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What I’m going to talk about
Neutrinos: Early history

Neutrinos: Early 2010s

PROSPECT motivation, design, construction

Final results with PROSPECT-I

Last words

I have borrowed or adapted numerous slides from PROSPECT colleagues. 
Thanks to Karsten Heeger, Tom Langford, Bryce Littlejohn, Danielle Norcini, Pravana Surukuchi, 

Diego Venegas Vargas 
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Neutrinos: Early history
1896 Becquerel discovers radioactivity

1914 Chadwick observes 
continues β-ray energy 
spectrum

1932-3 Fermi dubs Pauli’s particle the “neutrino” 𝝂. Develops 
theory of β decay  and concludes m(𝝂)<<m(e). 

James Chadwick,  
Maurice Goldhaber’s  

PhD advisor

1930 Pauli proposes  “a desperate remedy to save…
the law of conservation of energy:a light (mass < m(e)), 
neutral, highly penetrating particle with spin 1/2.” Pauli 
dubs it the “neutron”. Laments that it is unobservable. 

1932 Chadwick discovers the neutron (not Pauli’s)

Fermi
Pauli

Heisenberg

Boating on Lake Como 1927
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Neutrinos: Early history
Reines and Cowan exploit the inverse beta decay (IBD) reaction  using  
liquid scintillator (LS) detector and Cd-doped water. The positron annihilation is 
detected in the LS and the neutron captures on Cd to produce ~6 MeV of gamma 
energy, also detected in the LS. The spatial and temporal correlation suppresses 
background. 

The detector is located 12m underground to shield from cosmogenic background and 
11m from a  nuclear reactor. 

ν̄ep → e+n
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Neutrinos oscillation was confirmed in the 1990s.

The 

P(ν̄e → ν̄e) ≈ 1 − sin2 2θ14 sin2 Δm2
41L
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As of today: Oscillation of 3 massive active neutrinos is clearly the dominant effect:

For two neutrino oscillation in a vacuum: (a valid approximation in many cases)
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Figure 1.13: Measurements of the hadron production cross-section around the Z resonance.
The curves indicate the predicted cross-section for two, three and four neutrino species with
SM couplings and negligible mass.

Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can
be expected to exhibit a net polarisation along the beam axis even when the colliding electrons
and positrons which produce them are unpolarised. Similarly, when such a polarised Z decays,
parity non-conservation implies not only that the resulting fermions will have net helicity, but
that their angular distribution will also be forward-backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between
the Z and the purely vector coupling of the photon must also be taken into account. This
interference leads to an additional asymmetry component which changes sign across the Z-
pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion,
2As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary

parts of couplings, are taken into account in the analysis. They, as well as the small differences between helicity
and chirality, are neglected here to allow a clearer view of the helicity structure. It is likewise assumed that the
magnitude of the beam polarisation is equal in the two helicity states.
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Determined Nν = 2.9840 ± 0.0082

Additional  light neutrinos must have little or no coupling to the Z and W, hence “sterile”.  
Evidence of sterile neutrinos can be sought in the  electron neutrino “disappearance”.  In a 
model with one additional light sterile neutrino the antineutrino survival rate is 

   (L = baseline, Eν = energy)

Credit: Art McDonald Neutrino 2024
Phys.Rept. 427 (2006) 257

https://doi.org/10.1016/j.physrep.2005.12.006


Neutrinos early 2010s Reactor Antineutrino “Anomalies”
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Flux Deficit

Extra (sterile) neutrino oscillations or 
artifact of flux predictions?

Spectral Deviation

Measured spectrum does not agree 
with predictions.

Phys. Rev D 95, 072006 (2017). 
Daya Bay collaboration

Understanding reactor flux and spectrum 
anomalies requires additional data

PRD83 (2011) 073006

PROSPECT goals:
1. Reactor-model-independent eV-scale sterile neutrino search at short baselines
2. Precisely measure the antineutrino spectrum from 235U fission products



Reactor neutrinos: powerful source of pure ν̄e
element

isotope

β decay

• reactors are a powerful source: generate a lot of 
pure electron antineutrinos 

• e.g. generation in a PWR* reactor:  
235U, 238U, 239Pu, 241Pu  

• fission produces neutron-rich daughters that beta 
decay ~6 times until stable  

• >99.9% flux - only from this process 

• 1 GWth~1020  /second  

• detection: inverse beta decay (IBD), coincidence 
tag

ν̄e

ν̄e

ν̄ep → e+n
Eprompt ≈ Eν − 0.8 MeV

*PWR = Pressurized Water Reactor (typical commercial reactor)
pure, prolific source of neutrinos with a workhorse detection mechanism
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Neutrino source: High Flux Isotope Reactor @ ORNL
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past reactor experiments
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FIG. 1: Left: Reactor ⌫e flux measurements in reactor experiments up to ⇠100m baseline. Existing measurements are shown
in black. The blue, red, and green bands indicate the distances at which new experiments at NBSR, HFIR, or ATR are
feasible. Figure adapted from [7]. Right: Comparison of the size and power of several reactors cores. For ATR, both the typical
operating power and the higher, licensed power are shown. Figures from M. Tobin.

