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• Neutrinos were added to the SM to 
address the beta-decay “anomaly” 

• Successfully detected ~40 years 
later at the Savannah River Reactor
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Neutrinos in the Standard Model

Pauli(1930): “I have hit upon a desperate 
remedy to save…the law of conservation 

of energy.”

20 July 1956, Volume 124, Number 3212

Detection of the Fre
Neutrino: a Confirmatio

C. L. Cowan, Jr., F. Reines, F. B. Harris(
H. W. Kruse, A. D. McGu

A tentative identification of the free
neutrino was made in an experiment
performed at Hanford (1) in 1953. In
that work the reaction

v- +p+__4 O++no (1)

was employed wherein the intense neu-

trino flux from fission-fragment decay
in a large reactor was incident on a de-
tector containing many target protons in
a hydrogenous liquid scintillator. The re-
action products were detected as a de-
layed pulse pair; the first pulse being due
to the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used. The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions external to the shield, seemed
to rule out reactor neutrons and gamma
radiation as the cause of the signal. Al-
though a high background was experi-
enced due to both the reactor and to
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-
ably been made.

Design of the Experiment

To carry this work to a more definitive
conclusion, a second experiment was de-
signed (2), and the equipment was taken
to the Savannah River Plant of the U.S.
Atomic Energy Commission, where the
20 JULY 1956

present work was done
confirms the results obtai
and so verifies the neut
suggested by Pauli (4) ar
in a quantitative theory o
Fermi (5).

In this experiment, a d
each term of Eq. 1 was
detector consisting of a

(club-sandwich) arrange
lation counters and targ
arrangement permits the
prompt spatial coincide
istic of positron annihil
and of the multiple gamr
to neutron capture in cad
the delayed coincidences
first paragraph.
The three "bread" lay

wich are scintillation dete
of rectangular steel tan]
purified triethylbenzene
phenyl and POPOP (6)
feet thick, 6 feet 3 inches
6 inches wide. The tops
these chambers are thin
gamma radiation. The ta
painted white, and the s

chambers are viewed by
mont photomultiplier tubi
parallel in each tank. Th
tion of the detectors for
0.5 Mev is about 15 per
at half-height.
The two "meat" layer

wich serve as targets and
ethylene boxes 3 inches 1
3 inches by 4 feet 6 inch
taining a water solutio
chloride. This provides tw
dependent "triad" detect
scintillation detector bei

SCIENCE

both triads. The detector was completely
enclosed by a paraffin and lead shield
and was located in an underground room
of the reactor building which provides

e excellent shielding from both the reactor
neutrons and gamma rays and from
cosmic rays.

n The signals from a bank of preampli-
fiers connected to the scintillation tanks
were transmitted via coaxial lines to an

on, electronic analyzing system in a trailer
ire van parked outside the reactor building.

Two independent sets of equipment were
used to analyze and record the operation
of the two triad detectors. Linear ampli-
fiers fed the signals to pulse-height selec-
tion gates and coincidence circuits. When

(3). This work the required pulse amplitudes and co-
ined at Hanford incidences (prompt and delayed) were
trino hypothesis satisfied, the sweeps of two triple-beam
nd incorporated oscilloscopes were triggered, and the
f beta decay by pulses from the complete event were

recorded photographically. The three
letailed check of beams of both oscilloscopes recorded sig-
s made using a nals from their respective scintillation
l multiple-layer tanks independently. The oscilloscopes
ment of scintil- were thus operated in parallel but with
get tanks. This different gains in order to cover the
observation of requisite pulse-amplitude range. All am-

nces character- plifier pulses were stored in long low-
lation radiation distortion delay lines awaiting electronic
na ray burst due decision prior to this acceptance.
Imium as well as Manual analysis of the photographic
described in the record of an event then yielded the

energy deposited in each tank of a triad
ers of the sand- by both the first and second pulses and
ectors consisting the time-delay between the pulses. Using
ks containing a this system, various conditions could be
solution of ter- placed on the pulses of the pair compris-
in a chamber 2 ing an acceptable event. For example, ac-
long, and 4 feet ceptance of events with short time delays
and bottoms of (over ranges up to 17 microseconds, de-
to low-energy pending on the cadmium concentration

ink interiors are used) resulted in optimum signal-to-
solutions in the background ratios, while analysis of those
110 5-inch Du- events with longer time delays yielded
es connected in relevant accidental background rates.
e energy resolu- Spectral analyses of pulses comprising
gamma rays of events with short time delays were also
'cent half-width made and compared with those with

long delays.
rs of the sand- This method of analysis was also em-
consist of poly- ployed to require various types of energy
thick and 6 feet deposition in the two tanks of a triad.
es on edge con- For instance, the second pulse of an event
n of cadmium
vo essentially in-
tors, the central
ing common to

The authors are on the staff of the University
of California, Los Alamos Scientific Laboratory,
Los Alamos, N.M.
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Kovarik & McKeehan, Phys.Rev 8 (1916) 574.

Energy of electron 

First observed in 
1914 by J.Chadwick
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Neutrino Anomalies…
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T. Kajita, New J. Phys. 6 (2004) 194

solar neutrino anomaly

atmospheric neutrino anomaly

𝜈e 
fusion

Chapter 1: The Physics of Low Energy Solar Neutrinos 18

Figure 1.6: A pictorial view of the solar neutrino problem after the announcement of the
SNO results [33]. The theoretical predictions are those of BP2000 [22]. The experimental
results are compared against a normalized expected theoretical value with no neutrino oscil-
lations. The bar on the right shows the excellent agreement between the total 8B neutrino
flux measured by SNO (including all neutrino flavours) and the theoretical expectations.
For a detailed account of the problem, refer to paragraphs 1.3, and 1.4

dimensionless constant A defined as [29, 34]

A � �night � �day

�average
(1.23)

The measured values are
�
�

�
ASuperK = 3.3%± 2.2% (stat.) +1.3

�1.2% (syst.)

ACC
SNO = 7.0%± 4.9% (stat.) +1.3

�1.2% (syst.)
(1.24)

It is interesting to note how the �e flux is greater at night; this is due to the regeneration

e�ect in which some �µ,� convert back to �e while passing through the Earth. The measured

e�ect is bigger when observing a pure �e flux, possible for SNO.

Expected 
rate of νe 
from the sun 

Average measured rate 
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… Lead to Discoveries 

4

SNO 2001: solved solar anomaly

“for the discovery of 
neutrino oscillations 
which shows that 
neutrinos have mass”

Super-Kamiokande 1998: solved atmospheric anomaly

𝜈𝜇→𝜈𝝉 oscillation through the earth sum of all 𝜈 matched solar prediction

water Cherenkov heavy-water Cherenkov

"for pioneering contributions to  
astrophysics, in particular for the  

detection of cosmic neutrinos"
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Neutrino Oscillations

5
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atmospheric/accelerator reactor solar

mass statesflavor states

propagateproduction PMNS mixing matrix

0

@
⌫e
⌫µ
⌫⌧

1

A = U

0

@
⌫1
⌫2
⌫3

1

A where U =

0

@
Ue1 Ue2 Ue3

U⌫1 U⌫2 U⌫3

U⌧1 U⌧2 U⌧3

1

A

Neutrinos undergo oscillations between flavor and mass states, implying they are 
massive (although very light) particles.
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Ex: Two Neutrino Oscillation 

6

P↵!�,↵ 6=� = sin2(2✓)sin2

✓
�m2L

4E⌫

◆
where ↵,� = ⌫e, ⌫µ, ⌫⌧

source (E𝜈) detector

L

Parameters 𝜃 (mixing angle - amplitude) and Δm2 (mass splitting - frequency) are 
defined by nature. We can target specific Δm2 measurements by designing our 
experiments to have a certain L/E.
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Outline

• Neutrinos in the Standard Model 

• Reactor neutrinos and new anomalies 

• PROSPECT: The Precision Reactor Oscillation and 
Spectrum Experiment  

• Current efforts

7
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166 ht. Abbes et ol./Nucl. Instr. and Meth. in Phys. Res. A 374 (1996) 164-187 

Fig. 1. A schematic view of one detection module and of the detection 
principle. 

of available photo-multipliers. The length choice has been 
imposed by the existing shielding castle. Every cell is in- 
strumented at each side by a photo-multiplier (Fig. 1). We 
have built 3 identical modules, one being installed at the 
15 m station, the other two being on top of each other at 
the 40 m station. Because of the chemical reactivity of the 
NE320, the only materials we allowed to be in contact with 
the liquid are 3 16L stainless steel and Teflon. The amount of 
inactive material has been reduced to the minimum, in order 
to minimize the overall background due to gammas and fast 
neutrons produced by cosmic ray interactions around or in 
the shielding [ 31. 

3.1. Tank and windows 

The body of the tank is a 122 x 62 x 85 cm3 box made of 
4 mm thick stainless steel walls stiffened by welded square 
tubes. Two 18 mm thick flat flanges receive the windows and 
the photo-multipliers mechanical support (Fig. 1). In order 
to minimize the possible chemical exchanges between the 
tank steel and the scintillator, the internal metal surface has 
been polished at the factory (granularity below 0.05 pm). 
Special care for cleaning has been taken at the end of ma- 
chining (passivation and ultra-pure water rinsing) [ 111. 

The two optical windows are each made of a 13 1 x 71 cm’, 
8 mm thick acrylic glass plate. Their protection against 
the strong pseudocumene chemical attack is obtained by a 
125 pm FEP Teflon sheet [ 121, glued at room temperature 
with an optical glue [ 131. Acrylic glass has been preferred 
to Pyrex glass for safety reason (no “sudden and complete” 
destruction), easiness of machining (bolt holes drilling), 
feasibility in our laboratory, very small natural radioactivity, 
despite a 12% loss of light caused by the Teflon interface 

Fig. 2. A detailed view of the gasket region. 

(absorption, and reflection due to its low refractive index 
1.344 for large incident angles). The windows are glued on 
the flat free surfaces of the 7x 14 PMs support matrix by 
adhesive tape. The optical contact of photo-multipliers is 
achieved using a silicone grease [ 141. 

