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towards 1 tonne 76Ge experiment

Current interests in v science |

* Experimentally determine the fundamental properties of
neutrinos and their interactions with matter

+ Develop the best tools and detector technologies to support
neutrino research.

PROSPECT-
A Precision Reactor Neutrino
Oscillation and Spectrum Experiment
at the 85MW HFIR

Isotope Program:
Stable and Radioactive-
New capabilities

Underground
Research Facility

O\ Ho TARGET COHERENT-
/- SHIELDING MONOLITH Coherent elastic neutrino-
?leus scattering at SNS

CONCRETE AND GRAVEL n

Ultra Sensitive
Analytical Techniques-
AMS
RIMS

NAA
Dark matter-

detectors technology

Quantum Information Science-
Machine Learning

Modular Total Absorptlon
Spectrometer (MTAS)-
B-decays of n-rich nuclei
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ORNL: A hub for neutrino physics

« Oak Ridge National Laboratory
(ORNL) is a multidisciplinary
laboratory that presents multiple
opportunities to study neutrinos.

« The diverse research portfolio
includes:

« Searches for neutrinoless
double beta decay with the
LEGEND experiment

« Observation of Coherent
Elastic Neutrino Nucleus
Scattering (CEVNS) by the
COHERENT collaboration

* Inverse beta decay (IBD)-
based antineutrino detection
with the PROSPECT
experiment
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Neutrinoless
adouble beta
decay




Search for Neutrinoless Double Beta Decay (Ovf3p)

This research has been identified by recent
national and international review panels as
being one of the highest priorities in all of
physics.

NSAC is an oﬁ(cjvisory committee
that provides official advice to the .

Department of Energy (DOE) and ¢ |f OVﬁﬁ IS Observed, Theﬂ
the National Science Foundation

(NSF) on the national program for

basic nuclear science research. - LepTOﬂ number iS not conserved

- The neutrino is a Majorana

1 particle (its own anti-particle)

Sensitivity Background - T Will provide information in the
absolute neutrino mass scale
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It's all about

| Muenindced background

T
@

Muon creates high and low
energy neutrons in the rock

Background contributions

® 238U
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External and Environmental
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©® Other neutrino
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Injector for Radioactive lon Species 2 (IRIS 2)
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ORNL/UTK Students that worked in v Physics High effciency laser resonance

ionization of plutonium
Science Reports (Nature) 2021

A Plutonium Needle in a Haystack

New results could significantly improve resonance ionization mass spectrometry ultra-trace analysis of

plutonium isotopes.

U.S. DEPARTMENT OF Office of

EN ERGY Science

Home About Laboratories Science Features

DOE/NP

Home | Science Features | Science Highlights

Image courtesy of Elisa Romero-Romero

Resonance ionization mass spectrometry is a highly selective and sensitive technique for analyzing extremely small

Science Highlights

Elisa Romero Final Measurement of the 235U Antineutrino
UNAM Energy Spectrum with the PROSPECT-
Highlights Detector at HFIR
PRL 2023

DOE/HEP

PROSPECT
Characterizes the
Footprint of Neutrinos

Experiment at Oak Ridge National
Laboratory’s High Flux Isotope Reactor

Diego Venegos precisely measures the antineutrino

16 %gﬁﬁ%{gﬁg Blaine Heffron Jeremy Lu UNAL energy spectrum.




Sensitivity and Efficiency Measurements for 242Pu

New Brunswick Laboratory
U.S. Department of Energy

Certificate of Analysis
CRM 130
Plutonium-242 Spike Assay and Isotopic Standard
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1930: Neutrino existence is postulated

Particle properties:

3L * no electric charge
Beta Decay Spectrum * spin 1/2 fermion

» massless or tiny
* Fermi’s "“weak” interaction

5

35
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U 12 It 20 a10° /
V telectron volts)

Scott, F. A. Phys. Rev. 48.5 (1935): 391.

.+ W. Pauli 1930

“I have done a terrible thing; |
have postulated a particle that
cannot be detected.”
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Neutrino Physics Through the Years

} Neutrino First observation ’ Solar Neutrino Oscillations Mixing angle
postulation of neutrino (mass)
Observation of Homestake KamLAND kiloton

Neutrinos introduced DYB,DC,RENO use

: (anti)neutrinos at experiment detector at lon
by Pauli to save P : . g near/far detectors for
conservation laws in Savannah observed for the baselines, discovery .
R h h . : . : precision measurement
8 deca eactor throug first-time solar of antineutrino .
y IBD with ) I of last mixing angle
experiments wit neutrinos oscillations (mass)
scintillator

1930

L o
Pt 1
i
\ >
T
1
[ 3 12 1 20 a10° L
-

V electron volts) 8 :
Scott, F. A. Phys. Rev. Savannah
48.5 (1935): 391. reactor Homestake mine KamLAND
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Neutrinos in the Standard Model

¥

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers

National Laboratory

(fermions) (bosons)
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Current picture

» 3 types of neutrinos corresponding to three lepton
generations

* Neutrinos are massless in the SM

» Electrically neutral and weakly interacting

* Neutrino oscillations are evidence for the non-zero
mass of the neutrino (BSM physics)

{la vor states
= /v,
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interact
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Neutrinos in the Standard Model
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Standard Model of Elementary Particles
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interactions / force carriers
(bosons)

=124.97 GeV/c?
0

o H
higgs

GAUGE BOSONS

VECTOR BOSONS

Current picture

» 3 types of neutrinos corresponding to three lepton
generations

* Neutrinos are massless in the SM

» Electrically neutral and weakly interacting

* Neutrino oscillations are evidence for the non-zero
mass of the neutrino (BSM physics)

Current Mysteries

* What is the mass of the neutrino?

* Are neutrinos Dirac or Majorana fermions?

* What are the relative mass differences between
neutrino species? (mass hierarchy)

* Are there more than 3 types of neutrinos (sterile
neutrinos?)