The National Institute of Standards and Technology (NIST) [12] and Oak Ridge National Laboratory (ORNL) [13]
operate powerful, highly compact research reactors for neutron research. Idaho National Laboratory (INL) [14] is host
to the Advanced Test Reactor (ATR). All laboratories provide user support for external scientific users. The National
Bureau of Standard Reactor (NBSR) at NIST, the High Flux Isotope Reactor (HFIR) at ORNL, and ATR at INL
have identified potential sites for a compact ⌫e detector at distances between 4-13m, 7-13m, and 12-30m from the
reactor cores, respectively [18]. NBSR o↵ers the opportunity for a new ⌫e flux and spectra measurement at the closest
distance yet wile HFIR and ATR o↵er superb power for their compact core size. The higher power and ⌫e flux of ATR
and HFIR is balanced by the slightly closer distance of NIST. Assuming a 1⇥1⇥3m (height⇥width⇥length) detector
with 30% e�ciency at either one of these locations, a measurement with 1 year ⌫e lifetime would cover the majority
of the currently preferred parameter space of the reactor anomaly at 3� C.L. Figure 1 summarizes the accessible
baselines and illustrates the comparison of several reactor cores in terms of dimension, geometry, and thermal power.
Also included is the commercial power plant SONGS with a deployment site at 24m baseline [19]. While SONGS’
larger core dimension limits sensitivity to larger neutrino mass splittings, the high antineutrino flux and available
overburden make it useful for detector commissioning and characterization. In addition, measurement of the SONGS
antineutrino spectrum may help further constrain flux predictions uncertainties, especially when combined with a
similar measurement of an HEU core. Figure 2 shows the 3� discovery potential for the di↵erent sites and illustrates
the e↵ect of di↵erent signal to background conditions. A precision ⌫e experiment at very short baselines provides
significant discovery potential to the currently favored sterile neutrino oscillation parameters.

A precision reactor ⌫e experiment at very short baselines will require a novel detector and shielding design. Reactor
⌫e experiments typically utilize the inverse beta-decay reaction ⌫e + p ! e+ + n yielding a prompt signal followed by
a neutron capture tens of microseconds later. The delayed coincidence allows for a significant reduction in accidental
backgrounds from natural radioactivity and gammas following neutron capture. The major experimental challenge is
expected to come from the lack of overburden and the need to operate the detectors close to the reactor core. At a
few meters from the reactor core, the available overburden for the reduction of cosmogenic backgrounds is minimal.
Fast neutron backgrounds from cosmic rays, the reactor, and adjacent experiments will contribute significantly to
the ambient backgrounds near the reactor. In spite of these challenges, recent developments of antineutrino detectors
for non-proliferation and nuclear verification e↵orts have demonstrated the feasibility of ⌫e detection in such a situ-
ation. The development of a precision reactor ⌫e detector operating in this environment will o↵er a range of R&D
opportunities with applications in gamma and neutron shielding, neutron detection, and reactor monitoring.

A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
the state of the art in reactor ⌫e experiments [20]. Recent developments of water-based scintillators [21] o↵er attractive
alternatives with di↵erent systematics and characteristics. Novel Li-doped scintillators [22] may be used to improve on
neutron detection e�ciency and minimize the gamma leakage. Choice and composition of the scintillator is important
for the timing of the delayed coincidence signal, the accidental background suppression, the energy response, and
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A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
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Reactor Sizes

Commercial  
Reactors

0.
5 

m 3 
m

0.4 m

HFIR

Core replacement

Power density

• 85MW highly enriched uranium reactor 

• >99% of  from 235U fissions,  
effectively no isotopic evolution

• compact core (44cm diameter, 51cm tall), 

• compact source of 

• 24 day cycles, 46% reactor up time

• detailed study of surface cosmogenic backgrounds  
(PROSPECT: NIMA A806 (2016) 401)

ν̄e

ν̄e

HFIR site
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Experimental strategy at HFIR
Goal - spectrum measurement:
✓single isotope 235U (most abundant in PWR)

Goal - sterile neutrino search:
✓access to short baselines
✓compact core
✓static IBD yield 
✓segmented detector = relative measurement
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PROSPECT segmented detector design

Floor
Concrete Monolith

outer neutron shield

inner neutron shield

lead

PROSPECT cross section

3 
m

2.6 mRealization of experiment strategy:
• target/detection: 6Li-loaded liquid scintillator
• 154 segments, 119cm ⨉ 15cm ⨉ 15cm
• thin (1.5mm) optical panels held in place by 3D 

printed support rods
• 25 liters/segment, total mass: ~4 tons
• segmentation enables:

• calibration access throughout volume
• 3D position reconstruction (X, Y) with (Z) 

from double-ended PMT readout
• fiducialization 

• optimized shield for cosmogenics

3D printed 
support 

rod

tilt for  
calibration  

access ν̄e
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Liquid Scintillator Volume

119cmPMT

PMT housings filled with mineral oil

Reflective panels



Detection with 6Li-loaded liquid scintillator (LiLS)

• custom developed 6LiLS based on EJ-309, non-toxic and non-flammable
• compact detector needs a capture agent that is highly localized, within segments
• minimize position dependent efficiency
• spatial and temporal cuts to identify IBDs and reject backgrounds 

6LiLS provides event localization and identification required for a compact detector

6Li

⍺

t ~10μm

p
𝜈e

𝛽+

n
n

~10μm

𝜈e + p → 𝛽+ + n

40μs

prompt

delayed
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Pulse shape discrimination (PSD)

PSD can identify particle type through shape of pulse

nLi
PROSPECT: JINST 13 P06023 (2018)

PROSPECT-50 prototype

LiLS provides capability of pulse-shape discrimination. 
Even better handle on IBD acceptance and background rejection with particle ID.
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Active Shielding

PSD

shower veto

topology

fiducialization

MC

PROSPECT Collaboration, J. Phys. G: 43 (2016)

Simulation

๏Segmentation provides a way to concretely define fiducial volume
๏A combination of PSD, topology, shower veto and fiducialization 
cuts provide active background suppression 

A combination of active and passive shielding enables a surface neutrino experiment
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Figure 3: Segment positions of cosmic background IBD-like prompt events, after topology
cuts and cell-end fiducialization.
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(a) New AD1 baseline simulation.
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(b) Updated simulation.

Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
posal).
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(b) Updated simulation.

Figure 5: P2k signal to background projection after cuts.
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(b) Previously shown in PROSPECT physics paper for

12 ⇥ 10 baseline.