As shown in Fig. 2, the liquid tightness is obtained by 
two symmetrical expanded Teflon joints on each side of the 
68 bolt holes [ 151. In this way, we minimized the flexion 
forces on the acrylic glass window which were a danger for 
a good and stable optical contact of the photo-multipliers 
close to the sides. A 20 g nitrogen pressure is maintained 
above the liquid, two 50 g valves insuring the security. We 
encountered no leak problems for three years of operation. 

3.2. Internal optical separation 

The PSD technique demands the optimization of the 
amount of detected light without too much timing degra- 
dation, then imposes the use of total light reflection: this 
implies a small gap of gas to maintain it. The 98 light 
collectors are immersed in the liquid; each of them is a 
85 x 8.3 x 8.3 cm3 tunnel manufactured in the following way. 

A sandwich, as shown in Fig. 3, is made of the super- 
position of the five following layers: two external 125 pm 
thick transparent FEP Teflon skins [ 121 with, inside, a 
150 pm stainless steel foil which is the hard core, covered 
by 15 pm of high reflectivity aluminum. A polyamid veil 
(“‘Rdle”, normally used for wedding dresses) is placed 
between Teflon and aluminum to avoid wet contacts which 
suppress total reflectivity. The two (larger) external Teflon 
foils are thermally sealed together, closing the layer of air 
needed for total reflection. For small light angles, the low 
refractive index of FEP Teflon is sufficient to establish the 
total reflection. The final shape of the light collectors is 
obtained by folding the sandwich on a specially adapted 
folding machine. They were tested in a pressurized water 
tank to eliminate possible leaks. 

Teflon “FEP” has been chosen for its excellent chemi- 
cal properties, good transparency in the scintillation light 
region 2 and very good aptitude for thermal sealing. More 

*The nominal transparency for a 125 pm film is 0.96; this is an important 
parameter since the effective transparency is this number raised to the power 
of twice the mean number of light reflections which is about 4. 

systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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near-far comparison of ν̄e rate and energy spectra. The best
estimates were sin2 2θ13 ¼ 0.084' 0.005 and jΔm2

eej ¼ ð2.42'
0.11Þ × 10−3 eV2 (black point). The adjoining panels show the
dependence of Δχ2 on sin2 2θ13 (top) and jΔm2

eej (right). The
jΔm2

eej allowed region (shaded band, 68.3% C.L.) was consistent
with measurements of jΔm2

32j using muon disappearance by the
MINOS [10] and T2K [11] experiments, converted to jΔm2

eej
assuming the normal (solid) and inverted (dashed) mass
hierarchy.
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FIG. 5 (color online). Electron antineutrino survival probability
versus effective propagation distance Leff divided by the average
antineutrino energy hEνi. The data points represent the ratios of
the observed antineutrino spectra to the expectation assuming no
oscillation. The solid line represents the expectation using the
best estimates of sin2 2θ13 and jΔm2
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Reactors: Tools for discovery

8

1950s: Reines 
and Cowan

Reactor Neutrino History

• Reactor νe: a history of discovery 
Many experiments, differing baselines

4

1950s: First  
neutrino  

observation

2000s: νe disappearance, 

1970s-80s-90s:  
Reactor flux,  

Cross-section measurements

νe oscillation measurements

Bugey
KamLAND

2010s:  
θ13, precision  

oscillation  
measurements

2000s: KamLAND
2010s: Daya Bay - 𝜽13

1980s: Bugey
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Figure 6: Antineutrino detector.

uncertainty due to backgrounds. A Daya Bay AD has a ratio of GdLS target mass to total liquid mass of 26%, higher
than similar experiments, such as Double Chooz or RENO. Radioactive background rates are reduced su�ciently to
render systematics in accidental background subtraction negligible in the near/far oscillation analysis.

Reflectors above and below the OAV direct scintillation light towards the PMTs improving the energy resolution
and uniformity. Mounted on the SSV lid are three automated calibration units (ACUs) which can position radioactive
calibration sources or LED pulsers at di↵erent positions in the GdLS and LS volumes. The ACUs and liquid volumes
are connected by calibration tubes. The central calibration tubes also connect the GdLS and LS volumes to concentric
overflow tanks on the SSV lid. All gas spaces above the overflow tanks were continuously purged with dry nitrogen
from a cover gas system [20].

The eight ADs were built above ground in pairs and then moved below ground for filling. GdLS, LS, and MO
were pumped simultaneously into an AD as needed while keeping the relative liquid levels within 10 cm of each other.
The liquid levels were then topped up to fill the overflow tanks to about 1/3 capacity.

Although the nominal pair-wise production and assembly plan should have resulted in an orderly association of
the first SSV with the first IAV and first OAV, this pattern and the orderly placement of ADs into the halls was quickly
broken by practical schedule considerations. The first SSV needed extra work to obtain a suitably smooth finish in the
O-ring grooves and was used in AD3. The second IAV pair hold-down tabs and calibration ports were mis-aligned,
necessitating complimentary changes in the last pair of OAVs. IAV3 was damaged during an annealing accident and
was replaced by IAV9. To obtain the earliest physics data, it was decided to run with only 6 ADs spread over the three
experimental halls. The AD naming scheme and major components of each AD are shown in Table 3.

Control of radioactive backgrounds was achieved by strict control of all materials used in the AD and of all
procedures used during assembly and construction. Details for individual parts can be found in the related section.

4.1. Stainless Steel Vessel
The stainless steel vessels (SSV) are 5000 mm high, 5000 mm diameter cylinders with 12 mm thick low radioac-

tivity stainless steel walls. The external walls are strengthened by 12 mm thick internal ribs. Each SSV(dry) weighs
about 24 ton (with an inner volume of ⇡95 m3. Figure 7 shows the structure of the barrel and lid. When loaded with
the acrylic vessels, PMTs, and liquids, an AD weighs ⇡112 tons. Deformations and mechanical strength for the SSV
vessel were thoroughly studied using Finite Element Analysis (FEA) code to insure that the design had the required
safety factor when a filled SSV was picked up and lowered onto its support stands or when the lid was submerged
under 2.5 m of the water. SSVs were constructed in pairs by the Guangdong Shanfeng Chemical Machinery Co. LTD.
A SSV barrel was welded together from three subsections: a bottom section including bottom ribs, a top section with
a top flange, and a middle barrel section.

10

Detecting Reactor Neutrinos
Inverse Beta Decay: νep→e+n

• 0.1%Gd-Loaded Organic liquid 
scintillator (GdLS) surrounded by 
photomultiplier tubes

• Neutrinos interact with free protons 

• Eν = Te++Tn+(mn-mp)+me ≈ Te++1.8MeV

• Neutrino energy threshold of 1.8 MeV, 
producing signal of ~1MeV

• Capture resulting neutron as a tag of 
IBD interaction (typically Gd)

• Time-correlated signals, separated by 
~10s µs
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Kilometer baseline 𝜃13 precision experiments: Daya Bay, Double Chooz, RENO

P (⌫̄e ! ⌫̄e) = 1� sin2(2✓)sin2

✓
�m2L

4E⌫

◆

Daya Bay antineutrino detectors Daya Bay site

survival probability

reactor core

near detector far detector

fraction anti-𝜈e 

Relative measurements reduce dependence on predictions of 
reactor properties

detect inverse beta decay: 
anti-𝜈e + p → e+ + n
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past reactor experiments

HFIR, ORNL
NBSR, NIST

ATR, INL available baselines at 
US research reactors

3 neutrino fit
3+1 neutrino fit

Tuesday, August 7, 12
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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

Reactor neutrino production

• Power plants have low-enriched 
uranium (LEU) cores 
• Mixture of 235U, 238U, 239Pu, 

241Pu 
• Research Reactors have highly-

enriched cores: mainly 235U
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Fission Daughters

Spectrum

• Fission of parent isotopes 
yield neutron-rich daughters 
• Beta decays produce ~6𝜈/

fission, <10MeV
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Recent measurements of the positron energy spectrum obtained from inverse beta decay interactions
of reactor electron antineutrinos show an excess in the 4 to 6 MeV region relative to current predictions.
First-principles calculations of fission and beta decay processes within a typical pressurized water reactor
core identify prominent fission daughter isotopes as a possible origin for this excess. These calculations
also predict percent-level substructures in the antineutrino spectrum due to Coulomb effects in beta decay.
Precise measurement of these substructures can elucidate the nuclear processes occurring within reactors.
These substructures can be a systematic issue for measurements utilizing the detailed spectral shape.
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Determination of the mixing angle θ13 required a new
generation of reactor antineutrino experiments with unprec-
edented statistical precision [1–3]. The Daya Bay and
RENO experiments have each detected ∼106 reactor ν̄e
interactions [4,5]. Proper characterization of the ν̄e energy
spectrum emitted by nuclear reactors is important for
such measurements of neutrino properties. The standard
approach uses measured energy spectra of the β− from
beta decay to estimate the corresponding ν̄e emission. Here
we refer to this method as “β− conversion.” For a single
measured β− decay spectrum, the corresponding ν̄e spec-
trum can be predicted with high precision. In the 1980s,
foils of the fissile isotopes 235U, 239Pu, and 241Pu were
exposed to thermal neutrons from the ILL reactor, and
the cumulative β− spectra of the fission daughters were
measured [6–8]. More recently, a similar measurement was
made for 238U [9]. The fission of these four main parent
isotopes represent>99% of reactor νe emission. Given that
each measured β− spectrum is composed of thousands of
unique beta decays, the conversion must be done en masse.
This introduces uncertainties of a few percent in the
corresponding prediction of the cumulative νe spectra.
Detailed descriptions of such calculations can be found
in Refs. [10–12]. A recent study suggested that the
uncertainties in converting the β− spectrum to the νe
spectrum may have been underestimated due to shape
corrections for forbidden beta decays [13].
In this Letter, we discuss an alternative calculation of

the νe spectrum based on nuclear databases. This ab initio
approach relies on direct estimation of the νe spectrum from
the existing surveys of nuclear data. This method suffers
from rather large uncertainties in our knowledge of the
fission and decay of the >1000 isotopes predicted to be
present in a nuclear reactor core. Despite these uncertainties,
we find that an ab initio calculation involving no fine-tuning

predicts an excess of νe ’s withEν̄ ¼ 5–7 MeV relative to the
β− conversionmethod. Recent measurements of the positron
energy spectra from νe inverse beta decay (ν̄e þ p →
eþ þ n) show a similar ∼10% excess from 4 to 6 MeV,
consistent with the kinematic relationship Eν̄ ≃ Eeþþ
0.8 MeV. We also observe substructures at the level of a
few percent in the calculated energy spectra, which are diffi-
cult to demonstrate from the β− conversion method. These
substructures are due to discontinuities introduced by the
Coulomb phase space correction in the νe spectrum of each
unique decay branch. Precise measurement of these substruc-
tures could provide a unique handle on the nuclear processes
occurringwithin a reactor. If not properly accounted for in the
model, these substructures can present a systematic problem
for measurements relying on the high-resolution features of
the reactor νe energy spectrum, for example [14,15].
Calculation of the νe spectrum.—The collective νe

emission from a reactor is due to >1000 daughter isotopes
with >6000 unique beta decays. The ab initio method of
calculating the νe spectrum follows that presented in
Refs. [13,16,17]. The total νe spectrum is the combination
of many individual beta decay spectra SijðEνÞ,