ORNL’s Opportunities: World Class Neutrino Sources

Spallation Neutron Source: SNS

 Pulsed neutron source

- 1 GeV protons on Hg target
* 1.4 MW beam power

- 2"d target station

High Flux Isotope Reactor: HFIR
* 85 MW research reactor

« Compact core

 Highly-enriched uranium fuel

" %OAK RIDGE

National Laboratory




Neutrino flux origin and specitra
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Common Types of Interactions for Reactor Neutrinos

fission process in a nuclear reactor

144
120
sy ey @O y T sy ey Qo"
o +®—»$—> Q\?—v —»o—o+®
B;‘ Chain Reaction

|| Ve-producing
&8 beta decays

* Nuclear reactors are the most
intense terrestrial sources of
neutrinos

* They produce an immense flux of
antineutrinos in the MeV range.

» Flavor pure, only electron
antineutrinos are produced

« Allow for proximity to the source,
and it is usually paid by others

104 yr

10 yr

source: Wikipedia 104
Tno data
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Neutrino electron elastic scattering
Anincoming neutrino scatters off of an electron. It may
exchange charge with the electron or it may not. In either
case, a recoiling electron emerges in a direction that is
very close to that of the incoming neutrino.

Incoming neutrino
Outgoing electron
o]

Outgoing neutrino

Coherent elastic neutrino-nucleus

scattering (CEvNS)

The entire nucleus recoils as a solid body off of an incoming
neutrino whose quantum wavelength is comparable to
the diameter of the nucleus. No charge or internal energy
is transferred to the nucleus.

Incoming neutrino Recoiling nucleus
L ———

Outgoing neutrino

Inverse beta decay

An incoming antineutrino (neutrino) exchanges charge
with a proton (neutron) in the nucleus, converting it to a
neutron (proton) and becoming a positron (electron).

Outgoing neutron
o —>

Incoming antineutrino

Outgoing positron
O el

Link J M 2017 Scattering neutrinos caught in the act Science 357 1098—
1099 URL https://www.science.org/doi/abs/10.1126/science.aao4050



COHERENT
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Nevutrino Alley

After extensive BG program study we
find a well protected location

1 GeV proton linac

Target Building

Alley is 20-30 meters from the target.
Space between target and alley is
filled with steel, gravel and concrete gﬂ‘

,, ANl
There are extra 10 mWE from above ((C@Y\ e



First Detection of CEVNS

Dinosaur heretic looks

Increase inclusion to increase
for redemption p. 1088

Fluorescent or magnetic
STEM diversity p. 1101

cotton fibers p. 1118

09/15/2017

Sclence

[

$15
15 SEPTEMBER 2017

sciencemag.org
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GHOST

A compact detector spies
neutrinos scattering from nuclei
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Fluorescem or magnelit

Dinosa lic looka Incr to increase
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Akimov et al. Science
Vol 357 (6356), Sept. 2017
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5 15 25 3% 45
Number of PhoToeIec’rrons (PE)

v, D, W, Beam ON
prompt n

1 3 5 7 9 11
Arrival fime (us)

« SNS is an intense source of neutrinos
from pion decay at rest (DAR)
— TV, Ve, V),
— ©~ decay chain mostly captured!

— A neutrino scatters on a nucleus that
recoils as a whole; coherent up o
E,~ 50 MeV, proportional to the
number of neutrons.



Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

A nevutrino scatters on a nucleus via exchange of a
Z, and the nucleus recoils as a whole;

coherent up to E ~ 50 MeV

N N
ZO
\ % \ %4
do G?

— = —k*(1 +cosb)

dQ)  4x2

CEVNS cross section is well calculated in the Standard Model
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D.Z. Freedman PRD 9 (1974)
Submifted Oct 15, 1973

V.B.Kopeliovich & L.L.Frankfurt

JETP Lett. 19 (1974)
Submitted Jan 7, 1974
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Physics Motivation - Neutron Distribution Functions
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COHERENT scattering — Relative measurements

«Experiment with identical detectors
 Different isotfopic composition

*Use enriched isofopes

ePerform simultaneous measurements

Cancelation of some systematic errors
*Use odd A nuclei (Axial)

o
20.57% STABLE i

72 27.45% STABLE O+ 5|
73 7.75% STABLE 9/2+ F
74 36.50% STABLE 0+ :

1

76 7.73% STABLE O+

Neutron number




Collaboration with CINVESTAYV - Isotopically enriched detectors

, PHYSICAL REVIEW D
« Omar Miranda
o Gonzglo SOnCheZ Highlights Recent Accepted Collections Authors Referees Search Press About Editorial Team N
° LO ura DU q ue H errera Access by Oak Ridge National Laboratory Go Mobile »
— . _ Novel approach for the study of coherent elastic neutrino-nucleus
8 : e scattering
': . S 3 by ’ A. Galindo-Uribarri, O. G. Miranda, and G. Sanchez Garcia

. ' Phys. Rev. D 105, 033001 — Published 3 February 2022
4 < More
¢ »
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The Weizmann Award to the
best doctoral theses carried out
OAK RIDGE in Mexico by young researchers
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76Ge Enrichment for Ovi3f3

100
90
80
70
60
50
40

30

: ||| ||| “\
| III
0 . .
70 72 73 74 76

20.57 27.45 /.75 36.50 7.73
OAK RIDGE 016 .006 .02 12.0 88.0
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G E R DA D e p I ete d ]inSt PUBLISHED BY IOP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: February 28, 2013
ACCEPTED: March 27, 2013