Figure 4: IBD signal versus IBD-like cosmic background, after all cuts. Previously publicised
figure shown for comparison.
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Cosmogenic IBD-mimicking cosmogenic neutrons 

Simulation
arXiv:1808.00097

ν̄e



Liquid scintillator production 

First PMT module

PMT testing

Production reflector

NOVEMBER 2016- NOVEMBER 2017

PMT

front reflector

opaque acrylic housing

mineral oil
seal plugs

voltage divider
pusher plate

UV transparent 
window

Some fabrication and construction images
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NOVEMBER 1, 2017
YALE WRIGHT LAB

ASSEMBLY OF FIRST ROW
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NOVEMBER 17, 2017
FINAL ROW INSTALLATION16



AHHHHH! DEC 2017 - JAN 2018
DRY COMMISSIONING AT YALE
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Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

FEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM  
MIXING TANK

IN POSITION AT HFIR

FIRST MUON TRACK
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6/5/18, 9)57 PM

Page 1 of 1https://orca.phy.ornl.gov/DAQ_web/PlotArchive/WetCommissioning/series015/s015_f00000_ts1520293010/DPVisPlugin/large/Event_15789002.svgz

Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

FEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM  
MIXING TANK

IN POSITION AT HFIR

SHOWER
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Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

FEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM  
MIXING TANK

IN POSITION AT HFIR

IBD CANDIDATE
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SIMULATED RESPONSE TO A MONO-ENERGETIC 4.0 MEV ν̄e

PROSPECT ENERGY RESPONSE
Calibration with deployed sources (60Co, 137Cs, 
22Na) and cosmogenically produced  and 1H(n, γ)2H
12C(n, p)12B
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Within a few hours.. neutrinos!

time to 5𝝈 reactor antineutrino detection at Earth’s surface: < 2 hours

22

Reactor On
Reactor Off

Prompt Energy (MeV)

1H(n,𝛾)2H

12C(n,n’)12C*

PRELIMINARY

• March 5, 2018: fully assembled detector began 
operation  

• Reactor On: 1254±30 correlated events between 
[.8, 7.2] MeV per day 

• Reactor Off: 614±20 correlated events (first off day 
March 16) 
benefit of being at a research reactor! 

• subtract RxOn and RxOff for antineutrino spectrum

• distinct peaks in background from neutron 
interactions with H and 12C

24 hours RxOn



OPERATION OF PROSPECT-I 
The PROSPECT-I detector acquired data from 5 March to 6 October 2018 spanning five 
24-day HFIR fuel cycles. We acquired 96 and 73 days of reactor-on (RxOn) and reactor-
off (RxOff) data, respectively.  An unscheduled HFIR outage of >1 year began in 
November 2018. 

From the start of data taking, PMT HV began to exhibit current instabilities that gradually 
affected 64 of the 154 detector segments. We later established that these instabilities 
were caused by LiLS intrusion into the PMT housings that damaged the PMT bases. We 
also observed a gradual decrease in LiLS light yield which we attribute to oxygen 
contamination of the cover gas.   

PROSPECT-I’s final results are based on different detector configurations for each of 
five fuel cycles. For each configuration, segments with both PMTs operative (DE = 
Double End) are used to register IBD interactions, segments with only a single PMT 
operative (SE = Single End) are used to veto backgrounds.  

23
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1010 Physics Division

DE Segment

SE Segment

Blind Segment

Detector Configuration for Each Period
Period 1

Detector Configuration Used for 
Previous Analysis

Period 2 Period 3

Period 4 Period 5

• Previous analysis did not
make use of single ended
segments.

• This new method takes
full advantage of all the
data collected by the
PROSPECT detector

88 Physics Division

First Approach: Data Splitting (DS)

• Split PROSPECT-I data into distinct periods in
order to recover statistics.

• Maximize number of live segments in each
period

• Each period should start immediately after a
new calibration campaign

• Each period must contain one full RxOn
cycle

• All periods should have RxOff data before
and after each corresponding RxOn cycle
• Period 1 is an exception since there is

no prior RxOff data available.
• Keep ratio of RxOff/RxOn data between

50%-70%.
• Since there is no calibration campaign

between periods 3 and 4, we used the
ratio of RxOff/RxOn files to define
these two (70%).

Goals

Splitting Criteria

Phys. Rev. Lett. 131, 021802 (2023)

• Analysis with five different configurations using both SE and 
DE segments was substantially more complex than the initial 
analyses. 

• As shown in the table, the average signal (S) to Cosmogenic 
Background (CB) and Accidental Background (AB) increased 
by over a factor of two.  

• The effective number of IBDs doubled with respect to the 
previous analysis. 

3

Ne↵ ⌘
P

i(NIBD,i/�i)2, where �i includes the statistical un-
certainty of both signal and background and the sum runs over
0.2 MeV-wide prompt energy bins from 0.8 to 7.4 MeV. Ne↵

illustrates the statistical significance of the measured IBD sig-
nal by incorporating the combined statistical uncertainty of
both signal and background, being equal to the number of
background-free signal events that yield equivalent statistical
uncertainty. Table I summarizes the relevant event rates for the
previous and current analyses. The increase in Ne↵ is largely
due to the improved background rejection capabilities, as well
as an increase in active volume.

Data Set Rx-On(Off) Days NIBD Ne↵ S:CB(AB)
Prev. Analysis 95.65(73.09) 50560 ± 406 18100 1.37(1.78)
This Analysis 95.62(72.69) 61029 ± 338 36204 3.90(4.31)

Period 1 9.54(14.58) 6357 ± 100 4328 4.03(6.21)
Period 2 22.83(15.71) 16546 ± 172 10259 4.35(4.64)
Period 3 23.20(16.40) 15094 ± 166 9050 4.04(4.44)
Period 4 22.29(16.79) 13486 ± 161 7742 3.72(3.39)
Period 5 17.76(9.21) 9546 ± 146 4825 3.38(2.88)

TABLE I. Final IBD event statistics for the previous and current
analysis. Reactor-on (RxOn) and -off (RxOff) data taking time is
presented in units of calendar days. NIBD, Ne↵ and both signal
to cosmogenic background (S:CB) and signal to accidental back-
ground (S:AB) ratios are calculated over the IBD energy region of
[0.8, 7.2] MeV for previous analysis in [10] and [0.8, 7.4] MeV for
the current analysis.