SðEν̄Þ ¼
Xn

i¼0

Ri

Xm

j¼0

fijSijðEν̄Þ: ð1Þ

The equilibrium decay rate of isotope i in the reactor core is
Ri. The isotope decays to a particular energy level j of the
daughter isotope with a branching fraction fij.
For the fission of a parent nucleus A

ZNp, the probability of
fragmenting to a particular daughter nucleus A0

Z0Nd is given
by the instantaneous yield. The majority of these fission
daughters are unstable, and will decay until reaching a stable
isotopic state. The cumulative yield Yc

pi is the probability
that a particular isotope A0

Z0Ni is produced via the decay chain
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First-principles calculations of fission and beta decay processes within a typical pressurized water reactor
core identify prominent fission daughter isotopes as a possible origin for this excess. These calculations
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Determination of the mixing angle θ13 required a new
generation of reactor antineutrino experiments with unprec-
edented statistical precision [1–3]. The Daya Bay and
RENO experiments have each detected ∼106 reactor ν̄e
interactions [4,5]. Proper characterization of the ν̄e energy
spectrum emitted by nuclear reactors is important for
such measurements of neutrino properties. The standard
approach uses measured energy spectra of the β− from
beta decay to estimate the corresponding ν̄e emission. Here
we refer to this method as “β− conversion.” For a single
measured β− decay spectrum, the corresponding ν̄e spec-
trum can be predicted with high precision. In the 1980s,
foils of the fissile isotopes 235U, 239Pu, and 241Pu were
exposed to thermal neutrons from the ILL reactor, and
the cumulative β− spectra of the fission daughters were
measured [6–8]. More recently, a similar measurement was
made for 238U [9]. The fission of these four main parent
isotopes represent>99% of reactor νe emission. Given that
each measured β− spectrum is composed of thousands of
unique beta decays, the conversion must be done en masse.
This introduces uncertainties of a few percent in the
corresponding prediction of the cumulative νe spectra.
Detailed descriptions of such calculations can be found
in Refs. [10–12]. A recent study suggested that the
uncertainties in converting the β− spectrum to the νe
spectrum may have been underestimated due to shape
corrections for forbidden beta decays [13].
In this Letter, we discuss an alternative calculation of

the νe spectrum based on nuclear databases. This ab initio
approach relies on direct estimation of the νe spectrum from
the existing surveys of nuclear data. This method suffers
from rather large uncertainties in our knowledge of the
fission and decay of the >1000 isotopes predicted to be
present in a nuclear reactor core. Despite these uncertainties,
we find that an ab initio calculation involving no fine-tuning

predicts an excess of νe ’s withEν̄ ¼ 5–7 MeV relative to the
β− conversionmethod. Recent measurements of the positron
energy spectra from νe inverse beta decay (ν̄e þ p →
eþ þ n) show a similar ∼10% excess from 4 to 6 MeV,
consistent with the kinematic relationship Eν̄ ≃ Eeþþ
0.8 MeV. We also observe substructures at the level of a
few percent in the calculated energy spectra, which are diffi-
cult to demonstrate from the β− conversion method. These
substructures are due to discontinuities introduced by the
Coulomb phase space correction in the νe spectrum of each
unique decay branch. Precise measurement of these substruc-
tures could provide a unique handle on the nuclear processes
occurringwithin a reactor. If not properly accounted for in the
model, these substructures can present a systematic problem
for measurements relying on the high-resolution features of
the reactor νe energy spectrum, for example [14,15].
Calculation of the νe spectrum.—The collective νe

emission from a reactor is due to >1000 daughter isotopes
with >6000 unique beta decays. The ab initio method of
calculating the νe spectrum follows that presented in
Refs. [13,16,17]. The total νe spectrum is the combination
of many individual beta decay spectra SijðEνÞ,

SðEν̄Þ ¼
Xn

i¼0

Ri

Xm

j¼0

fijSijðEν̄Þ: ð1Þ

The equilibrium decay rate of isotope i in the reactor core is
Ri. The isotope decays to a particular energy level j of the
daughter isotope with a branching fraction fij.
For the fission of a parent nucleus A

ZNp, the probability of
fragmenting to a particular daughter nucleus A0

Z0Nd is given
by the instantaneous yield. The majority of these fission
daughters are unstable, and will decay until reaching a stable
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Predicting Neutrino Flux/Spectra
Two main approaches:
• Ab-initio

• Calculate individual beta-decay spectra 
for 1000s of isotopes from database info

• Sum according to cumulative yields
• Problem: databases have huge 

uncertainties
• Beta-conversion

• Measure cumulative beta spectra from 
fission parents

• Use virtual beta-branches to convert 
into neutrino spectra

• Problem: can virtual branches capture 
all relevant physics?

13

Electron
Neutrino

9

• Two main methods:!

• Ab Initio approach:!

• Calculate spectrum branch-by-branch  
using beta branch databases: 
endpoints, decay schemes!

• Problem: many rare beta branches with 
little information; infer these additions 

• Conversion approach!

• Measure beta spectra directly!

• Convert to νe using ‘virtual beta branches’!

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

• Devised in 50’s, each method has lost  
and gained favor over the years

Predicting Si(E), Neutrinos Per Fission

Example: Fit virtual beta branches

King%and%Perkins,%Phys.%Rev.%113%(1958)
Carter,%et#al,%Phys.%Rev.%113%(1959) Schreckenbach,%et%al,% 

Phys%LeA%B160%(1985)
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Predicting Neutrino Flux/Spectra

• Early 1980s: Measurement of 235U 
spectrum at Institut Laue–Langevin 
(ILL)  
• Agrees with ab-initio calculations 
• <5000 neutrinos detected, 20% 

uncertainties 
• Mid 1980s: Beta-conversion 

measurements at ILL, reduce 
systematics improve uncertainties on 
predictions 

• 1990s: Bugey PWR spectrum agrees 
with Beta-conversion spectra 

• 1990-2000s: Measured fluxes agree 
with predictions
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FIG. 12. Positron energy spectrum. The solid curve represents the expected positron spectrum based on the ILL
electron-spectrum measurement. The calculated spectra AG (Ref. 26) and D et al. (Ref. 22) are also shown. No errors
are indicated.

Experimental positron spectrum

The experimental positron energy spectrum
is obtained by subtracting the reactor-off spec-
trum from the reactor-on spectrum. This spec-
trum is shown in Table IV and Fig. 12 with sta-
tistical errors only. 'The signal-to-background
ratio is 1:1at 2 MeV and better above that energy.
In total, 4890+ 180 neutrino-induced events have
been detected with a counting rate of (1.58+ 0.06)
h ' (live time) for E,++ & 1 MeV.
The expected positron spectrum for no oscilla-

tion is also plotted in Fig. 12. This spectrum is
based on the on-l. ine electron spectrum experiment
of Ref. 23 as discussed above.
Systematic errors affecting the positron spec-

trum are summarized as follows: (1) the un-
certainty in the normalization of the intensity of
the antineutrino energy spectrum (6.5%%uo); (2) the un-
certainty in the detection efficiency (8'%%uo); (3)
the uncertainty in the inverse-P-decay cross
section (neutron lifetime) (1.2%); (4) the uncer-
tainty in the energy release per fission (l%%uo);

(5) the instability of the reactor power (less than
1%); (6) all other uncertainties (less than 2%%uo).

Thus, there is a resulting ll'%%uo total systematic
error which is essentially energy independent.
In addition, a possible distortion of the spectrum
associated with a 2% energy calibration uncer-
tainty must be taken into account.

Results and discussions

The ratio of the experimental to expected integral
positron yield for E,,&1 MeV was found to be

= 0.955 a 0.035(statistical)fY. (E.+)dE:'
sb OSC 8 8

+ 0.11 (systematic) .

Yex
COUNTS

no osc

1.0

0.5—

—I I'

I Ave
«Q2 0

6 =leV, sin 28=0.5
=2.4eV, sin'28=0. 5

I I I I I

0 I 2 5 4 5 6
Ee+ MeVj

FIG. 13. The ratio of the experimental to the theoreti-
cal positron yield. The errors shown with data points
are statistical errors only. The systematic errors are
given by the dotted banal as explained in the text. For
each set of 4 and sin 28 the normalization and gain
were varied, within their uncertainties, to find the low-
est values of y . Three curves corresponding to the indi-
cated sets of parameters are shown.