Ge Detectors

' . . — Isotopically modified Ge detectors for GERDA: from
2/A 350¢g g - =
270 mm Ig s/ ss0g\T, productlon to operatlon
1/8 =
2/B 723 g é — 741 mm—b[g 4/B
e 57547 mm —»I‘g" D. Budjas,’ M. Agostini,’ L. Baudis,’ E. Bellotti,>/ L. Bezrukov,? R. Brugnera,’
e C. Cattadori,” A. di Vacri,” R. Falkenstein,* A. Garfagnini,’ S. Georgi,’
2/c 3/C ajc 760g I‘g P. Grabmayr,*! A. Hegai,* S. Hemmer,’ M. Hult,c J. Janicské Csathy,’
[ erastmm /3 V. Kornoukhov,*” B. Lehnert,” A. Lubashevskiy,” S. Nisi,” G. Pivato,’ S. Schénert,’
o ssig |15 . M. Tarka' and K. von Sturm*
7668 mm ) § 20 =D 4/p 7°°iJI’§ S e -
274 mm 3
= AVAILABLE
- j70 |72 (73 |74 |76
Natural 20.57 27.45 /.75 36.50 /.73
Depleted 22.3 30.0 8.3 38.8 0.6
Enriched 76 .016 .006 .02 12.0 88.0

The measured characteristics and performance of the tested depleted
detectors were as good as those of a reference BEGe from standard

" %OAK RIDGE Canberra production made of natural germanium

National Laboratory




Isotopically enriched detectors

Zinc detectors —

 Mass =1Kg each

A
* Run time =1year
* Taking data
simultaneously

Nickel detectors

A

Silicon detectors
A

OAK RIDGE
29 National Laboratory
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: Expgrim%higﬂlkgds Cooled Reactor

ORNL reactors

Oak Ridge Research . Low In’rensfryTes’r

Reactor

1943 - 1992

Pool Critical Assembly
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Tower Shielding Reactor
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eutrino Sources: Nuclear Reactors

3 10
fission process in a nuclear reactor —e
CRR w | 2 I i
cutron wor @ | ;-{f oAy \cr 10 _u EXEa Galac-t'c
*g 107
| g0 Accelerator
p— : 3 Atmospheric
o GB EH beta decays 1 O
NWO‘Q\QSW_ \ 610" Super \ova
Vo e
Srss?; ?\' ' . 10-16
nobelprize org e @ source: Wikipedia | |_1 105
10"
* Nuclear reactors are the most <
intense terrestrial sources of 102
neutrinos .
« They produce an immense flux of 10
antineutrinos in the MeV range. 102
 Flavor pure, only electron ...feel free to quibble with these breakdowns
antineutrinos are produced 107 slsfosial afoatieebodh g o g of Sl of o o ol &
 Allow for proximity to the source 10°  10? 1 10° 100 e A A0 W 0T 1T
» Reactor operations are usually paid Zeller and Formaggio, Rev. Mod. Phys. 84 (2012) Neutrino Energy (eV)
by others
&OAKRIDGE
National Laboratory
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PROSPECT Motivations and Goals: Sterile Neutrinos?

The Flux Deficit

Previous reactor experiments observed
a 6% flux deficit when compared to
reactor models.

Questions:

- Can this deficit be explained by
neutrinos oscillating into an active-
sterile state?

- How would one look for such
oscillations?

Physics Goal 1:

- Search for short-baseline oscillations
and conclusively address the sterile
neutrino hypothesis as an answer to
the Reactor Antineutrino Anomaly
(RAA)

:OAK RIDGE

National Laboratory

Data / Prediction

1.2

—— Previous data
—— Daya Bay
Global average

1-0 Experiments Unc.
1-c Model Unc.

aal M 2 2 _ g o g g8 P |

10 102 10°
Distance (m)

Feng Peng An et al. Measurement of the Reactor Antineutrino Flux and
Spectrum at Daya Bay. Phys. Rev. Lett., 116(6):061801, 2016, 1508.04233.




PROSPECT Motivations and Goals: Anomaly in the

spectrum?
The Spectral Deviation E ~Data
Daya Bay and other 843 experiments e =2 Ml Full uncertainty
observed bump in 4-6 MeV region, a B ook B esecionmcsrisy
deviation of ~10%. &  F Vogel
8 10000 = L

Questions: 5 g ik Wbgradad
- What is the nature of this bump? s o T »
- Is it a modeling issue? B e A R
- Are the all the models wrong? Or g3 ‘1";:—

does the problem lie with the [T ee—

prediction for one of the fissioning 2% o9 R

isotopes EE o8

a
Prompt Energy (MeV)

Physics Goal 2:
- TO make a precise measurement Of Feng Peng An et al. Measurement of the Reactor Antineutrino Flux and
. . Spectrum at Daya Bay. Phys. Rev. Lett., 116(6):061801, 2016, 1508.04233.
the antineutrino spectrum from a HEU

reactor (mainly 23°U).

¥ OAK RIDGE
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Neutrino Flux from Nuclear Reactors

fission process in a nuclear reactor

il Ve-producing
B beta decays

* Nuclear reactors are the most
intense terrestrial sources of
neutrinos

« They produce an immense flux of
antineutrinos in the MeV range.

» Flavor pure, only electron
antineutrinos are produced

 Allow for proximity to the source

» Reactor operations are usually paid
by others

stable

10yr

¢ OAK RIDGE
WNational Laboratory

Summation method

- Summing all beta-decay
contributions from all fission
fragments

- Database dependent;

- ~1000 different beta-decaying
isotopes contribute to the reacto
electron antineutrino flux!

Conversion method

* Relies on measurements of
integral spectra from 235U, 23°Py,
and 24'Pu (e.g. from ILL and KI
research reactors).
 Conversion of electron spectra
to antineutrino spectra is
possible but requires some
nuclear physics input (e.g.
forbidden transitions and finite
size effects).
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U235 Neutrino Spectrum
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PROSPECT Motivations and Goals: Sterile Neutrinos?