The final analysis method introduced in this Letter is a
multi-period detector response unfolding. This procedure en-
ables the combination of spectra measured with varying detec-
tor responses in the different DS periods into a single antineu-
trino energy spectrum that can be compared to reactor models
or other experimental measurements. The PROSPECT 235U
spectrum analysis uses the WienerSVD approach to perform
the unfolding [27]. Descriptions of the PROSPECT unfolding
approach can be found in the previous joint analyses with the
Daya Bay [28] and STEREO [29] collaborations. The key dif-
ference in this analysis is that the separate PROSPECT DS pe-
riods are treated as correlated rather than uncorrelated inputs
to a joint spectrum. The unfolding process uses the Huber-
Mueller 235U model (HM) [15, 30] as the assumed form of
the antineutrino spectrum when constructing the Wiener filter.

The input to the analysis from each DS period includes the
corresponding IBD prompt spectrum as well as response and
covariance matrices. Each of the five prompt spectra spans
a range of prompt energy of [0.8, 7.4] MeV divided into 33
bins of 0.2 MeV width. Both non-fuel and non-equilibrium
contributions from the reactor [31] have been subtracted. Re-
sponse and covariance matrices are generated for each DS pe-
riod using a well-benchmarked simulation following the pro-
cedure in [10]. The five prompt DS spectra are combined into
a 165-bin joint energy spectrum vector. Response and covari-
ance matrices for each DS period are combined into their joint
counterparts. The output of the unfolding framework is a 26-
bin antineutrino energy spectrum spanning the energy range
of [1.8, 8.3] MeV, with bin widths of 0.25 MeV.

Jointly unfolding data from closely related measurements
requires consideration of correlated uncertainties between
datasets. Uncertainties considered as period-correlated are the
liquid scintillator energy response, smearing of energy reso-
lution due to liquid scintillator degradation [10], optical grid
panel thickness, fiducialization along the length of the cell,
and data acquisition thresholds. Systematic uncertainties from
background variations and IBD spectrum background subtrac-
tion are considered to be uncorrelated between periods. The
energy bin and period uncertainty correlations for each ef-
fect are included in a joint covariance matrix as on- and off-
diagonal blocks which are produced through the generation
and analysis of systematically fluctuated MC datasets [10].

Fig. 2 depicts the aggregated sum of all prompt spectra.
The compatibility between periods is demonstrated with the
lower panels in Fig. 2, which display the ratio of each pe-
riod to the average spectrum. The latter is calculated as the
period-normalized sum of all prompt spectra. The dotted
lines are constructed similarly to the point distributions, us-
ing HM spectrum folded through each period’s response ma-
trix. Despite substantial differences in inoperative PMT chan-
nel counts, detector response is comparable between DS pe-
riods, as indicated by the flatness of these ratios. Slight MC-
predicted response differences are present as minor deviations
at low and high energy edges. Measurement compatibility be-
tween periods has also been confirmed by folding individual
periods’ data into matching reconstructed energy spaces, us-
ing the formalism described in [28, 29].

The 5 prompt spectra from Fig. 2 are simultaneously un-
folded into neutrino space by using the WienerSVD frame-
work. The resulting unfolded antineutrino spectrum is com-
pared to HM (normalized to the integral of all periods) in
Fig. 3. To account for unfolding bias, the smearing matrix ob-
tained from using the WienerSVD method over the data has
also been applied to the model.

Agreement between data and model can be quantified by
using the covariance matrix formalism described in [10],

�̄2 = [S �M ]TC�1[S �M ]/ndf (1)

where S and M represent signal and signal-normalized model
prediction respectively, ndf refers to the number of degrees of
freedom, and C = CPRO + CHM corresponds to the sum of
their respective covariance matrices. Applying Eq. 1 shows
general agreement between the distributions, with a �2 over
the number of degrees of freedom of �̄2

HM = 30.2/25, with
a single-sided p-value of p = 0.22. A local discrepancy at
energies above 5 MeV can be observed in Fig. 3. This can
be quantified by means of a sliding window method [24, 32],
where a set of nuisance parameters are added in 1.25 MeV-
wide windows along the spectrum, guided by the scale of de-
viations observed in previous experiments. Then, the ��2

with respect to the best fit and its corresponding single-sided
p-value are determined for each window as depicted in Fig 3,
confirming the local excess.

As discussed earlier, such an excess of antineutrinos in
the 5-7 MeV region has been consistently observed in mod-

ν̄e
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• Measured Total RxON and RxOFF data 
summed over all periods, and the calculated 
IBD prompt spectrum for each period as a 
function of the observed prompt energy in the 
top panel.

• The lower panels show the ratio of the IBD 
counts for each period compared to the 
average and compared to simulation of each 
period.

• The peaks at ~2 and ~4.5 MeV are 
cosmogenically induced background from 
double neutrons and inelastic neutron-12C 
interactions, respectively.

• The IBD spectra are consistent between all 
periods. 
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Top panel: 
The unfolded antineutrino energy spectrum 
compared to the shape of the calculated 
Huber-Mueller spectrum.  

The correction for IBD counts from non-
fission antineutrinos (mainly from 28Al 
decay) is indicated [Phys.Rev.C 101 (2020) 
5, 054605].  

Bottom panel: 
The local p-value from a comparison of the 
observed and calculated Huber-Mueller 
shape with a 1.25 MeV-wide sliding 
window. 

Middle panel:
Gaussian fit to the excess in data 
compared to the HM model near 6 MeV. 

Phys.Rev.Lett. 131 (2023) 2, 021802
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Test three hypotheses using PROSPECT and 
Daya Bay spectra (CPC45, 073001 (2021)):
1. The excess is not due to 235U, other fission 

isotopes are responsible for the observed 
excess, 
•Disfavored at 

2. All isotopes contribute equally to the excess
•Most likely, 

3. 235U is solely responsible for the excess. 
•Disfavored at  when 

Daya Bay detector systematics are taken 
into account (solid line)

Δχ2 = 13.6 or 3.7σ

Δχ2 = 0.4

Δχ2 = 3.9 or 2σ

https://doi.org/10.1088/1674-1137/abfc38
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Non-fiducial segments

Final search for short-baseline neutrino oscillation with PROSPECT-I

We used the same five-period analysis 
with 0.2 MeV-width prompt-energy bins 
from 0.8 to 7.4 MeV and divided the 
detector into six baseline bins. 