B. Achkm et al. /Physics Letters B 374 (1996) 243-248 241 

Fig. 3. The ratios data/model for the three different reactor spec- 
trum models. Model 1 uses the calculated spectra of Klapdor and 
Metzinger [ 111. Model 2 is based on the work of Tengblad et al. 
[9] which includes Isolde measurements. The model 3 is made 
from the ILL beta spectra measurements of Schreckenbach et al. 
I lo]. The dotted lines are the quadratic sum of the quoted errors 
of the models and the effect of deformation when the energy scale 
is modified by one standard deviation (0.8%). 

thors of the three models. 2 
Discussion. 
One can see the excellent agreement between our 

data and the model 3 expectation while differences 
appear for model 1 and model 2. Fitting the ratio with 
model 3 by a constant gives the value 0.99 (,y2 of 
9.23/11), in perfect agreement as well in absolute 
normalization for the neutrino flux (normalization and 
related errors are discussed in detail in Ref. [ 31) . The 
apparent “oscillatory” shape of the ratios with model 
1 or 2 is already present in earlier direct comparisons 
with the beta spectra of ILL [7,8] and reflect only 
their differences. 

An error on the energy calibration constant (energy 
scale) would result in a distortion of the ratio spec- 
trum, mainly in the high energy bins. For instance, 
a modification by 1% of this calibration constant in- 

* Notice that in Ref. [7], model 3, errors are 90% C.L, we use 
in this letter errors for 68.3% CL. Furthermore, a 1.9% quoted 
normalization error has been unfolded. Some small residual bin- 
to-bin errors coming from the extraction of the neutrino spectrum 
from a beta decay spectrum, quoted in our previous publication, 
are neglected here. 

Fig. 4. (a) Ratio of the data spectrum by the Monte Carlo predicted 
positron spectrum using the reactor spectrum model 3; the dashed 
line is the fit of a constant which gives a ,y2 of 9.2 for 11 d.o.f. (b) 
The same plot with the energy scale modified by 0.4% (l/2 of 
our energy scale systematic error) ; the agreement with a constant 
is very good, the x2 being 4.3/l 1. 

duces a fall (or a rise) in the 6 MeV positron energy 
region of about 10%. This is clearly illustrated in the 
lower part of Fig. 4 where we have modified the energy 
scale by 0.4%, which is half the systematical error we 
claim for the absolute energy scale constant. One can 
see that the ratio (data/model 3) becomes remarkably 
flat, with a x2 of 4.3/ 11. Of course the slight negative 
slope seen in the upper part of Fig. 4 can be explained 
also by a difference between the model and the real- 
ity. Nevertheless, the result of this correction is worth 
mentioning. 

5. Conclusion 

The high statistics Bugey 3 oscillation search ex- 
periment shows an excellent agreement between the 
measured reactor neutrino spectrum and the model 3 
based on the ILL measured beta spectra of neutron ac- 
tivated fissile elements. Our results allow us to state 
that both the absolute flux 3 and the shape of a PWR 

3 A more precise flux determination has been performed at Bugey 
1131 with an integral detector made of water and proportional 
3He tubes; their measured rate is also in very good agreement 
with model 3 

• Early 80s: ILL νe data fits  
newest ab initio spectra well!

!

• 1980s: New reactor beta  
spectra: measurements — 
conversion now provides 
lower systematics!

!

• 1990s: Bugey measurements fit 
 converted spectrum well!

!

• 1980s-2000s: Predicted,  
measured fluxes agree

Davis, Vogel, et al., PRC 24 (1979)!
Kown, et al., PRD 24 (1981)

Schreckenbach, et al., Phys Lett B160 (1985)!
Schreckenbach, et al., Phys Lett B218 (1989)!

B. Achkar, et al., Phys Lett B374 (1996)!

ILL

Bugey 3

Distance to reactor (m)

1.0

N
ex

p/
N

ob
s

N
ex

p/
N

ob
s

Adapted%From 
PRD%83%(2011)
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Recent Events: Problems emerge 

• 2011: Two beta-conversion 
reanalyses increase predicted 
flux 
• One pure conversion, one 

hybrid between ab-initio and 
conversion 

• ∼3𝜎 tension with previous 
experiments 

• Change in Flux/Spectrum:
• Conversion: +3% 
• Neutron lifetime: +1% 
• Non-equilibrium isotopes: +1% 

• Could be bias from non-blind 
analyses?
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FIG. 5. (Color online) Comparison of our result for 235U with previous inversions, labeled ILL for the results from Ref. [7]
and labeled 1101.2663 for the results from Ref. [6]. The thin error bars show the theory errors from the e↵ective nuclear charge
Z̄ and weak magnetism. The thick error bars are the statistical errors, whereas the light gray boxes show the error from the
applied bias correction. The green line, referred to as simple, shows the result, if we use the same description of �-decay as in
Ref. [6]. The black line, referred to as ILL inversion, shows our result if we completely follow the procedure outlined in Ref. [7],
including their e↵ective nuclear charge.

polynomial [6, 49]:

�

⌫

(E
⌫

) = exp

 
6X
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↵

i

E

i�1
⌫

!
. (22)

In performing the fit we follow the description given in Refs. [6, 49] but we do not include contributions from the
error on Z̄ and WM since they are correlated between isotopes and do not change the fit appreciably. The resulting
best fit parameters and the minimum �

2 values are given in table III.

Isotope �2
min ↵1 ↵2 ↵3 ↵4 ↵5 ↵6

235U 49.3 4.367 �4.577 2.100 �5.294⇥ 10-1 6.186⇥ 10-2 �2.777⇥ 10-3

239Pu 20.8 4.757 �5.392 2.563 �6.596⇥ 10-1 7.820⇥ 10-2 �3.536⇥ 10-3

241Pu 15. 2.990 �2.882 1.278 �3.343⇥ 10-1 3.905⇥ 10-2 �1.754⇥ 10-3

TABLE III. Result of a fit of a 5th order polynomial to the logarithm of the flux. The number of degrees of freedom is 25� 6.

Obviously, the fit for 235U is quite bad, with a �

2
/dof of more than 2. Also, for all 3 isotopes the fit parameters

are highly correlated and we therefore do not provide any fit errors or correlation matrices, since it seems doubtful
whether these could be used to model the errors in the underlying neutrino fluxes. This parametrization should not
be used for actual data analysis or error propagation12. Instead, we recommend to rebin our results by using linear
interpolation and integrating the resulting fluxes over the new bins. In the same fashion the errors can be rebinned
and we provide results for 250 keV and 50 keV bins in machine readable format [50].

V. DISCUSSION

The �-spectra from Refs. [7–9] have been previously inverted into neutrino spectra and we, therefore, will start by
comparing our result with previous results [6–9]. In figure 5 we show our result (thick blue/black line) relative to the
results presented in Ref. [7], which is denoted as �ILL. We clearly observe that our results point to a significantly

12
Nonetheless, this parametrization can be safely used to extrapolate our results to higher energies, since there, the errors of the actual

fluxes are su�ciently large to render the inaccuracies of this parametrization harmless.

12

Energy (MeV)

(𝜙
-𝜙

IL
L)/
𝜙

IL
L

Here, W!1 is the inverted covariance matrix. The vector ~R
contains the reported ratios from all 23 experiments
(tabulated in Table I). The absolute normalization ratio r
is treated as a free parameter. The vector ~Psur contains the
predicted average survival probabilities given a value

of sin 22!13. The values of ~Psur using sin 22!13 ¼ 0:089
are tabulated in Table I. The last term in Eq. (4) represents
the constraints on sin 22!13 from the latest Daya Bay
results [11].

III. RESULTS

In the following three figures, we show the results of all
23 measurements and the deduced ratios after minimizing
the "2 defined in Eq. (4). The global average is determined
to be 0:959# 0:009. In Fig. 2, the results are shown in an
analogous way as in Ref. [1], i.e., as a function of the
distance from the corresponding reactor core. We combine
results at the same baseline together for clarity. The cor-
responding "2=dof ¼ 23:8=22. We stress that our error
bars do not include the reactor flux uncertainty (2.7%),
hence they appear smaller than those in Ref. [1].

The new global average is somewhat larger than the
0.943 value of Ref. [1] quoted earlier, weakening the
significance of the reactor antineutrino anomaly. There
are two reasons for this difference. First, we include
more recent and more distant experiments, of which Palo
Verde and Chooz have larger rates. Second, we change the
correlated uncertainty between SRP-I and SRP-II from
3.7% to 2.7% (the reactor flux uncertainty only), since
the original 3.7% assumes almost full correlation between
SRP-I and SRP-II, which cannot explain the apparent
differences between the two ratios (0.952 vs 1.018).
With fixed total experimental uncertainties, this change

effectively increases the significance of SRP experiments
and leads to about 1% larger world average.
In addition, our results are larger than those reported in

Refs. [17,18], which also include the kilometer experi-
ments with known !13. The result reported in Ref. [17]
included the gallium neutrino data [19–25], which was not
included in our reactor antineutrino analysis. They also
did an analysis by including a RENO preliminary result
from the absolute flux analysis. However, such analysis of
the RENO experiment has not been, to our knowledge,
released and is not finished as yet [26]. In Ref. [18], the
measured experimental fluxes are normalized to the pre-
dicted flux of Huber [27] with a new neutron lifetime
881.5s (2011 update of PDG [13]). The change in reactor
flux model and the neutron lifetime leads to an average
1.6% lower ratios than what we used in this work
(tabulated in Table I). The rest of the differences come
from the treatment in the correlated uncertainty of SRP
experiments and the uncertainty of the reactor flux predic-
tion (2% used in Ref. [18] vs 2.7% used in this work).
One of the main purposes of this work is to illustrate the

impact of kilometer experiments to the results of Mention
et al. [1]. Therefore, we have adapted the same neutron
lifetime (885.7s) as in Mention et al. [1]. The current
recommended neutron lifetime from the 2012 Particle
Data Group [13] is 880.1s. Using the latest neutron lifetime
would lead to about 0.63% reduction in the average ratio.
Figure 3 shows results from all 23 experiments again

arranged by the detector technology. Five different
technologies were used in the 23 experiments to record
the !#e capture on protons. In the ILL [28] and Goesgen
experiments [29] the liquid scintillator targets cells were
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Flux Deficit at Daya Bay
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Sterile Neutrinos??
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If not a bias effect, what is it?
• Problem with prediction? 
• Detector effect that isn’t understood? 
• New physics? 
Sterile Neutrino: 
• High frequency oscillation 
• Mass splitting ~1eV2  
• Baseline ~few meters