3 RS

Sterile Neutrino, 3+1 Scenario
- Expanding PMNS matrix to include
sterile neutrino components

- Sterile Neutrino searches become
simpler at short baseline

Am?2, L

P(U, — v,) = 1 — sin® 20y, sin®
(7 Ve) sin® 264 sm( 1B

- Sin2(26) modulates the oscillation
amplitude

- Am? is the oscillation phase

- Am?2 assumed to be ~1eV?2

OAK RIDGE

National Laboratory
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https://doi.org/10.1016/j.physrep.2021.06.002



HFIR — High Flux Isotope Reactor

Favorable positioning, 7-12 m from the core

Fresh core each cycle

Fuel evolution is negligible

Detailed core model available for simulation

28 %OAK RIDGE
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Reactor gamma background

« Characterize the background radiation fields encountered at
HFIR,

« Understand the sources of those backgrounds

* Develop background mitigation strategies appropriate for
low-background experiments

Example HPGe gamma-ray spectra taken with Reactor on and off

— Reactor Off
\ — Reactor On

)

- =)
- ||||||l| | |||||||| | |||||||[ | |||||||| | |||||||| 1 T11
-
N 3

Counts/MeV/s
>

—
(=]
w

-h
o
nN

l [T A . . l . . . [l |
4 8
Energy (MeV)
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The PROSPECT Experiment

* A 4-ton ¢Li-doped segmented
liquid scintillator detector at
the HFIR research reactor

- US-based: Oak Ridge Lab (Tennessee)
— Very short baseline: 6.7-9.2 meters

— Compact core (<60cm dimensions)
with 50% duty cycle.

— |IBD data taken from 2018-2019

0 %OAK RIDGE

National Laboratory

al
Reactors:
DYB,
RENO,
DANSS,




4]

Backgrounds — Spatial Variance

rOn: 1-3 MeV; Z=206<;m
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PROSPECT Final IBD Selection

Improved PROSPECT's IBD selection
in light of gradual PMT failures (62 of 398 PMTs)

- Split dataset into 5 periods: 1 reactor cycle per period.

- Used segments with 1 functioning PMT to veto cosmic neutron
backgrounds

- Ratio of signal to cosmic background increases from 1.4 to 3.9, and IBD
counts increase by 20%. Total statistical power is more than doubled.

— Reactor Off, Scaled

§>‘) 4500

S 4000 — Total RxXON [Jperiod 1

% — Total RXOFF DPeriod 2
g"sooo S 00 { Total IBDs JPer%Od 3
§4ooo - — Reactor On 8 3000 DPer}od 4
E | |Period 5
o
(@]

{ IBD candidates
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PROSPECT, PRL 131
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https://arxiv.org/abs/2212.10669
https://arxiv.org/abs/2212.10669
https://arxiv.org/pdf/2006.11210.pdf
https://arxiv.org/pdf/2006.11210.pdf
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Great background reduction
provided by new analysis
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Multi-Period Spectrum Analysis PRESPECT,

Previous PROSPECT Analysis New Multi-Period Analysis
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% 4000 | - ReaCtOI’ On (Total)

T — Reactor Off, Scaled (Total)
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Implementation of new DS+SEER optimized provided the
following improvements:

* |BD counts ~60k (x1.2)

* |BD effective counts ~30k (x2)

* Signal to cosmogenic background (S/CB) ~3.9(x2.8)
* Signal to accidental background (S/AB) ~4.3(x2.4)



New Multi-Period Oscillation Analysis PRESPECT,

* Previous oscillation measurement was
statistics-limited. Increase in effective
statistics (x2) will improve current sensitivity

» Recent results from the Neutrino-4
collaboration reported a non-zero sterile
neutrino oscillation

Phys. Rev. D 104, 032003

15
14] Am’, =736V’ sin"20,, = 0.36
1.3-'
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003

PROSPECT Final Osc: Probing L/E

* Qualitatively examined PROSPECT's
IBD dataset in bins of L/Ev

* No obvious oscillatory features are visible in the ratio of L/Ev spectra
between data and the null-oscillation prediction

- One would expect to see substantial features in the presence of
oscillations matching the Neutrino-4 best fit point.

arxiv:2406.10408 June 17, 2024
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o« PROSPECT provides new

world-leading limits on < T T LT ]
sterile neutrino oscillations ) 10
— New regions of high-Am?2space € f .
are excluded at >95% CL, < T i
including all space below - .
10 eV2suggested by the i i
Gallium Anomaly - .
- Neutrino-4 best-fit point is n B
ruled out at >50 CL = 1
i ~ 1
[ .. CL, Sensitivity, 95% C.L. |
| —— CL Exclusion, 95% C.L.
| --- CL Exclusion,5¢ N\ .,
B Neutrino-495% C.L. N,
| Gallium Anomaly 95% C.L. :
PROSPECT, Neutrino 2024, arXiv[2406.TBD] 10_1 ' — 'I|(|)‘1 ' ' E— ’
sin°20,,
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Phase space for 3+1 sterile neutrino oscillations excluded
by the final PROSPECT-| dataset

New PROSPECT data set is compatible g |
with an absence of sterile neutrino 2,
oscillation:s. NE; 101
g B
Best-fit point of the Neutrino-4 reactor ]
experiment's claimed observation of -
short-baseline oscillation is ruled out at
more than 5o. =
Excluded all phase space for Am?2 oL Exchusion 950 OL.
below 10 eV2 suggested by the recently |- CL,Excuson,56 N\
strengthened Gallium anomaly B Neutrino-495% C.L. N,
» l:] GalllllumlAncl)melaIyIQsl%lc.L. | | —
10 107 1
sin°20,,
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DPS Joint Oscillation Analysis

« A combination of Daya Bay, PROSPECT, and STEREO datasets
offers new benefits for sterile oscillation searches

— PROSPECT and STEREO datasets have comparable statistical
power

- Daya Bay's LEU-based 235U spectrum
measurement is directly comparable I
to HEU STEREO and PROSPECT o o o1
measurements [ Gatium Anomaly 55% G.

— Additional sterile sensitivity unlocked
by comparison of long (Daya Bay)
and short (STEREO, PROSPECT) 1
baseline energy spectra
(a la NEOS/RENO)

« Analysis work started between
three collaborations in late 101 M. Andrimirado (T~
2023. Stay tuned! 02 10 q

sin°20,,

T T T | ——
— PROSPECT-I, CL_, 95% C.L.

10— STEREO, CL,, 95% C.L. -

Am2. [eV?]