This tests for sterile neutrinos using a 
total of 990 bins (33 energy x 6 baseline 
x 5 periods).

Finer baseline binning gave minimal 
improvement in sensitivity. 

 

ν̄e
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We grouped the data in bins of (m/MeV) in comparison to the backgrounds.  
The largest background at low is due to cosmics which contribute at high energy; accidental 
backgrounds are larger at larger .
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The ratio of the PROSPECT-I IBD data with the null (no-oscillation) hypothesis in compared to the ratio 
of the best-fit oscillation result from the Neutrino-4 to the null hypothesis.  

The ratio of the PROSPECT best fit to the null hypothesis is also shown.  
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PROSPECT-I exclusion in the 3+1 sterile 
neutrino oscillation phase space. 

The dotted line shows the 95% CL sensitivity. 
The solid line shows the excluded region at 95% 
CL. 

The dashed line shows the region excluded at .

PROSPECT results are consistent with the null 
(non-oscillation) hypothesis with a p value of 73% 
based 2000 simulated “toy” experiments. 

Best  fit at  

5σ

(sin2 2θ14, Δm2
41) = (0.42,15.2 eV2)

PROSPECT excludes the region below  favored by the Gallium Anomaly.

The Neutrino-4 best fit point of  is disfavored at more than   
based on 2000 “toy” experiments. 

Δm2
14 of 10eV2

(sin2 2θ14, Δm2
41) = (0.36, 7.3eV2) 3σ

arXiv:2406.10408

https://arxiv.org/abs/2406.10408
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Reactor antineutrino directionality measurement arXiv:2406.08359

• Directional neutrino measurements have been crucial in investigations of oscillation 
of atmospheric neutrinos and in neutrino astronomy. 

• At ~MeV reactor energies, directional reconstruction is challenging. The mean 
neutron displacement in LS is ~1.6 cm while the spread due to scattering and 
diffusion is ~6 cm.

• Previous segmented detectors have observed the expected displacement with 
reactor  and monolithic detectors such as CHOOZ and Double Chooz have 
performed measurements of the incident neutrino direction using Gd as the neutron 
capture agent. 

• PROSPECT benefits because the spatial extent of the neutron products from 
 is greatly reduced compare to gamma production from neutron capture 

on Gd or H.

• In PROSPECT reconstruction, the delayed neutron candidate is required to occur 
within 120 s of the prompt candidate and its segment must be same as or vertically/
horizontally adjacent to that of the prompt event. 

• The complications due to inoperative PMTs are taken into account in reconstructing 
 direction. 

ν̄e

6Li(n, α)3H

μ

ν̄e

1 PHYSICS 5

Fig. 1.4. Total cross section for inverse beta-decay calculated in leading order and
next-to-leading order.

Fig. 1.5. Recoil neutron energy spec-
trum from inverse beta-decay weighted
by the antineutrino energy spectrum.

Fig. 1.6. Angular distributions of
positrons and recoil neutrons from
inverse beta-decay in the laboratory
frame.

of the nucleon, the recoil neutron has low kinetic energy. While the positron angular distribution is slightly
backward peaked in the laboratory frame, the angular distribution of the neutrons is strongly forward peaked,
as shown in Fig. 1.6.

1.2.3 Observed Antineutrino Rate and Spectrum at Short Distance

The observed antineutrino spectrum in a liquid scintillator (LS) detector, which is rich in hydrogen, is
a product of the reactor antineutrino spectrum and the cross section of inverse beta-decay. Figure 1.7 shows
the differential antineutrino energy spectrum, the total cross section of the inverse beta-decay reaction, and
the expected count rate as a function of the antineutrino energy. The differential energy distribution is the

Vogel & Beacom, PRD60, 053003 (1999)

https://arxiv.org/abs/2406.08359
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Average incident neutrino direction   where  and  are 

the position of the delayed and prompt candidates for the  IBD candidate.

For ,  where  is the segment pitch; however, this 

expression gives a biased estimator in the presence of inactive segments.

A less biased estimator can be achieved by treating the detector as a collection of 

sub-detectors composed of adjacent segment pairs and using  

where  where  means the segment in the positive or negative  

direction is the only active adjacent segment and  means both adjacent 
segments in  are active.  

⃗p =
1
N

N

∑
i

( ⃗sd,i − ⃗sp,i) ⃗sd,i ⃗sp,i

ith

α ∈ {x, y} pα =
Dnα+ − Dnα−

N
D

px = D
r+ − r−

r+ + r− + 1

r± =
nx±
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Remaining bias of  is attributed to  
the   segment tilt to enable calibration.  

Δϕ ≈ 1∘

5.5∘
tilt for  

calibration  
access

Simulation has 10x data statistics
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Joint analyses - Oscillation

A combination of complementary datasets offers new 
benefits for sterile oscillation searches:

Ø Increased statistical power

Ø Accurate treatment of all experimental effects using 
the detector response matrices and the covariance 
matrices of uncertainties.

Ø Additional sterile sensitivity unlocked by comparison 
of long (commercial reactors) and short (research 
reactors) baseline energy spectra

Joint analysis started late 2023 between 
DayaBay, Prospect and Stereo

The combination of all data provides neutrino fission 
spectra with unprecedented accuracy, challenging the 
predictions and associated nuclear data.

Source: David Lhuillier, Neutrino 2024



36

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

• Remove PMTs from active volume

• Eliminates main PROSPECT-1 failure mode

• Improve environmental control/isolation

• Fewer materials in contact with LiLS

• Improved cover gas system

• Active cooling

• Enable emptying/refilling

• Allows movement to multiple sites (HEU, LEU, DAR 
source, beam dump) unlocking a diverse potential  
long-term physics program

NEXT STEP: PROSPECT-II

HEU = High Enriched Uranium  = 235U research reactor 
LEU = Low Enriched Uranium = commercial reactor 
DAR source = muon Decay-At-Rest source
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JINST 18 P06010 (2023)

J Phys G 49 (2022)

Segment-external calibration axes

Optical grid 
insertion into 

PTFE-lined tank

Example: rotolined 
PTFE flange coatings

PROSPECT-II R&D HIGHLIGHTS
Validated external calibration design

Retired risks associated with segment cross-talk

Completing teflon-lined inner vessel engineering 
design with vendor; production planned for late 
2024.