𝛥m122 =8x10-5 eV2 

|𝛥m232| =2.3x10-3 eV2 

𝛥m142 > 1 eV2 

N O
BS

/(N
EX

P) pr
ed

,n
ew

Distance to Reactor (m)

Bu
ge

y−
4 

RO
VN

O
91

 

Bu
ge

y−
3 

Bu
ge

y−
3 

Bu
ge

y−
3 

G
oe

sg
en
−I

G
oe

sg
en
−I

I

G
oe

sg
en
−I

II

IL
L 

   
 

Kr
as

no
ya

rs
k−

I

Kr
as

no
ya

rs
k−

II

Kr
as

no
ya

rs
k−

III

SR
P−

I  
 

SR
P−

II 
  

RO
VN

O
88
−1

I
RO

VN
O

88
−2

I
RO

VN
O

88
−1

S

RO
VN

O
88
−2

S

RO
VN

O
88
−3

S

Pa
lo

Ve
rd

e

CH
O

O
Z 

  
Do

ub
le

CH
O

O
Z 

  

 

 

100 101 102 103
0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Nucifer
(2012)

Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated
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Other Sterile Neutrino Hints
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MiniBooNE 
short baseline accelerator

GALLEX/SAGE 
Ga source calibration

LSND 
decay at rest

anti-𝜈e appearance low energy 𝜈e appearance 𝜈e disappearance
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eV-scale neutrinos would impact: 

• Expected neutrino spectrum for 
Long-baseline oscillation searches 

• Mass ordering for Double Beta 
Decay searches 

Needs to be addressed soon

19

Impact on Future Experiments
Implications for the Future Neutrino Program

eV-scale sterile neutrino would change:

• Expected neutrino spectrum and thus 
sensitivity to CP violation for long base 
neutrino program.

• Effective Majorana mass measured by 
neutrinoless double-beta decay.

DUNE
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New Anomaly: Spectral Feature

• All three 𝜽13 experiments have observed a spectral deviation 
between 4-6MeV prompt energy (5-7MeV neutrino energy) 

• Predictions based on beta-conversion (Huber, Mueller, Haag) 
• Tracks with reactor power, observed in both Near and Far detectors 
• Cannot be explained by known detector effects

20

T.J. Langford - Yale University Date/Seminar4
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3.2. Measured θ13 with neutron captures on H  

RENO has also measured the value of θ13 from the 
IBD events that are associated with a delayed signal of 
a neutron capture on hydrogen (n-H). This is possible 
due to reasonably low accidental backgrounds as a 
result of successful radioactivity-reduction in the LS 
and PMT. 

 The first measurement of θ13 using a ~400 day n-H 
data sample was reported in the Neutrino 2014 
conference as sin2(2θ13) = 0.095 ± 0.015(stat.) ± 
0.025(syst.) [12]. An improved result is presented in 
this workshop as sin2(2θ13) = 0.103 ± 0.014(stat.) ± 
0.014(syst.). The significantly reduced systematic error 
comes from complete removal of multiple neutron 
backgrounds and more precise estimation of accidental 
backgrounds. 

We have been continuing efforts to reduce the 
systematic errors in this measurement. A more precise 
measurement of θ13 is soon expected to be comparable 
to the result with a delayed signal of neutron capture 
on Gd. Combining those results of two independent 
measurements, we may obtain quite accurate values of 
the mixing angle θ13 and the squared mass difference 
∆mee

2. 

4. 5 MeV excess in the reactor neutrino spectrum 

The RENO near and far detectors have neutrino 
flight distances of ~300m to ~1.5 km depending on 
reactors, and can determine the squared mass 
difference |∆mee

2| based on the survival probability of 
electron antineutrinos. The total background rate is 
estimated to be 17.96±1.00 (near) or 4.61±0.31 (far) 
events per day in the 800 day sample. The expected 
rate and spectrum of reactor antineutrinos are 
calculated for duration of physics data-taking, taking 

into account the varying thermal powers and fission 
fractions of each reactor.  

RENO has obtained an unprecedentedly accurate 
measurement of the reactor neutrino flux and spectrum. 
Fig. 4 shows the observed spectra of IBD prompt 
signals for the near and far detectors after subtracting 
backgrounds, compared to the MC expectations from 
the best fit parameters to neutrino oscillation. A clear 
spectral difference from the current reactor neutrino 
models [14, 15], is observed at 5 MeV with excess 
magnitudes, 2.2±0.1(stat.)±0.4(syst.)% of the total 
observed reactor neutrino flux in the near detector or 
1.8±0.3(stat.)±0.6(syst.)% in the far detector. The 
systematic error was estimated by uncertainties of 
energy scale, normalization, isotope fraction, MC 
modeling, and oscillation parameters. Including the 
expected spectral shape error of 0.5% from the reactor 
models, the significance of the shape difference is 
more than 3.5σ. We observe for the first time that the 

Table 1 

Summary of measured values of θ13 by the RENO experiment 

Measured values of sin2(2θ13) Data sample 
(Aug. 2011~  ) 

Refs.  
(year) 

0.113±0.013(stat.)±0.019(syst.) ~220 days PRL 108 

 ( ~ Mar. 2012) (2012) [5] 

0.100±0.010(stat.)±0.015(syst.) ~400 days NuTel 

 ( ~ Oct. 2012) (2013) [10] 

0.100±0.010(stat.)±0.012(syst.) ~400 days TAUP 

 ( ~ Oct. 2012) (2013) [11] 

0.101±0.008(stat.)±0.010(syst.) ~800 days Neutrino 

 ( ~ Dec. 2013) (2014) [12]  

 
Fig. 5.  Correlation between the 5 MeV excess daily rate and the 
expected IBD daily rate with oscillations in the near detector. This 
indicates the excess is strongly proportional to the thermal power. 

  
Fig. 4.  Comparison of observed and expected IBD prompt energy 
spectra. A shape difference is cleary seen at 5 MeV. The observed 
excess is correlated with the reactor power, and corresponds to 2.2% 
of the total observed reactor neutrino flux. 

Daya Bay RENO Double Chooz
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• Beta-converted spectra could be 
wrong:
• Use Allowed shapes for all decays, 

known to be incorrect
• Error in the measurements?

• Ab-initio calculation for one database 
seems to reproduce the feature
• Problem: Large uncertainties and 

missing data 
• Problem: More complete database 

doesn’t reproduce the shape
• Feature seems to track with 238U 

content, could point to one fission 
parent as the problem? 
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New Anomaly: Spectral Feature
of any initial fission daughter. On average, the daughter
isotopes of each fission undergo six beta decays until
reaching stability. For short-lived isotopes, the decay rate
Ri is approximately equal to the fission rate Rf

p of the parent
isotope p times the cumulative yield of the isotope i,

Ri ≃
X

p

Rf
pYc

pi: ð2Þ

The Evaluated Nuclear Data File (ENDF) B.VII.1 compiled
nuclear data contain tables of the cumulative fission yields of
1325 fission daughter isotopes, including relevant nuclear
isomers [18,19]. Evaluated nuclear structure data files
(ENSDF) provide tables of known beta decay end-point
energies and branching fractions for many isotopes [20].
Over 4000 beta decay branches having end points above
the 1.8 MeV inverse beta decay threshold are found. The
spectrum of each beta decay SijðEνÞ was calculated includ-
ing Coulomb [21], radiative [22], finite nuclear size, and
weak magnetism corrections [13]. In the following calcu-
lations, we begin by assuming that all decays have the
allowed Gamow-Teller spectral shapes. The impact of
forbidden shape corrections will be discussed later in the text.
The upper panel of Fig. 1 shows the β− spectrum per

fission of 235U calculated according to Eq. (1). The β−

spectrum measured in the 1980s using the BILL spectrom-
eter is shown for comparison [6]. Both spectra are absolutely
normalized in units of electrons per MeV per fission. The
lower panel shows the calculated νe spectrum for a nominal
nuclear fuel with relative fission rates of 0.584, 0.076, 0.29,
0.05 respectively for the parents 235U, 238U, 239Pu, 241Pu.
The spectra have been weighted by the cross section of
inverse beta decay to more closely correspond to the spectra
observed by experiments. Prediction of the νe spectrum by
β− conversion of the BILL measurements [11,12] shows a
different spectral shape. In particular, there is an excess
near 6 MeV in our calculated spectrum not shown by the
β− conversion method. Note that the hybrid approach of
Ref. [11] used the ab initio calculation to predict most of
the β− and νe spectra, but additional fictional β− branches
were added so that the overall electron spectra would match
the BILL measurements. The corresponding νe spectra for
these branches were estimated using the β− conversion
method. Since this method is constrained to match the BILL
measurements, it is grouped with the other β− conversion
predictions. An alternate ab initio calculation presented in
Ref. [17] is consistent with our prediction below 5 MeV, but
deviates at 6 MeV.
The significant differences between the calculation and

BILL measurements are generally attributed to the system-
atic uncertainties in the ab initio calculation. The 1σ
uncertainty bands presented here include only the stated
uncertainties in the cumulative yields and branching frac-
tions. Three additional systematic uncertainties are promi-
nent but not included: data missing from nuclear databases,
biased branching fractions, and beta decay spectral shape
corrections.