T Illlllll
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HFIR Nevuirino Laboratory

Workshop on Neutrino Science and Applications at HFIR

22-24 Apr 2024
Building 8600- SNS

e Currently exploring
community interest in
HFIR as a multi-use

particle physics lab

« Workshop attended by
IBD, Reactor-CEVNS,
Detector R&D, QIS folks

e Forming an experiment
interest group, steering
commiftee in 2024

« Existing and future facilities at ORNL (HFIR, SNS, STS) make it the hub
for low-energy neutrino physics in the USA.

4 %OAK RIDGE
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Next Step: PROSPECT-II

« Goal: Match initial performance (maintain similar pitch, similar
scintillator characteristics) while improving stability

e Remove PMTs from active volume
— Eliminates main PROSPECT-1 fail

* Improve environmental PRQ@C}‘\? 11
conftrol/isolation

. . Inner detector
— Fewer materials in contact

with LiLS

— Improved cover gas system >

s .

- Active cooling

1":{ SINES - S
0 ‘n;a‘\vl 22 )
« Enable emptying/refilling LRI
,\,‘L‘ .1”,‘ A 1
- Allows movement
to multiple sites (HEU, it T -, '
LEU, DAR source, beam dump) S ;. o Wiy V7, comtaimment vessel
. . . /el ®, (/
unlocking a diverse potential T, ‘

long-term physics program
0 ; %OAK RIDGE

National Laboratory
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"Local” Students and Postdocs that worked in PROSPECT-I

Brennan Flisa Rosa Luz Andrea Adriana Sabrina Brandon James

+ more than 35 from lanc
. . N R Peinad Delgado Ghiozzi Cheng White
collaboration institutions Hackett omero einado Matta

UTK UTK Sonora Texas A&M UC Berkeley MIT PD-ORNL 13 PD-ORNL 17

&
W

Corey Xiaobin Cristian Omar

Alan lvan

Diego :
Guirado Garcia Vargas Corona Gilbert Lu Baldenegro  Garcia
Sonora UTEP Wesleylan UAEM UTK UTK Sonora  CINVESTAV

SN

Ay

Blaine Jack Travis Biswas Felix David
Heffron Boyle Stockinger ~ Sharma  Pastrana  Murphy  Fan
UTK Surrey UTK UTK Colombia UCD UTK
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Visit to the Graphite Reactor Summer interns 2024
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PRTSPECT;

A Precision Oscillation
and Spectrum
Experiment
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In Memoriam Dr. Salvador Galindo-Uribarri

Review

The Unsettled Number: Hubble’s
Tension

Jorge L. Cervantes-Cota, Salvador Galindo-Uribarri and George F. Smoot

Special Issue
Universe: Feature Papers 2023 — Cosmology

Edited by
Salvador Galindo Uribarri. Dr. Kazuharu Bamba

Difusion cientifica, historia de la

ciencia y apoyo de cientificos jovenes. Co-author on 3 articles
with NL George Smooth

o %OAK RIDGE
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Salvador Uribarri es un
fisico mexicano. Milei
plagié un trabajo suyo.
Uribarri se enter6 por
NOTICIAS y lo denunci6.
Acd aparecen algunas
de las frases robadas.

( Durante una mafiana de mayo de 1565. George Vicars, sastre dey

1a pequena villa de Eyam, Inglaterra, recbi un paquete proveniente
de Londres. El bulto contenia telas que usaria en la elaboracion de
ropa para los lugarenos. Dias més tarde el sastre yacia sepultado
\en el cementerio de la iglesia local. Las victimas continuaron

% BT Mosel Suscepiibles-Infectados-Remoudos (ST
Una forma de entender la propagacion de infecciones es a través
de la modelacion matemética de las epidemias. Daniel Bermouli en
1760, fue uno de los primeros en decarrollar un modelo matematco
para evaluar el efectc de vacunar a la poblacion con'ra la virueia. £l
\_desarrolo de modelos matematcos de epdemias tuvo un gran

1+ de infeccion
de las epiden
in < primeros en desar
,_evalud el efecto de vacunar a
1 rgo del tiempo, adecuing

s modelos has

(" Este es un modelo muy rudimentaro, al cual se fs han hecho )
algunas modificaciones a lo laigo del liempo, adecuandolo a
situaciones especificas. Algunos modelos han relajado las
condicones sefialadas ariba con los postulados (e) y (h) al
\_introducir cinamicas més complicadas. Por ej. el periodo latente de)/

\ iciones sefaladas arriba con los postulados ¢
( Sin embargo, sin necesidad de recu- (" Sin embergo, sin necesidad de recurrir & métodos numéricos, )
rrir & métodos numéricos, inferimos inferimos algunas de las caracteristicas cualitativas de las
R A e B solucones. Para comenzar, el modelo s6i tiene sentido si las
o funciones s(1)  i(7) se mantenen no negativas porque representan
vas de la es. Para comenzar \ un nimero de personas de alguna de las dos ciases. Enotas )

Denuncias de

PLAGI

VERSION ORIGINAL

Una epidemia es un fenémeno de avalancha, que se au-
toamplifica pudiendo llegar a dimensiones exageradas. Hay
muchos fendmenos similares, como la propagacién de un

\_incendio voraz por el basque, que también crecen de forma )

GASO 2

Antonio Guirao es un
fisico espanol. Milei le
copi6 paginas enteras.
“Es un disgusto ver que
el esfuerzo de uno es
aprovechado asi”.

feent

Una epidemia es un fenémeno de avalancha, que se \

autampiifica pudiendo llegar a dimensiones exageradas. Entender
esto ayudara a entender de forma realista los limites dentro de los
cuales una epidemia, como /a del coronavirus en el mundo, puede
\_ desarroliae. Hay muchos fendmenas similares, por o la

(" Un gran problema frente a una epidemia es que la estu- )
s con datos en diferido. Nunca sabemos el nimero real

dia
de enfermos que hay en la poblacién en un cierto insta

\_poraue muchos adn estin incubando el virus. Ademds, se )
A P ; "