Developed integration and assembly procedures
Details: P-II IAEA presentation

https://arxiv.org/abs/2211.09582
https://arxiv.org/abs/2107.03934
https://conferences.iaea.org/event/337/contributions/26554/attachments/13794/22579/PII-IAEA-Heeger.pdf


J Phys G 49 (2022)

Fujikake, Littlejohn, Benevides Rodrigues, Surukuchi,  PRD 107 (2023)
Gebre, Littlejohn, Surukuchi,  PRD 97 (2018)
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• HEU campaign:

• Close out remaining BEST and Neutrino-4 suggested 
space below 20 eV2

• Pin down e-flavor disappearance to few-% level at <10 eV2 , 
benefitting anomaly and long-baseline  CPV interpretations

• Subsequent LEU campaign:

• First correlated probe of HEU/LEU types

• Delivers more precise isotopic νe flux/spectrum information, 
broadly benefiting reactor-CEvNS, nuclear data/
applications, …

PROSPECT-II PHYSICS HIGHLIGHTS

14θ22sin
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1−10

1

10

90% CL
PROSPECT-II, Nominal Parameters 2 Y HFIR
PROSPECT-II, 2 Y HFIR + 2 Y PWR
PROSPECT-II, 4 Y HFIR + 2 Y PWR
DYB Current Exclusion
KATRIN Expected Sensitivity, 95% CL
LBL CPV Ambiguity Limit
SBL + Gallium Anomaly RAA, 95% CL

https://arxiv.org/abs/2107.03934
https://arxiv.org/abs/2301.13123
https://arxiv.org/abs/1709.10051
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• PROSPECT-I physics  (13 publications so far) 

• Best oscillation limits at high  with an important role in resolving reactor anomalies
• Highest resolution measurement of the IBD antineutrino spectrum from 235U fission
• Improved understanding of non-fission contributions to the antineutrino spectrum
• Joint analyses initiated with Daya Bay and STEREO

• Instrumentation (11 publications)
• Highest statistics demonstration of surface neutrino detection
• Operation of segmented detector with low inactive mass
• Demonstrated calibration schemes for complex heterogeneous detectors

• Early career science
• >20 undergraduates performed P-I hardware or analysis projects
• 12 students received MS or PhDs
• 10 postdocs with a significant fraction moving on to lab staff or university faculty

Δm2
41

What did PROSPECT accomplish?
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ADDTIONAL SLIDES
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Neutrinos: Early 2010s - The “Reactor Antrieutrino Anomaly” (RAA)
Anomaly revealed by a re-evaluation of  production from reactors: 

Experiments observe fewer  than expected from re-evaluation.  
ν̄e

ν̄e

PRD83 (2011) 073006

42



Correlated

Other Backgrounds
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Correlated inelastic scattering on 12C 
followed by nLi

n ⍺

t
6Li

n
12C 12C*n

1H

n

n

n

n
⍺

t

6Li

2H

Correlated nH followed by nLi

arXiv:1309.7647

Cosmogenics are the main source for these two background classes 
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Neutrino oscillation: Exclusion
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• Frequentist tests performed at a few key grid points:

• Test statistic: Δχ2 = χ2true - χ2best-fit

• 2000 toy MC experiments generated for each test point

• Δχ2 observed for data is highly consistent with null-oscillation toy MC experiments 
(p=0.73):

• Toy MC experiments at Neutrino-4 best-fit point provide Δχ2 far below that 
observed in the data

Comparison with null hypothesis

Comparison with Neutrino-4 
best-fit point
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Neutrino 4

90 MW 
Compact core
HEU 235U fuel

Reactor SM-3 Dimitrovgrad, Russia

Movable segmented detector filled with Gd-loaded LS
L ≈ 6.4 – 11.9m with 23 cm steps (24 positions)

Positive oscillation signal with 2.7s significance (FC)
Best fit parameters: sin2(2q14) ≈ 0.36, Dm14 ≈ 7.3 eV

No PSD
S/B = 0.54

JETP 137 (2023) 1, 55-70
Source: David Lhuillier, Neutrino 2024
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Neutrino 4+
Major detector upgrade with 
§ Larger volume
§ Improved background rejection from 

active and passive shielding and 
PSD capability

§ Improved resolution from 2-sided 
readout of detector cells

Data collection is expected to 
start at the end of this year

Tech. Phys. 60 (2015) 12, 1863-1871
Source: David Lhuillier, Neutrino 2024
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Positive Signals (?) – BEST Experiment

W. Hampel, L.P. Remsberg PRC, 31 (1995)

PRC 105 (2022)

Rin = 0.79 ± 0.05
Rout = 0.77 ± 0.05 

3.4 MCi 51Cr source in two concentric volumes of Gallium: 71Ga(n,e)71Ge 

Ratio of observed/measured events: 

BEST+GALLEX+SAGE contour

Δ"! =	1.25"#.!%&'

)*+(,- = .. /0").)*&).+,

§ 20% deficit confirming 
GALLEX and SAGE results 
with >5s significance.

§ Very large mixing angle.

§ Rate only, no oscillation 
pattern à intensive search for 
possible normalization biases, 
so far unfruitful.

Anchoring of the n-capture cross section on the 71Ge decay:

Source: David Lhuillier, Neutrino 2024

“Gallium anomaly”



48

Neutrino directionality
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6

FIG. 5. To calculate px, we can consider only pairs of live segments
that are neighbors in the x axis (no lone live segments). Using hor-
izontal pairs, the ratio of delayed events that move to the left and
to the right can be calculated, pair by pair. This value can then be
averaged over every horizontal pair, giving a measurement of the
average neutron displacement in the x direction.

px (mm) py (mm) pz (mm)
Data 10.84± 0.60 9.21± 0.60 �1.87± 0.39

Data, biased 8.70± 0.37 7.31± 0.37 �1.87± 0.39

TABLE I. The values of px, py , and pz (average displacements in each
direction) for the data with and without applying the modified method.
"Data, biased" utilizes Equation 3 while "Data" uses Equation 5. The
uncertainties on the data values are statistical only.