Missing data.—It is possible that the ENDF/B tabulated
fission yields lack data on rare and very short-lived isotopes
far from the region of nuclear stability. In Ref. [16], it was
argued that this missing data would favor higher-energy
decays. For the known fission daughters, ∼6% of the
yielded isotopes have no measured beta decay information.
Both of these effects result in an underprediction of the νe
spectrum at all energies.
Biased branching fractions.—The branching informa-

tion of known isotopes may be incomplete or biased.
For example the Pandemonium effect can cause a system-
atic bias, enhancing branching fractions at higher energies
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FIG. 1 (color online). (a) Ab initio nuclear calculation of the
cumulative β− energy spectrum per fission of 235U exposed to
thermal neutrons (solid red), including 1σ uncertainties due to
fission yields and branching fractions. The measured β− spectrum
from Ref. [6] is included for reference (dashed blue). (b) Ratios of
each spectrum relative to the BILL measurement. (c) The corre-
sponding ν̄e spectrum per fission in a nominal reactor weighted by
the inverse beta decay cross section (solid red), compared with that
obtained by the β− conversion method (dashed blue [12], dotted
green [11]), and an alternate ab initio calculation (dash-dotted
blue-green [17]). See text for discussion of uncertainties. (d) Ratios
of each relative to the Huber calculation. Measurements of the
positron spectra (green [23], brown [24], black [25]) are similar to
our ab initio calculation, assuming the approximate relation
Eν̄≃Eeþþ0.8MeV.To comparewith the calculated spectral shape,
measurement normalizations were adjusted approximately −5%.

PRL 114, 012502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

9 JANUARY 2015

012502-2

Dwyer & Langford, PRL 114 012502 (2015)

A third prescription for estimating the uncertainties is
to examine the rate of change in the antineutrino
spectrum relative to the rate of change in the beta spectrum,
using the fact that the beta spectrum is fit to amplitudes ai
on a fixed grid of end-point energies E0i . We calculated
T ¼

P
i½∂NνðEνÞ=∂ai%=½∂NβðEeÞ=∂ai%, and examined the

changes in T as the assumptions for the forbidden tran-
sitions were varied, and again found no path in (Ee, Eν)
over which the changes were <5%.

Our final method considers the ratio of the actual anti-
neutrino spectra themselves in Fig. 3, although this method
does not take into account the corresponding changes in the
beta spectra. We carried out identical analyses of the role of
the corrections and the associated uncertainties for the other
actinides 239;241Pu and 238U, and found very similar results.
Figure 3 shows the change in the total antineutrino spectrum
at a representative time [21] in midcycle in the reactor burn
history. The antineutrino spectra differ significantly, depend-
ing on our treatment of the forbidden transitions. The cross-
section-weighted spectra are quite distorted, being lower
than the Schreckenbach-Vogel [4,22,23] spectra up to the
peak, and higher or lower above the peak depending on the
operator. The actual spectrum is unlikely to be as distorted as
in Fig. 3 because no single operator dominates the forbidden
transitions.
The original ILL analysis [4] assumed that the Z of the

daughter fragments satisfies Zi ¼ 49.5 − 0.7E0i − 0.09E2
0i

for Zi ≥ 34. We find that taking the Z of the fission
fragments directly from ENDF/B-VII.1 instead would
increase the antineutrino spectrum by less than 1% for
Eν ≤ 7 MeV, and less than 1.5% for Eν > 7 MeV.
In summary we find that the component of the aggregate

fission spectra containing approximately 30% forbidden
transitions introduces a large uncertainty (about 4%) in the
predicted shape of the antineutrino flux emitted from
reactors. We have examined the uncertainties in four differ-
ent ways. If all forbidden transitions are treated as allowed
GT transitions, the antineutrino spectra are systematically
increased above 2 MeV, as was the conclusion in the earlier
papers on the anomaly. However, when the forbidden
transitions are treated in various approximations, the shape
and magnitude of the spectra are changed significantly.
Earlier analyses looked at only one prescription for these
transitions. The uncertainty introduced by our lack of
knowledge on how to treat these transitions is as large as
the size of the anomaly. It should also be noted that there are
additional uncertainties due to our oversimplified treatment
of the allowed weak magnetism operator (viz., no meson
currents and a truncated orbital current), as well as a
simplified finite-size treatment for forbidden transitions.
These considerations also apply to the fission antineutrino
spectra in medium and long baseline reactor experiments,
implying at least a 4%uncertainty on the fission antineutrino
flux in those experiments. Reducing the uncertainty within
a purely theoretical framework would be difficult. An
improvement will require either direct measurements of
the antineutrino flux or a substantial improvement in our
knowledge of the dominant forbidden beta transitions.

[1] G. Mention, M. Fechner, Th. Lasserre, Th. A. Mueller,
D. Lhuillier, M. Cribier, and A. Letourneau, Phys. Rev. D
83, 073006 (2011).

[2] Th. A. Mueller et al., Phys. Rev. C 83, 054615 (2011).
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FIG. 3 (color). Different treatments of the forbidden GT
transitions contributing to the antineutrino spectrum summed
over all actinides in the fission burn in midcycle [21] of a typical
reactor. The left-hand panel shows the ratio of these antineutrino
spectra relative to that using the assumptions of Ref. [4]. The
right-hand panel shows the spectra weighted by the detection
cross section, where the additional curve in black uses the
assumptions of Ref. [4]. The spectra are strongly distorted by
the forbidden operators, being lower below the peak and in some
cases more than 20% larger above the peak than Ref. [4]. The
corresponding change in the number of detectable antineutrinos
relative to Ref. [4] is −0.75%, 5.8%, and 1.85% for the 0−, 1−,
and 2− forbidden operators, respectively.
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Anomalies lead to Discoveries

• Flux deficit remains after blinded analysis
• No existing experiment is able to probe 

these questions
• We need new data
• Spectral anomaly could point were to look

• All 𝜽13 measurements at LEU power 
reactors

• HEU measurement powerful 
crosscheck
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P.Vogel: “…it is possible, perhaps even likely,  
that both anomalies have their origin in standard 

physics.” arXiv:1603.08990
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The Precision Reactor 
Oscillation and Spectrum 

Experiment
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Phased Experimental Plan

24

Physics Goals:
• Search for short baseline 𝜈e oscillations using detector segmentation 

• Distortions in energy spectrum that vary with baseline 
• Measure 235U antineutrino spectrum to illuminate the spectral anomaly

Experimental Strategy:
• Phase 1:  

• Sterile neutrino search, cover 
best fit region at 4𝜎 in 1 year 

• World-leading 235U spectrum 
with 100k events/year 

• Phase 2: World-leading short 
baseline sensitivity 

Challenges:
• Minimal overburden, cosmogenic 

backgrounds 
• Reactor-related backgrounds 

• High energy (≲10MeV) gammas

PROSPECT at HFIR
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated
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High Flux Isotope Reactor
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• High Flux Isotope Reactor (HFIR) 
at Oak Ridge National Lab 

• 85MW HEU (>94% of νe flux from 
235U fission) compact-core 
reactor, 42% uptime 

• PROSPECT activity for past 3 yrs 
• Backgrounds well characterized 
• Unique location for a short 

baseline experiment

HFIR Baselines

Abazajian et al.
arxiv:1204.5379

HFIR Core  
Power Map

Fuel Plates

42cm

http://arxiv.org/abs/arXiv:1204.5379
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Surface Neutrino Detection

Must be very close to research reactor
• Reactor-related backgrounds (gammas and thermal n) 
• Detector will have to operate at the surface (or close to it) 
• Cosmic-rays are problematic

26
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Fast neutron spectra verify expectations 
with overburden and altitude

characterization of HFIR environment

“Background Radiation Measurements at High Power Research Reactors”; J. Ashenfelter et al. 
Nucl. Instrum. Meth. Phys. Res. A 806 (2016) 401    •   e-Print:arXiv:1506.03547 

Reactor Backgrounds

27

PROSPECT Backgrounds at HFIR

background map

varying reactor shields

IBD-like events for 
reactor-on and off
reactor generated 
backgrounds are 
minimal
IBD-like backgrounds 
are cosmogenic

Nucl. Instrum. Meth. A806 (2016) 401–419,
arXiv:1506.03547, PROSPECT collaboration

12/16/15 Ke Han, Yale University 27
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Cosmogenic Backgrounds

28

P. Mumm, NIST, for the PROSPECT collaboration AAP, December 5th, 201510

Backgrounds @ HFIR
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Fast Neutron 
Spectra 

• <10MeV neutrons are effectively shielded 
• >100MeV neutrons create showers of 

particles and many secondary neutrons
• IBD-like backgrounds stem mainly from 

fast neutron interactions

P. Mumm for the PROSPECT Collaboration DOE Briefing, June 17, 2015 10

Background mitigation
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Surface Neutrino Detection

29

Three-pronged effort to address 
these backgrounds:

1. New detector design  
2. New liquid scintillator 
3. New shielding design 
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Segmented Antineutrino Detector

30

• 3ton lithium-loaded liquid scintillator 
(6LiLS) detector

• 120 optical segments
• 15x15x119cm3, ~25 liters each
• Identify multiple particle 

interactions, reject showers
• Double-ended PMT readout
• Access for calibration sources 

between every cell

LiLS

PMTs
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PROSPECT Phase I detector

• 3000L of 6Li liquid scintillator
• 120 scintillator loaded segments, ~15x15x120cm
• Double ended PMT readout, light guides, 4.5%/√E resolutions
• Thin optical separators, minimal dead material
• Containment vessel, filled in place
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PROSPECT: A Precision Reactor Oscillation and Spectrum Experiment DE-FOA-0001381

to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and

11
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IBD Detection with 6LiLS
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Prompt signal: 1-10 MeV 
positron from inverse beta 
decay (IBD)

6Li

𝛼
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Delay signal: ~0.6 MeV 
signal from neutron capture 
on 6Li with PSD signature

Coincidence Signature of event: 
e-like prompt signal, followed by a 

~50𝜇s delayed neutron captureInverse Beta Decay
𝛾-like prompt, n-like delay 

Fast Neutron  
n-like prompt, n-like delay 

Accidental Gammas
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Pulse-shape 
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Coincidence + PSD allows rejection of 
vast majority of backgrounds
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LiLS Requirements:

• High light yield (>6000ph/MeV) for energy resolution

• Excellent pulse-shape discrimination (PSD)

• Non-toxic, high flashpoint

• Stable and affordable

LiLS based on EJ-309 meets all requirements

• 8200ph/MeV, excellent PSD

• Safe to operate at a reactor

32

6Li-loaded Liquid Scintillator

developed novel LiLS with excellent light yield, PSD, and neutron capture capabilities