(" Un gran problema frente a una spidemia es que fa estudamos )
con datos en diferido. A partir de los datos confirmados hemos de
reconstruir el pasado y hacer una proyeccion futura. Nunca
sabemos el nimerc real de enfermos que hay en la poblacién en un
\ clerto instante, porgue durante varios dias son infecciosos activos )

~N

{ En el mundo real €l crecimiento exponencial no
puede ocurrir indefinidamente, debido al agota
miento de recursos (por ejemplo, las bacterias en

(" Por otra parts, vale a pena notar que el crecimiento exponencial )
en el mundo real no puede ocurrir indefinidamente. Ello se debe a
una simple cuestion de agotamiento de recursos. El crecimiento
exponencial puede prolongarse mas o menos iempo, pero siempre

\ una charca dejan de multiplicarse cuando ya no =

\ {ermina alcanzandose una ftuacion de equilbrio o estacionaria, )

Infamous “co-author”
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ORNL provides strong support for Neutrino Program

|
|
g
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|
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B ¥OAK RIDGE PROSPECT Collaboration with ORNL personnel at HFIR



PROSPECT Detector at HFIR PRESPEC

_ Schematic of the active detector volume
Layout of the PROSPECT experiment

Antineutrino * 93% 235U Fuel
_Detector| - 85 MW thermal powe modest (1" Pb) ‘
o Compact core gamma shield e
* Huge flux in the few WOV RHBVVGOB VB |
1000000000000 09)
MeV range 1000000000000 00|
1000000000008090)
+ ~50% duty cycle for jssssssssssuses
BG measurements :ooeooeeeoeeooe:
10000000 G - esesssemses
10000000« Low mass
10000000 (M local Pb
, shield wall

Floor

Concrete Monolith X

14 x 11 array of 6Li doped liquid scintillator
for detecting reactor antineutrinos (6.7-9.2 m
from compact highly enriched uranium
reactor core)

J. Ashenfelter et al. (PROSPECT), Nucl. Inst. Meth. A 922, 287(2019)
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PROSPECT Il Physics Opportunities

é 60; =
P-1 Final Analysis | 4
S ¢ -~
Gain 52% of IBD b =
il effective counts over o —
R mags T what was published S et
0.9 . 20— Fu =
éo.s } n the PRD F R ;'-
o o &
S i ettt UL LI T T B )
ol TR il il il Ml File Number
Reactor To Detector Distance (m)

1
sin?20,,

Ongoing projects applying ML to
PROSPECT (NN various
configs.)

+ Single-ended event and z-position

» Positron discrimination to improve IBD
* Reconstruction/classification of

Deficit due to extra (sterile) neutrino
oscillations or artifact of flux predictions?

e ~data antineutrino events (energy spectrum

2 C = ull uncertainty .. . . . s .
e - and origin of interaction). Participation
S w0000 = = in neutrino meetings.
g 200003_ ;m integrated
55 Directionality and

P-1l New De5|gn 3% Sen.Sl-tIVIty to core

P-Il External Calibration e position

4
prompt energy/MeV

Spectral Deviation

High-Res Directional Background Studies at HFIR

~—— RxOn with wall
----- RxOn without wall

Measured spectrum does
not agree with predictions.

1071
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Y L

Vi
W

Rate [hz/keV]

Understanding reactor flux and spectrum
anomalies requires additional data
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Antineutrino Detection Principle PRESPECY,

6-LiLS with PSD Capabilities

i - Average waveforms for electronic/nuclear
Schematic of the IBD process type events

7‘_9_'7 prompt
g7 E=1-10MeV
Ve

T Illlllll

(=
Signal [arbitrary units]
9
1 11 II|I|

50 4100 150 200
delayed
Ecz 0.55 MeV 102
~10um

Ve+p— gt +n - protons
B electrons
o Hoo B0 @00 400
Time [ns]
® PROSPECT detects antineutrinos via the ¢ Differences in ionization density between
Inverse Beta Decay (IBD) process electronic/nuclear recoil type events result

. _ in distinct pulse shapes for each event
® Prompt signal (e*) provides a good energy

estimate of incoming v ® Prompt and delayed signal posses unique
* Localized delayed (n - °Li) signal Zs(lasr:et ;hapes (different from background

M. Andriamirado et al. (PROSPECT Collaboration), Phys. Rev. D 103, 032001 (2021).
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PROSPECT-II Physics Highlights

« HEU campaign:

— Close out remaining BEST and Neutrino-4 suggested space
below 20 eV?

- Pin down e-flavor disappearance to few-% level at <10 eV?2, | Phve G 49 (2092
benefiffing Onom(]ly Ond |Ong_base|ine TTTT] T ! 1 rlrllvs T T T T T7T

= B

1 1 90% CL
CPV InTerpreTOTIOﬂS - PROSPECT-II, Nominal Parameters 2 Y HFIR 1
. PROSPECT-II. 2 Y HFIR + 2 Y PWR =
. — PROSPECT.I, 4 Y HFIR + 2 Y PWR =
o . — DYB Current Exclusion — N
e SuU bseq uent LEU ca mpaign. KATRIN Expected Sensitivity, 95% CL_————
—— LBL CPV Ambiguity Limit -

[ SBL + Gallium Anomaly RAA, 95% CL

— First correlated probe of HEU/LEU types

— Delivers more precise isotopic ve flux/
spectrum information, broadly benefiting

reactor-CEVNS, nuclear data/applications, ...
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https://arxiv.org/abs/2107.03934
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Am2, [eV?]

10

107"

New PROSPECT limits lead short-
baseline reactor efforts for most Am?2 values above 3 eV?
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Background Rejection

— before cuts
— (1), (2), (3)
—(4), (5)
—(6)

IBD-like rate per segment n+H

Simulation

2C inelastic

Event rate [mHz/MeV]

rate [mHz/segment]
o
T T |IIII||'\) T 1T

showers

=

-

/
/

topology

!
]
!

fiqucializaﬁon \
1 0—1 [T L PR BRNRRRYA: NI R S A

0 2 4 6 8 10
prompt ionization [MeV]

—
T IlIlNL

segment x

Detector design further optimized for background

rejection Combine:

A sequence of cuts leveraging spatial and timing - PSD
characteristics of an IBD yields > 10% background
suppression and signal to background of > 1:1.

