC 50— + Best fit MC
Calibration tubes — Acrylic support
c 1 1 L Il 1 o L 1 1 1 1
0.5 1 15 2 25 05 1 15 2 25
Eree (MeV) Erec (MeV)
§ N t n-H data § P { n-H data
P P e ™ [E]Best fit MC 2 o5 at M, [EBestftMC
> ., . B8
tg 2 l.’._--' —A" E . .‘M .
 ad e o, o~ Wseseertee
e g
o=
6 7.8 2 22 24 7.6 1.8 2 22 24
Erc (MeV) Eroc (MeV)
N 12 N 12
JE: eprttatate { “Bdata E gt teate, t B data
E [ "eves [Best fitMC E gyt “wrey [Best fit MC
i ity & | ity "
e osHli N o ostl N
& | e, & + Yees,
Corner rod o e o e,
4 6 8 10 12 14 4 8 8 10 12 14
Endcap rod E.e. (MeV) E.oc (MeV)
§1500 + 7Cs multiplici w1500 + 7'Cs multiplici
Source tube o | loansecangn s . 2N ':":mw = - + 2N ";‘;m:v
0 . { ' la multi ° | la multi
ﬁwoo o S —+ ""Cs MC %_moo ; H —+ "cs MC
Acrylic supports o 500/ H -+~ ®Na MC o moj_L._l- -+ 2NaMC
ey s IDER
e w - e paeeva DI L o
a) H 3 4 5 3 7 H 3 4 5 3 7

8 g - 10
Multiplicity

52

o .
8 9 10
Multiplicity b)

JINST 18 (2023) 06, P06010
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PROSPECT-IT R&D Milestones

Stage 1 (Current): Stage 2: Stage 3:
e Design and build the inner e  Build optical grid and PMT support e Procure large batch of
containment vessel. structure, and other systems. production LiLS.
« Engineering Test: full fill with e  Mechanically integrate the full e Fill the detector.
complete liquid control/ PROSPECT-II detector package.
monitoring systems. e Small prototype LiLS test.

Sealing surface guard
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PROSPECT-II Deployment

Deployment at an HEU and LEU reactors:
e Increase in IBD statistics: Order of magnitude larger than P-IT at HFIR

Parameter Pl | P2 at HFIR | P2 at LEU
Power (MW 85 3000
P Cylinder Size (dxh, m?) 0.4 x0.5 I3
e Fuel HEU LEU
Cycle Length 24 d 15y §
Segmentation 11x14 11x14 §
Segment, Area (cm?) 14.5% 145 14.5 x 14.5 —
Segment Length (m) 117 1.45 §
Detector | Target Mass (ton) ~4.0 48 N
Light collection (PE/MeV) ~380 500 SN
Detection Efficiency ~40% 40% S
Average Baseline (m) 79 7.9 25 &
Reactor-On Days (d) 105 336 548
o Reactor-Off Days (d) 78 360 61
" | Signal:Background 1.4 4.3 19.3
IBD Statistics (Nypp) 50560 374 %100 | 272 10°
Effective Statistics (N.5) 15195 2.08 x 10° | 1.79 x 108

Wine & Cheese Seminar
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PRRSPECK, wors perrel
PROSPECT-II Projected Sensitivity

e Deployment at HFIR will address the remaining

. . . . C\I'_. _;I T TT \- nsitivi a| )EI, T T T T 1T T T T \: T T I_
interesting oscillation phase space. > T oroaeom e s i
|9| Excluded Regions (to the right ofécurves)
-~ Address Neutrino-4 allowed sterile neutrino [ oanss oo o '
observation at high mass splitting. {0l Maomoomemct, e ]
— Interesting/Suggested Regions e L :
- Cover the Gallium Anomaly below ~15 eV2. - GRS SACE GALLEX -]
BERREE é?l\?‘uxm?guity Guideline : e 0 .
— Constraint the mixing angle ©,, in between - I DR o= = =
1-10 eV for the long baseline CP violation .
interpretation. 1= S —
— Unmatched performance below 20 eV?2 - . 1
compared to accelerator based experiment. - .
- P-II exceed P-I sensitivity by a factor of 3-5.
1
10 ool

e Flux: measure 25U flux from HFIR to <2%.
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PROSPECT-II Broadened Physics Scope