Ton-Scale Production (same as last) 
•  Self-production to ensure 

•  Cleanness 
•  Purification applied 
•  Characterization and QA/QC 
•  Continuation for future large 

production (Far detector) 
•  Commercial production reactor available 

•  10-L prototype deployed and tested 
•  50-L baseline (expandable to 100-L)  

•  Easy to install and QA/QC instruments 
ready 
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Background mitigation
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Novel Shielding Design

33

Optimize space, weight, and total 
background suppression
• Main problem is ~100MeV neutrons

• create majority of IBD-like backgrounds 
(gamma-like prompt, neutron capture)

• Neutron spallation on high-Z shielding 
increases backgrounds

• Need neutron shielding inside lead shielding

Outer Neutron
Shield

Lead

Inner Neutron
Shield

M.Mendenhall - NIST

Representative 500MeV Neutron Primary

Cut-outs for air planks 
(detector movement)
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Novel Shielding Design
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meter-scale overburden
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Optimize space, weight, and total 
background suppression
• Main problem is ~100MeV neutrons

• create majority of IBD-like backgrounds 
(gamma-like prompt, neutron capture)

• Neutron spallation on high-Z shielding 
increases backgrounds

• Need neutron shielding inside lead shielding
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BG Rejection via Detector Design

Background reduction steps:
• Efficient PSD and neutron tagging 
• Identification of multiple particle 

interactions 
• Fiducialization 
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PROSPECT Signal and Background
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PROSPECT Signal & Background

• Signal (dashed) and background (solid) 
prompt spectra are shown through 
selection cuts

• S/B better than 1:1 is predicted.
• Rate and shape of the residual IBD-like 

background can be measured with high 
precision during reactor off periods.
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Figure 3: P20 “IBD-like” (after anti-shower cut) background timing. Red: data, blue: simulation.
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Figure 4: P20 “IBD-like” (after anti-shower cut) background energy. Red: data, blue: simulation.
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Figure 3: P20 “IBD-like” (after anti-shower cut) background timing. Red: data, blue: simulation.
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Figure 4: P20 “IBD-like” (after anti-shower cut) background energy. Red: data, blue: simulation.
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FIG. 19. (Top) PROSPECT-20 IBD-like energy distributions
from reactor-off data (red) compared to simulation for cosmic
backgrounds (blue). (Bottom) PROSPECT-20 IBD-like timing
distributions from reactor-off data (red) compared to simula-
tion for cosmic backgrounds (blue).

the results being consistent with fully explaining the
observed IBD-like rate in PROSPECT-20. Although the
IBD-like background rate is higher than the expected
ne interaction rate, improved shielding and cuts pos-
sible in the full AD-I will suppress backgrounds sub-
stantially, achieving a signal-to-background ratio of �1
according to simulation.

The validated simulation package indicates that mea-
sured IBD-like background in PROSPECT-20 is primar-
ily due to high-energy (tens to hundreds of MeV) cos-
mic neutrons, with small additions from muon interac-
tions and accidental g-ray coincidences. These mech-
anisms are also projected to be the primary source of
IBD-like background events in the PROSPECT AD-I.
By design, the multi-segment AD-I provides informa-
tion useful for identifying and vetoing most cosmic
background events. However, high-energy cosmic neu-
trons, which can penetrate undetected deeply into the
active volume before inelastic scattering interactions,
can produce time-correlated prompt ionization, highly
quenched nuclear recoils, and delayed secondary neu-
tron capture signals, and are projected to be the main
background source. The rates of cosmogenically-
produced 9Li and 8He, which also mimic IBD signals,
are estimated to be roughly two orders of magnitude
below the IBD rate, and can be measured with reactor-
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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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Figure 5: P2k signal to background projection after cuts.
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Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
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Figure 5: P2k signal to background projection after cuts.
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FIG. 20. (Top) Simulated AD-I IBD signal and background
spectra. Signal (dashed) and background (solid) prompt
spectra are shown through selection cuts described in the
text. Background is primarily produced by cosmogenic fast
neutrons. (Bottom) Simulated AD-I IBD signal (red) and
background (blue) spectra after all analysis cuts. Signal-to-
background of better than 1:1 is predicted. The rate and shape
of the residual IBD-like background can be measured with
high precision during reactor off periods.

Cuts IBD signal Cosmic BG
Exposure Daily Phase I Daily Phase I
PSD 1630 7.3e5 2.1e6 9.5e8
Time (1, 2, 3) 1570 7.1e5 3.4e4 1.5e7
Spatial (4, 5) 1440 6.5e5 9900 4.5e6
Fiducial (6) 660 3.0e5 250 1.1e5

TABLE III. Simulated signal and cosmic background rates in
events per day, total Phase I statistics in parentheses, in the
energy range 0.8  E  7.2 MeV, after applying background
rejection cuts.

off data.
After identification of candidate prompt and delayed

signals via deposited energy and PSD selections, addi-
tional cuts on event topology (including both time and
position information) provide two to three orders of
magnitude in background suppression. Fig. 20 demon-
strates the effectiveness of topology cuts at rejecting
cosmic ray background relative to the IBD signal.

The event selections are as follows. “Time topol-
ogy” cuts include: (1) delayed capture must occur
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Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
posal).
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Figure 5: P2k signal to background projection after cuts.
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IBD signal
backgrounds 
after cuts

Simulated event rates (0.8 ≤ E ≤ 7.2 MeV) after applying 
background rejection cuts
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Figure 8. (Left) PROSPECT Phase I and Phase II sensitivities to a single sterile
neutrino flavor. Phase I probes the best-fit point at 4s after 1 year of data taking and
has >3s reach of the favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage over the majority of the
parameter space below Dm2

14⇠10 eV2. Daya Bay exclusion curve is from [68]. (Right)
Increase in oscillation sensitivity to sterile neutrinos during Phase I by operating
AD-I at two positions instead of at the front or middle position only.

one full oscillation wavelength will be visible in PROSPECT Phase I due to the wide
baseline and energy range covered. Extension of PROSPECT to Phase II accesses
more oscillation cycles and adds statistical precision, thereby enhancing sensitivity.
It should be emphasized that the oscillation measurement in the PROSPECT AD-I
is a relative comparison between L/E bins rather than between the flux measured
in each AD-I segment. Because the relative range of baselines spanned by AD-I
is smaller than the ne energy range, each segment contributes to the majority of
L/E bins and relative normalization plays a less important role in PROSPECT than
near and far detector relative normalization does in the recent q13 experiments.
Furthermore, as AD-I is moved, the relative contribution of each segment to a
particular L/E bin varies, reducing the effect of both correlated and uncorrelated
systematic biases more efficiently than a single extended detector.

PROSPECT oscillation sensitivity is determined using a c2 minimization [70].
Systematic uncertainties are included by minimizing over nuisance parameters in
addition to the new oscillation parameters (Dm2

14, sin2 2q14). We take a conservative
approach by allowing uncertainties for these parameters to vary broadly with little

Short Baseline Oscillation Search

37

• Segmented detector designed for 
oscillation search
• Each cell is a separate “detector”
• Oscillatory L/E between segments 

limits uncertainties from reactor 
• True oscillometry needed for 

confirmation of sterile neutrinos
• Probe best-fit region at >3𝜎 in 1 

year
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A Movable Detector 
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Figure 8. (Left) PROSPECT Phase I and Phase II sensitivities to a single sterile
neutrino flavor. Phase I probes the best-fit point at 4s after 1 year of data taking and
has >3s reach of the favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage over the majority of the
parameter space below Dm2

14⇠10 eV2. Daya Bay exclusion curve is from [68]. (Right)
Increase in oscillation sensitivity to sterile neutrinos during Phase I by operating
AD-I at two positions instead of at the front or middle position only.

one full oscillation wavelength will be visible in PROSPECT Phase I due to the wide
baseline and energy range covered. Extension of PROSPECT to Phase II accesses
more oscillation cycles and adds statistical precision, thereby enhancing sensitivity.
It should be emphasized that the oscillation measurement in the PROSPECT AD-I
is a relative comparison between L/E bins rather than between the flux measured
in each AD-I segment. Because the relative range of baselines spanned by AD-I
is smaller than the ne energy range, each segment contributes to the majority of
L/E bins and relative normalization plays a less important role in PROSPECT than
near and far detector relative normalization does in the recent q13 experiments.
Furthermore, as AD-I is moved, the relative contribution of each segment to a
particular L/E bin varies, reducing the effect of both correlated and uncorrelated
systematic biases more efficiently than a single extended detector.

PROSPECT oscillation sensitivity is determined using a c2 minimization [70].
Systematic uncertainties are included by minimizing over nuisance parameters in
addition to the new oscillation parameters (Dm2

14, sin2 2q14). We take a conservative
approach by allowing uncertainties for these parameters to vary broadly with little

• AD-1 is designed to translate by 1m, 
almost half the detector length

• Improves the sensitivity from <3𝜎 to 
greater than 4𝜎

• Provides powerful systematics check

HFIR
Core
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235U Spectrum Measurement

• ~700 inverse beta decays detected per day, 100k/year
• Best energy resolution of any reactor neutrino experiment (4.5%@1MeV) 
• Phase-1 precision will surpass spectral model uncertainties

• Directly test reactor neutrino models
• Produce a benchmark spectrum for future reactor experiments
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(a) Proposal figure.
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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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Phased Detector Development
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PROSPECT-0.1 
Aug 2014

Spring 2015

PROSPECT-2 
Dec 2014
Feb 2015

PROSPECT-20 
March 2015

PROSPECT  
Phase1 

2017*

*technically driven schedule

5cm
0.1liter
LS cell

12.5cm
1.7 liter
LS cell

1m
23 liter
LS cell

120x30 liter
LS segments
15x15x119cm

PROSPECT-50 
February 2016

1.2m
2x25 liter
LS segments

PROSPECT: A Precision Reactor Oscillation and Spectrum Experiment DE-FOA-0001381

to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and

11
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Full-scale Test Detector 
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PROSPECT-20 Paper arXiv:1508.06575

• PROSPECT-20  
• 23L test cell of 6Li-loaded Liquid Scintillator
• 15x15x100cm3 detector

• Measured Light collection: 530PE/MeV
• 4.5%@1MeV energy resolution 

• Measured PSD Figure of Merit: 1.4 at (n,Li) capture
• >99.9% background rejection 

• Double-ended readout
• uniform light collection and position reconstruction
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PROSPECT-20 at HFIR
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HFIR Experimental Location!
Exterior Door! Reactor 

Wall!