- Shower veto

- Event topology
Rate and shape of residual IBD-like background can be - Fiducialization
measured during multiple interlaced reactor-off periods.

v %OAK RIDGE
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PROSPECT - arXiv:1808:00097



Where are we going in the next 5 years and beyond?

* Neutrinoless Double Beta Decay
— LEGEND1000
- Beyond LEGEND?

« Direct Neutrino Measurements at HFIR and SNS
— COHERENT at SNS
— PROSPECT at HFIR
- Dedicated Neutrino Laboratory at STS Facility

%OAK RIDGE
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3. New Opportunities with
the PROSPECT-I Data

» Multi-period Spectrum analysis

» Multi-period Oscillation analysis




Multi-Period Spectrum Analysis: Unfolded Spectrum PR@’ﬁ@l\‘—

yg) 1000__ Period 1 E Period 2 E Period 3 E Period 4 i Period 5 e The implementation of a period_by_period
5§ T | | | | analysis allows for the treatment of each
. period as an independent experiment.
800—
i * New unfolding framework has been
. developed to jointly unfold the prompt
o0 spectrum from each period into one final
s antineutrino energy spectrum
400—
200
0
=1 1 | | 11 :I | 1 1 1 | I: 11 | 11 1 :l 11 1 | | I: | | 11 1 |

0.8-7.4 [MeV] 0.8-7.4 [MeV] 0.8-7.4 [MeV] 0.8-7.4 [MeV] 0.8-7.4 [MeV]

Prompt Visible Energy
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Multi-Period Spectrum Analysis: Results

WienerSVD

5’;’ 1000l Period 1 | Period2 |  Period3 |  Period4 !  Period5
3 | | : : :
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— 1 1 1 1
} } 1 }
— 1 1 1 1
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} } 1 }
— 1 1 1 1
1 1 1 1
— 1 1 1 1
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Multi-Period Spectrum Analysis: Unfolded Spectrum PRM

g 4500 v ¢ { 5-period Unfolding
« Obtain antineutrino energy spectrum by 2 4000 ’ 'L, smeared and scaled HM
] -Reactor Corrections

inverting detector response over all five 3500
periods with the Wiener-SVD method 3000

« Systematics are treated as period-correlated 2000
(e.g energy response) or period-uncorrelated s
(e.g background subtraction). 1000

« Same technique can be used for combining . | | | | -
different experiments. € [+ pata/model ratio
£ 12— Model uncertainty
. og ~—Best-fit excess M‘_\’\R L
- The most precise measurement of the s 1}{ I == *TWL e
antineutrino spectrum of Uranium-235 08— ) ‘ A . _ .
s 1E
Excess wrt model - gw";s W |
observed at ~ 6 MeV 8 L '

3 4 5 6 7 8
Antineutrino Energy [MeV]

NF
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Joint Oscillation Analysis

» Motivated by previous joint analyses, and by
the development of a multi-period analysis
framework we propose a joint-oscillation
analysis between Daya Bay, STEREOQO and
PROSPECT.

« PROSPECT:

— Short baseline (7-9m) HEU-based reactor
antineutrino experiment

« STEREO:

— Short baseline (9-11m) HEU-based reactor
antineutrino experiment

e Daya Bay:

— Long baseline (~2km) LEU-based reactor
antineutrino experiment

e OAK RIDGE
WNational Laboratory
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Joint Oscillation Analysis
oF
The combination of inputs from all three -

experiments provides improved sensitivity to
different regions of Am?,,

Am2< 103eV2:

— The oscillation period in the baseline is too long
to observe. The three experiments have no
sensitivity

Am?2 € [103,10] eV2:

— The result will be dominated by the Daya Bay
experiment for its kilometer-long baseline

Am2 € [1071,10] eV2:

— The result will be dominated by the STEREO
and PROSPECT experiments.

Am2>10eV?

— Survival probability is consistent across all three
experiments

1¢ OAK RIDGE
WNational Laboratory

10

IIII.

o

lll[

[

This uses
PROSPECT'’s
latest data

Stats only

— Method1
— Method2
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We present a detailed report on sterile neutrino oscillation and U D, energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of 7, produced in beta decays of U fission products. New limits on the oscillation of 7, to light sterile L
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically Jot
significant indication of 7, to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-

*  RAA best-fit excluded:
98.5% CL

+ Data is compatible with
null oscillation

fit point at the 2.5¢ confidence level. The reported *°U 7, energy spectrum measurement shows excellent mgetat st e for e PROSPECT renetor 1 :_ .
with energy models 1 via conversion of the measured >>U beta spectrum, with antineutrino experiment n hy pot h esl S ( p =O . 5 7)
ay?/d.o.f. of 31/31. PROSPECT is able to disfavor at 2.46 confidence level the hypothesis that >*°U 7, are The PROSPECT colaboraion o

solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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PROSPECT - Motivation

Spectral Shape as a Function of Energy and Baseline

Possibility of sterile neutrino oscillation as an explanation of observed
electron antineutrino deficits

Reactor-model independent search for sterile neutrinos at the eV-scale

Precision Measurement of Reactor Spectrum

Anomalies in spectral shape at ~ 5-6 MeV

Provide complementary measurement of 235U (fuel evolution)

Safeguards - a Passive Standoff Capability

AK RIDGE
73 %gt G

ional Laboratory




PROSPECT - Motivation

 Started taking data in March 2018

v' Detection of neutrinos at surface (HFIR)
v' First oscillation analysis (PRL) — published
v' First spectrum analysis (submitted to PRL)
‘Updated oscillation + spectrum results
«Joint analysis with other experiments

— Reactor-on
- - Reactor-off
¢ IBD candidates

N
'''''