38 307, 37 867, and 48 155 respectively. Note that the total
IBD candidates reported here vary slightly for each direction.
Without the additional selection requirements, the total number
would be 61 029 as in Reference [56].

V. VERIFICATIONS

A. BiPo

To verify that the reconstruction of the antineutrino direction
is unbiased, a cross-check is performed using intrinsic radioac-
tivity. If there is any source of asymmetry in the methodology
or detector topology, then it would affect every attempt to mea-
sure directionality. A convenient source of coincident events
is the decay 214Bi ! 214Po !

210Pb, part of the 222Rn decay
chain.

The "BiPo" (bismuth polonium) decay is expected to be
isotropic. 214Bi beta decays with a Q-value of 3.28MeV

99.98% of the time. This beta decay is accompanied by one or
more gamma rays 81% of the time. 214Po alpha decays with
a kinetic energy of 7.69MeV 99.99% of the time. The half
life of 214Po is 164 µs. Both the BiPo decay and IBD are time
coincidences between an electronic recoil event (positron/beta
particle and gamma ray) and a diffuse event (neutron cap-
ture/alpha decay). Both occur in a similar time window of
O(100 µs).

The event selection criteria for correlated BiPo events are
the same used in reference [53]. The decay is seen at a rate
of 165mHz or around 14 000 per day in the PROSPECT-I
detector.

BiPo Displacement Mean
px �0.25 ± 0.08 mm

py �0.39 ± 0.08 mm

pz 0.06 ± 0.06 mm

TABLE II. The results for the average displacement in each direction
for the BiPo events. Only the z result agrees with our expected result
of 0 mm within error. However, the px and py values are only a
fraction of a mm away from zero.

Applying the same directionality technique to the BiPo de-
cays seen in PROSPECT, any systematic biases that need to be
considered in the directional reconstruction can be found. The
distance between the prompt (beta/gamma) and delayed (alpha)
events was calculated for both correlated and accidental BiPo
candidates, then the accidentals were subtracted. Reactor Off
data is used due to a lower rate of gamma backgrounds. The
same methods for calculating the px, py , pz values are applied
here, so the effects for all three directions individually can be
seen. Approximately 500 000 BiPo events in each direction
were utilized in this analysis. The results are in Table II.

While pz is consistent with zero as expected, px and py
show a slight bias on the sub-mm scale. The source of this
discrepancy is unknown. A similar discrepancy can be induced
in simulations by unevenly dispersing BiPo events within the
segments in x and y. BiPo events were simulated in either only
the top or bottom half of each segment in the detector. This
caused a large bias of several millimeters, but since we have
no ability to measure the x or y distributions of events within
segments, it is unknown if a non-uniform BiPo distribution is
the cause. Since it cannot be ruled out that the discrepancy
also applies to IBD event-pairs, the BiPo mean and uncertainty
were added in quadrature to the uncertainty of each component
of p for the IBDs as a systematic uncertainty. As the BiPo
offset is smaller than the observed offset of neutrons from the
IBD interaction point, as well as the statistical uncertainty on
IBD event-pairs, the addition is a sub-dominant effect on total
uncertainty.

B. Simulations

To validate the methods described in Section IV, simulations
were generated using PG4, a GEANT-4 [57] based simulation
of the PROSPECT-I detector. The IBD modeling in PG4 is
based on the Vogel and Beacom model [3]. The modeled detec-
tor response is adjusted to reproduce the observed PROSPECT-
I data for a wide variety of radioactive calibration sources and
intrinsic background energy depositions. PG4 utilizes a cylin-
drical neutrino source whose center is placed at the location of
the HFIR core, determined from detailed drawings of the HFIR
facility as well as the PROSPECT-I detector’s location within it.
The measurements are conservatively estimated to be accurate
to 10 cm in x, y, and z. With the origin placed at the center of
the detector, the location of the center of the HFIR core is: x =
�5.97m, y = �5.09m, and z = 1.19m. The estimated "true"
antineutrino direction, from the center of the reactor core to

6

FIG. 5. To calculate px, we can consider only pairs of live segments
that are neighbors in the x axis (no lone live segments). Using hor-
izontal pairs, the ratio of delayed events that move to the left and
to the right can be calculated, pair by pair. This value can then be
averaged over every horizontal pair, giving a measurement of the
average neutron displacement in the x direction.

px (mm) py (mm) pz (mm)
Data 10.84± 0.60 9.21± 0.60 �1.87± 0.39

Data, biased 8.70± 0.37 7.31± 0.37 �1.87± 0.39

TABLE I. The values of px, py , and pz (average displacements in each
direction) for the data with and without applying the modified method.
"Data, biased" utilizes Equation 3 while "Data" uses Equation 5. The
uncertainties on the data values are statistical only.

38 307, 37 867, and 48 155 respectively. Note that the total
IBD candidates reported here vary slightly for each direction.
Without the additional selection requirements, the total number
would be 61 029 as in Reference [56].
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A. BiPo

To verify that the reconstruction of the antineutrino direction
is unbiased, a cross-check is performed using intrinsic radioac-
tivity. If there is any source of asymmetry in the methodology
or detector topology, then it would affect every attempt to mea-
sure directionality. A convenient source of coincident events
is the decay 214Bi ! 214Po !

210Pb, part of the 222Rn decay
chain.

The "BiPo" (bismuth polonium) decay is expected to be
isotropic. 214Bi beta decays with a Q-value of 3.28MeV

99.98% of the time. This beta decay is accompanied by one or
more gamma rays 81% of the time. 214Po alpha decays with
a kinetic energy of 7.69MeV 99.99% of the time. The half
life of 214Po is 164 µs. Both the BiPo decay and IBD are time
coincidences between an electronic recoil event (positron/beta
particle and gamma ray) and a diffuse event (neutron cap-
ture/alpha decay). Both occur in a similar time window of
O(100 µs).