c\|‘|_| C T I|| 1 T L I| T T T TTT I_
Combined analysis fI'OIIl HEU and LEU deployments % ﬁq:rﬂgéspEoT-ll: Mominal Parameters 2 ¥ HFIR T
. '_"_ - — PROSPECT-Il,2Y HFIR + 2 Y PWR g
. — PROSPECT-I, 4 Y HFIR + 2 Y PWR
enhances PROSPECT-II physics goals: F | et /
< _LEL CPV Ambiguity Limi %
. . e e e SBL + Gallium Al Iy RAA, 95% CL
e Oscillation sensitivity extended to lower Am? from ol T e ATy T 1=
. C dx
longer baseline 5 1s
- 1 —
- 1=
. . L 1<
e Spectrum measurement at different reactor gives 2
L o~
powerful probe of spectral isotopic dependence. =
=)
: 1= <
e Flux measurements at both reactors yield - g
unambiguous measurement of the isotopic i
antineutrino yield. I
10
I
1072 107" ,o 1
sin“20,,
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Summary
e We have set world-leading limits on sterile neutrino

. : Ly T RSV ="

oscillations with the final PROSPECT-I dataset.: = ~~~ PROSPECTH, G, 9% CL. ]
S oo S
—  Neutrino-4 BF ruled out at > 5o. € F . Neossowcl S
< : Neutrino-4 95% C.L. ‘::_—:-f}:':“':; _-_:‘:‘;/—#—:
- Gallium Anomaly allowed Am? < 10 eV2 rule out [ [ Gallum Anomaly 05% 0L __ " cm==""00 i
at 95% C.L. - o = :_E> .
- Leads global SBL electron-flavor disappearance limits e T S -
e ‘::‘::: .
over most of the 3-10 eV?2 phase space. : i ¥ g -
. R T X ]
e A diversity of approaches is required to unravel today’s I ”_ﬂ__'h\“_‘_:::{\’ il
complex SBL anomaly space: i \“\}\ 1
~  The reactor sector, and PROSPECT-II have a unique 107 v asemeomn 7 0 7]
role to play in a complimentary global program. 107 10™ s 1
sin’20.,

e The collaboration is in the first step of a three-phase program towards the deployment of an
upgraded PROSPECT-II detector.
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New U Antineutrino Spectrum Measurement

PRL 131, 021802 (2023)

PRESPECH,

 Produced the final antineutrino spectrum 2 F =
measurement: §4’5005 ' ¢ : + S5-period Unfolding
5 4000;_ 4 Smeared and scaled HM
- Stlu ObSGI’VGd a diStOI‘tiOD around §) MGV 3500:_ ¢ + -Reactor Corrections
e New constraints on the isotopic nature of data-model — sp0F . : +
disagreement 2500 ] = L
= + ] 2000 +
- 257 is the sole contributor to the bump disfavored z0f- & g *
- E +
at 2.20. 1500+ §
= L]
. . . 1000
- No contribution from #°U disfavored at 3.2c. - -
No U235 BestFlt Equal Iso All U235 500 - 2000 'Y
o - : — = R T ) .
<>J< = H i/ 5o = Antineutring Energy [MaV] *
N ! H 0
L ! . St = N N M P | 1
C i § — $ Data/model ratio
20§ i E 12— Model uncertainty
:- ,.'! -3 j — Best-fit excess t i
15:_ Regular unc. E _il-’ E E 1 . i
E E-- No unc. approx. E s E 08 —
10— = 1 = e v
r m
E z
i 310_‘ \/\/
5 g —— Energy window : 1.25 MeV
B = 4o

i K] 3 5 B 7 B
Antineutrino Energy [MeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021802

myﬁ&

Toy validation

» Toys generated with statistical fluctuation.

 BF point of the null toys are spread across
the dm2:

- Small fluctuation in the null
prediction corresponds to a non-zero
oscillation.

 BF point of the oscillated toys are within
the allowed region:

- Contains the true point.

ILLINOIS INSTITUTEﬁW
OF TECHNOLOGY

10

Am2, [eV?]

IIIIF11

T
®

True Value
Toy BF test

20000

Toy BF test
— (0,0)

#1

Toy BF test #2

#3

Toy BF test #4

| —— (0.334965, 5.5)
—— (0.211349, 7.9)

— (0.421697, 0.421786)

[ SBL + Gallium Anomaly (RAA), 95% CL

=]
&%
®
i A |

o599

o
L2
l

IJIIII|

107 —
107
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I'iX Period 5
Response Mat _—

144|145 |146| 147 148| 149] 150| 151} 152| 153

130| 11 | 182 133{ 134] 13| 136 17| g 100

1161117 118|119} 120] 121 122| 123| 124’ 1‘25J D DEER

102 103l1o4 105| 106| 107| 108| 109} 110{ 111 Segment
Wles!es o7 |88 | 89 Y| ot | o203l os|os|oslor D SEER
70 72 75 | 76

e Reponse of segment 45 across different period:

©

. . . . 7 73 |74 77| 78| 79| 80| 81| 82| 83 Segment
 Degradation of the response as neighboring segments are turning off. [=]=]= - TN - I - || siind
42 |43 | 44 46 | 47 | 48 | 491 50 | 51| 52 | 53 | 54 | 55 Segment
. . . 28 |29 |30 131 |32|83|34)135)136|37138]| 39| 40| 41 HOt Segment
- Leaking prominent at low and high energy. B - - G )
True Antinuetrino Energy [2.5-3]MeV True Antinuetrino Energy [4.5-5]MeV True Antinuetrino Energy [6.5-7]MeV
g 0B 2 o7f i 2 07/ 1t
3 F ~—— Period 1 B i == 3 L Period 1 H
O 08k 3 F S [
- =~ Period 2 0.6 ~— Period2 06—  — Period2
0.7k Period 3 E Period 3 5 Period 3
- Ly Period 4 0.5 Period 4 05— Period 4 ==
06 3 Period 5 E Period 5 E Period 5
osE- 04 0.4
0'45_ 03 0,3:—
0.3F- s -
5 0.2 -
0-2:T‘.J E _,J 0.2:‘—
o i_ HE = o1f- o 3
0:_1 I | L L L | L 1 L | 1 I 0:__l L | L 1 L | L 1 L | 1 L G:. L | . " ¢ , ) 1 L | Bpe o
2 4 6 2 4 6 2 4 6
Visible Prompt Energy [MeV] Visible Prompt Energy [MeV] Visible Prompt Energy [MeV]
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Background Stability

e (Cosmogenic backgrounds vary with . F b iHeadtersiBaticd
atmosphere conditions. -+ Reactor-off Period 2
1500 -
» Check the consistency between RxOff - N 7
backgrounds: 2 - ' P
5 1000 |- ; -—<
— Consistent rate and spectrum © | ; * , 2 3
observed. 500 g—.: ,f , W > ¢
:Oh :;uu‘ o.:.s.‘:‘
: ‘“.“.."on " net
0 | I_ - o o "0 alelggea, b ﬂ l. |Ol l sealeni®ings
14 ‘ ’ ‘
MWHM n | ;l ‘H!H
5 1.0 | |
o
||| } il |1 |’ |'
2 4 6 8 0

Prompt Energy [MeV]
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Pulse Stabilities

0.9 1.0 1.1 12 13
Oz

Wine & Cheese Seminar

1.005

0.95

ILLINOIS INSTITUTEif/}.

OF TECHNOLOGY

.....

Date in 2018 [mm/dd]

64



PRESPECH,

Counts

3500

3000

2500

2000

1500

1000

500

Absolute L/E

A N o
* +

I[I|II1I[1IflllllI[ll[]lll]l[]l[]l[ll

4
THETR e
i i
i E 3 +

EBackground Cosmics

EBackground Accidentals

Signal IBED Counts

Mull Czcillation IED Prediction
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Absolute L/E

Precision on o; (%)

Case Description 2352385 [239p, [240p, [241 p,
- Existing Global Data 1.3 12641252 | - |426
| HEU + LEU 1.6 |11.1] 4.6 - 10.5
3 |HEU + LEU + RG-MOX || 1.6 | 9.7 | 2.2 - 3.4
2 |HEU + LEU + WG-MOX|| 1.6 | 99 | 2.5 - 3.6
4 HEU + LEU + Fast 1.6 [109| 4.6 | 27.2 | 10.3
5 All 1.6 | 95| 21 |23.6| 33
6 All, Uncorrelated 1.5 | 143 2.1 | 362 | 4.2
- | Model Uncertainty 2.1 | 82| 25 - 2.2
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Energy Smearing of N-4

™ ;"500 keV" data 3
- _ | _\—0~ _
— F ' & 1 —~\ ]
q E ,Ilr_ % T - :
o — 1 =t ]
o b —— E
o o w / |- ]
E o~ 3
© E L /e 3
e E
™ 3 Sin“29e, = 0.38, Am?, = 7.26 eV° E
g SiN205 = 1.00, Am?, = 7.16 eV —— Unaveraged oscillations . ]
o F —— Averaged oscillations without energy resolution smearing 3
= Averaged oscillations with energy resolution smearing —— Averaged oscillations with energy resolution smearing
:I 1 | I T T N N I | I I I 1 1 1 I 11 1 1 1 1 1 11 I | I [N N N N N I 1 1 1 1 1 1 1 1 | 1 1 1 1 /I - I 1 1 1 1 1 1 1 1 1 | 1 1 1 1 |:

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

L/E [m/MeV]
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