. - * 1
OAK RIDGE 2 4 6 8 10 12
74 National Laboratory Prompt Energy (MeV)




PROSPECT science results

75 %

Limits on Sub-GeV Dark Matter from the PROSPECT Reactor Antineutrino
Experiment

M. Andriamirado et al. (PROSPECT Collaboration) submitted to PRD
arXiv:2104.11219

Improved Short-Baseline Neutrino Oscillation Search and Energy Spectrum
Measurement with the PROSPECT Experiment at HFIR
M. Andriamirado et al. (PROSPECT Collaboration) PRD 103 (2021) 032001 19

Nonfuel Antineutrino Contributions in the High Flux Isotope Reactor
A.B. Balantekin et al. (PROSPECT Collaboration) PRC 101 (2020) 054605 1

The Radioactive Source Calibration System of the PROSPECT Reactor

Antineutrino Detector
J. Ashenfelter et al. (PROSPECT Collaboration) NIMA 944 ( 2019) 162465 3

Measurement of the Antineutrino Spectrum from 235U Fission at HFIR with
PROSPECT
J. Ashenfelter et al. (PROSPECT Collaboration) PRL 122 (2019) 251801 26

A Low Mass Optical Grid for the PROSPECT Reactor Antineutrino Detector
J. Ashenfelter et al. (PROSPECT Collaboration) JINST 14 (2019) P04014 7

Lithium-loaded Liquid Scintillator Production for the PROSPECT Experiment
J. Ashenfelter et al. (PROSPECT Collaboration) JINST 14 (2019) P03026 14

OAK RIDGE

National Laboratory

A

PRTSPECY;

The PROSPECT Reactor Antineutrino Experiment
J. Ashenfelter et al. (PROSPECT Collaboration) NIMA 922 (2018) 287 42

First search for short-baseline neutrino oscillations at HFIR with PROSPECT
J. Ashenfelter et al. (PROSPECT Collaboration) PRL 121 (2018) 251802 118

Performance of a segmented 6Li-loaded liquid scintillator detector for the
PROSPECT experiment
J. Ashenfelter et al. (PROSPECT Collaboration) JINST 13 (2018) P06023 19

The PROSPECT physics program
J Ashenfelter et al. (PROSPECT Collaboration) Journal of Physics G: Nuclear and
Particle Physics 43 (2016)113001 87

Background radiation measurements at high power research reactors
J. Ashenfelter et al. (PROSPECT Collaboration) NIMA 806 (2016) 401 29

Light collection and pulse-shape discrimination in elongated scintillator

cells for the PROSPECT reactor antineutrino experiment
J. Ashenfelter et al. (PROSPECT Collaboration) JINST 10 (2015) P11004 20

~10 Papers on the works (ORNL lead writing role in 4)



Next Phase of PROSPECT

« Retains successful elements of
PROSPECT-I: segmented °Li-doped PR | PEC = II
liquid scintillator with minimal
shielding, located 7-9m from HEU Inner detector
core of HFIR (+ possible LEU site)

+ Moves PMTs out of liquid
scintillator volume

+ Uses external calibration system
instead of calibration tubes inside
active volume

+ Increases signal collection
capacity with 25% longer segments,

20% | d6Lif : | Vit ‘W i, Teflon-lined Al
0% increased 6Li fraction, longer o4, oy, iy, oeas&,:% 2, Containment vessel
- . c
data-taking period 73, o0y,
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Common Types of Interactions for Reactor Neutrinos

fission process in a nuclear reactor

144
120
sy ey @O I TR Qo"
o +®—»$—> Q\?—v —»o—o+®
B;‘ Chain Reaction

| Ve-producing
&8 beta decays

* Nuclear reactors are the most
intense terrestrial sources of
neutrinos

* They produce an immense flux of
antineutrinos in the MeV range.

» Flavor pure, only electron
antineutrinos are produced

« Allow for proximity to the source,
and it is usually paid by others

104 yr

10 yr

source: Wikipedia 104
Tno data

- %OAK RIDGE

National Laboratory

Neutrino electron elastic scattering
Anincoming neutrino scatters off of an electron. It may
exchange charge with the electron or it may not. In either
case, a recoiling electron emerges in a direction that is
very close to that of the incoming neutrino.

Incoming neutrino
Outgoing electron
o]

Outgoing neutrino

Coherent elastic neutrino-nucleus

scattering (CEvNS)

The entire nucleus recoils as a solid body off of an incoming
neutrino whose quantum wavelength is comparable to
the diameter of the nucleus. No charge or internal energy
is transferred to the nucleus.

Incoming neutrino Recoiling nucleus
L ———

Outgoing neutrino

Inverse beta decay

An incoming antineutrino (neutrino) exchanges charge
with a proton (neutron) in the nucleus, converting it to a
neutron (proton) and becoming a positron (electron).

Outgoing neutron
o —>

Incoming antineutrino

Outgoing positron
O el

Link J M 2017 Scattering neutrinos caught in the act Science 357 1098—
1099 URL https://www.science.org/doi/abs/10.1126/science.aao04050



* Last step of the analysis, expect results

to be published soon. < A A S LR i
> |
: s : o F PRELIMINARY
* Substantial improvement at high mass- § 10—/ — :
splitting: g e :
- Address N-4 non-=zero sterile - |
neutrino oscillation observation 1 e
- Cover BEST experiment allowed = |
. —— PROSPECT-I Sensitivity, 95% CL 5
regions —— PRD 2021 Sensitivity, 95% CL . :
-~ STEREO Exclusion, 95% CL
I Neutrino-4, 95% C.L.
— Complement STEREO's latest result. [ Y S Lo TS
107 107 1

* Aim for a Phys. Rev. Letters publication.
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» Several appearance and disappearance experiments observed anomalous results

e eV-scale sterile neutrinos invoked as a solution to the anomalies

e Experiments very diverse; different sources and detector technologies

e Several experiments already exclude regions of parameters space

e Need to invoke more complicated models if anomalies persist
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