The event selection criteria for correlated BiPo events are
the same used in reference [53]. The decay is seen at a rate
of 165mHz or around 14 000 per day in the PROSPECT-I
detector.

BiPo Displacement Mean
px �0.25 ± 0.08 mm

py �0.39 ± 0.08 mm

pz 0.06 ± 0.06 mm

TABLE II. The results for the average displacement in each direction
for the BiPo events. Only the z result agrees with our expected result
of 0 mm within error. However, the px and py values are only a
fraction of a mm away from zero.

Applying the same directionality technique to the BiPo de-
cays seen in PROSPECT, any systematic biases that need to be
considered in the directional reconstruction can be found. The
distance between the prompt (beta/gamma) and delayed (alpha)
events was calculated for both correlated and accidental BiPo
candidates, then the accidentals were subtracted. Reactor Off
data is used due to a lower rate of gamma backgrounds. The
same methods for calculating the px, py , pz values are applied
here, so the effects for all three directions individually can be
seen. Approximately 500 000 BiPo events in each direction
were utilized in this analysis. The results are in Table II.

While pz is consistent with zero as expected, px and py
show a slight bias on the sub-mm scale. The source of this
discrepancy is unknown. A similar discrepancy can be induced
in simulations by unevenly dispersing BiPo events within the
segments in x and y. BiPo events were simulated in either only
the top or bottom half of each segment in the detector. This
caused a large bias of several millimeters, but since we have
no ability to measure the x or y distributions of events within
segments, it is unknown if a non-uniform BiPo distribution is
the cause. Since it cannot be ruled out that the discrepancy
also applies to IBD event-pairs, the BiPo mean and uncertainty
were added in quadrature to the uncertainty of each component
of p for the IBDs as a systematic uncertainty. As the BiPo
offset is smaller than the observed offset of neutrons from the
IBD interaction point, as well as the statistical uncertainty on
IBD event-pairs, the addition is a sub-dominant effect on total
uncertainty.

B. Simulations

To validate the methods described in Section IV, simulations
were generated using PG4, a GEANT-4 [57] based simulation
of the PROSPECT-I detector. The IBD modeling in PG4 is
based on the Vogel and Beacom model [3]. The modeled detec-
tor response is adjusted to reproduce the observed PROSPECT-
I data for a wide variety of radioactive calibration sources and
intrinsic background energy depositions. PG4 utilizes a cylin-
drical neutrino source whose center is placed at the location of
the HFIR core, determined from detailed drawings of the HFIR
facility as well as the PROSPECT-I detector’s location within it.
The measurements are conservatively estimated to be accurate
to 10 cm in x, y, and z. With the origin placed at the center of
the detector, the location of the center of the HFIR core is: x =
�5.97m, y = �5.09m, and z = 1.19m. The estimated "true"
antineutrino direction, from the center of the reactor core to
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Background events provide a myriad of ways to measure segments 

performance – observed segment-to-segment  variation is small

The PROSPECT antineutrino detector (AD) in now 

operating 7-9m from a research reactor core: 

• The recently commissioned PROSPECT AD is performing very well

• Detector design features provide multiple observables to calibrate and track system 

stability and uniformity 

In addition to calibration sources, AD data can be used to 

measure system stability, validating our calibration procedures 

• 4 ton 6Li-loaded liquid scintillator ( 6LiLS) target 

• Low mass optical separators provide 154 optical 

segments, 117.5x14.6x14.6cm 3

• Double-ended PMT readout

• Internal calibration access along full segment length

Prospect has begun to study the characteristics of IBD signal and 

cosmogenic background events

• Energy resolution, position resolution and detection efficiency meet expectations

• Antineutrinos have been detected in the high background environment close to a 

research reactor core and on the Earth’s surface
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Segmented PROSPECT AD design and Li-6 and Ac-227 doping provide a 

wealth of data for position, timing, and response calibrations for all 

segments and axial positions
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The AD light yield & PSD performance are very good (poster 146), as is 

axial position resolution. Other performance parameters are assessed via a 

combination of measurements and simulation.

Antineutrino detection efficiency

Antineutrino selection cuts preferentially 

reject cosmogenic backgrounds. Some 

PMTs have exhibited anomalous current 

behavior, with these segments being 

excluded from analysis for now. 

Simulation is used to understand the 

effect of these factors on IBD detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire AD – track 

system response in time and 

measure variation along segments

Optical collection along 

segment length

Axial variation in single PMT 

light collection is almost 

exponential and has minor 

variation amongst PMTs 

Relative energy scale 

between segments

Tracking  6Li neutron capture 

feature in time demonstrates  

effectiveness of  running 

calibration and segment-to-

segment uniformity 

Timing Calibration

Muon tracks traversing 

multiple segments provide 

coincident events to extract 

segment-to-segment and 

PMT-to-PMT timing 

information

Axial position 

reconstruction

BiPo events provide a 

uniformly distributed event 

sample with which to validate 

axial position reconstruction

Time stability of energy 

reconstruction

Tracking  reconstructed energy 

of BiPo events distributed 

uniformly throughout the 

detector independently 

validates energy calibration

Time stability of neutron capture efficiency

The LiLS contains three species with non-negligible capture 

cross sections: 6Li, 1H, and 35Cl. Tracking  relative capture 

fractions demonstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Time variation of 

cosmogenic backgrounds

Several cosmogenic background 

event classes are observed to 

vary with the depth of the 

atmospheric column. This ~1% 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a

correlated events in the 

same location - provide 

direct measure of AD 

position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environment close to a reactor core and on the Earth’s surface
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nearby neutron scattering experiments. Cosmogenic correlated 

backgrounds are measured during Reactor Off periods. 

Preliminary selection cuts that emphasize statistical precision 

yield a Signal-to-Correlated Background ratio of 1.3.
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