PROSPECT-20 
Shield!

PROSPECT-20 
DAQ!

• Operated for four months at HFIR
• Two HFIR cycles

• Shielding package roughly 25% mass of full shield
• Reactor-related backgrounds mitigated

• Targeted local shielding
• Active background rejection with LiLS

• Validation of background simulations for full 
PROSPECT detector  

IBD-like Events
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(b) IBD-like after “shower rejection” cuts.

Figure 1: Prospect-20 data (red) and simulation (blue) coincidence timing for neutron
backgrounds with accidentals components.

9⇥ boost) should be a generous over-estimate of reality, we are lead to conclude that external

gamma flux incident on the shielding package will introduce a fairly negligible component

to the IBD-like background after cuts.

The impact of fiducialization will be significantly less for “internal” accidental sources

distributed throughout the volume of the detector. There will still be a substantial gain from

the prompt-delayed proximity cut. This can be tested in simulation. Rather than a detailed

model of “internal” backgrounds, a 1 kHz 3MeV gamma source distributed through the

scintillator is used for back-of-the-envelope estimation. Figure 3 shows the result. Before

cuts, the accidentals are sub-dominant to the correlated signal by roughly one order of

magnitude. The shower cut reduces correlated and accidental backgrounds in unison. Unlike

the external gamma case, fiducialization does not drive the accidental rate down as much

compared to the coincidence peak; nevertheless, accidental levels are clearly secondary to

correlated neutron contributions. This level of internal background adds. 10% to the cosmic

contribution.

Based on these simulation estimates, the combined e↵ects of a ⇠200µs coincidence time

window and topology cuts will suppress likely accidental coincidence sources to low levels

compared to correlated IBD-like backgrounds.
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PROSPECT-50 Demonstrator

PROSPECT-50:

• 50 liters of 6LiLS 

• Two PROSPECT segments

83”

Calibration Tube

Ongoing: PROSPECT-50

• Mechanical prototype to validate 
detector components and test 
operation of subsystems.
– PMT housing with light guide
– Reflectors
– Calibration
– LS filling

12/16/15 Ke Han, Yale University 31

Ongoing: PROSPECT-50

• Mechanical prototype to validate 
detector components and test 
operation of subsystems.
– PMT housing with light guide
– Reflectors
– Calibration
– LS filling

12/16/15 Ke Han, Yale University 31
Test platform of each subsystem

• Thin-walled reflector panels

• PMT enclosures

• Filling system and procedure

• Calibration system

• LED optical 

• Source capsules

• Cell-to-cell variation
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PROSPECT-50 Installation

2
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T.J. Langford - Yale University March 23, 2016

• Source 30cm above, uniform 
illumination

• Fitted nH peak: 1615pe (2.0MeV)

• Light Collection 807pe/MeV, same as Bi

• Excellent PSD performance

5

Cf-252 Neutron Data PROSPECT-50
EJ-309 (No 6Li loading)
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Low-mass optical separators
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produced robust low-mass separators from LS-compatible materials

Low-mass reflector prototypes 

Compatibility:
• extensive material compatibility testing required to 

ensure long-term LS performance 
• focus on materials proven in recent experiments - 

PTFE, acrylic, polypropylene, … 
• long-term mechanical stability verified

Separators:
• physics goals demand low inactive mass, high 

reflectivity, and long-term compatibility 
• developed multi-layer system meeting all 

requirements 
• fabrication procedures for full-scale system under 

validation
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Calibration Techniques
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Optical and source calibration

pulsed laser sources
- LiLS light transmission
- PMT gain and timing

encapsulated γ sources
- energy scale
- scintillator non-linearity

neutron sources
- PSD calibration
- neutron detection efficiency

radioactive and cosmogenic backgrounds will be 
used to monitor and calibrate detector response 
between source deployments

Example: PROSPECT-20
- through going muons
- 40K
- n capture on 6Li

R&D on scintillator spiking with 227Ac
- segment uniformity, relative LiLS mass measurements

optical fiber 

fiber+sleeve+diffuser

detector 
segments

antineutrino detector
with optical and source calibration 

source deployment system
with string and guide tubes

motor 
system

source 
path

detector 
segments 

optical calibration system
with string and guide tubes

routing between segments 
and PMT modules

12/16/15 Ke Han, Yale University 30

(𝜶,𝜶 coinc.)

gain, timing & linearity
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Summary and Outlook
• The reactor flux and shape anomalies need to be 

resolved: New physics or not? 

• PROSPECT will be most sensitive and comprehensive 
short-baseline reactor experiment worldwide  

• PROSPECT will make a 4𝜎 test of the sterile neutrino 
best fit after one year

• PROSPECT will measure the 235U spectrum with the 
highest precision to-date

• Key design goals have been demonstrated and technical 
implementation is underway

48



T.J. Langford - Yale University DNP Santa Fe - October 31, 2015http://prospect.yale.eduPublications: arXiv: 1309.7647,  1506.03547,  1508.06575, 1512.02202
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EXTRAS
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Pulse Shape Discrimination
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Qtail

Qfull

PSD =
Qtail

Qfull

arXiv1309.7647

energy+PSD cuts for prompt and delay signals

PROSPECT-2 (LiLS)

Can take advantage of how different particles deposit energy in scintillator using 
pulse-shape discrimination (PSD). Gives particle identification information. 

particle classification: light particles  = “gamma-like”, heavy charged = “neutron-like”
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Baselines Probe Different Parameters 
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Rich reactor Neutrino program at different baselines

From: Vogel, Wen, Zhang
12/16/15 Ke Han, Yale University 5
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ILL 235U Spectrum Measurement

• 1981: Only published measurement of 
235U spectrum at ILL reactor in France 
with S/B ~ 1 

• ±20% uncertainties, unable to constrain 
reactor models  

• Fewer than 5000 neutrino events detected

53

SEARCH FOR NEUTRINO OSCILLATIONS AT A FISSION REACTOR 1107

TABLE II. Event rates in h for various cuts illustrating the rejection efficiencies. The rejection conditions are
shown by 1 (imposed) or 0 (relaxed). The symbols are adj = adjacency- requirement, condition (4) in the text; Tf2 —300-
ps veto for target-cell events, condition (8) in the text; VL=320-ps long veto for He events, condition (5) in the text;
V& =10-ps short veto for target-cell events, condition (6) in the text; and U&=10-ps short umbrella only for target-cell
events, condition (6) in the text.

Bejection conditions Dead y-ray energy range Neutrons
adj Tg2 Vi, V& U& time po) 1.0-1.3 MeV 1.3—2.2 MeV 2.2-4.2 MeV 4.2-8.8 MeV 1.3-8.8 MeV

Beactor off 1
715.516 h 1
real time 1

1
0
1
1

Beactor on 1
843.55 h 1
real time 1

1

1
1
1
0
1
1
1

1 1 1
1 1 0
0 1 1
1 1 1
1 1 1
0 0 1
0 0 0

1 1 1
1 1 Q

0 1 1
1 1 1

15.5
15.0
6.7
8.4
15.5
6.7
7.2
20.0
15.0
11.7
13.4

o.84{4)
O.95(4)
1,16(4)
1.ov(4)
1.94(e)
1.83(5)
3.ov(v)
1.O4(4)
1.1O(4)
1.38(4)
1.29(4)

1.Q5(4)
1.21(4)
1,66(5)
1.55 (5)
2.08(6)
2.79(6)
4.55(s)
1,54(5)
1.68{5)
2.16(5)
2.12(5)

o.4v(3)
0.65 (3)
0.59 (3)
o.5v(3)
o.s3(4)
1.68 (5)
3.46{7)
1.2O(4)
1.34(4)
1.29(4)
1.3O(4)

O.32(2)
O.44(3)
o.3v(2)
0.38 (2)
o.4v(3)
1.29(4)
2.95(V)
O.43(3)
o.56(3)
o.4e(3)
O.49(3)

4.63(9)
e.89(»)
4.47(8)
4.5o(s)
5.63(10)
8.79(11)
16.17(16)
4.65(s)
7.08(10)
4.52(8)
4.54(s)

under the Z (electron or positron) peak is clearly
enhanced for reactor on due to antineutrino events.
The energy spectra for reactor on and reactor

off are obtained by rejecting the events under the
neutron peak [condition (9)], and are shown in
Fig. 11. 'These spectra are dead-time corrected. -

Stability checks

The 'He single rates (within the energy window)
with a long-veto (320 p,s) anticoincidence are
shown in the third column of 'Table III. When the
reactor is on, there are an estimared 5+1 h '
more counts in the 'He counters due to neutrons
from neutrino-induced events in the target cells
and the veto tanks. 'This rate has been subtracted

from the reactor-on rates in the third column of
the 'Table III. 'The examination of the reactor-on
and reactor-off data shows that the stability of
the 'He counters is better than 1/p. In total, the
count rates for reactor on and reactor off differ
by (0.4+ 0.8) /p. If this is interpreted as reactor-
associated single-neutron events, this could in-
crease the accidental background by that amount.
The fourth column of Table III shows the 'He

singles rates in coincidence with the long veto
[rejected by long veto in the analysis, condition
(5)]. These are the neutrons related to the cos-
mic rays. No change is seen whether the reactor
is on or off.
'The target-cell singles rates are much higher
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FIG. 10. PSD spectra for reactor off {dashed line)
and reactor on (solid line) for 2.7-4.2 MeV. For reactor
on the y-e' peak is enhanced due to neutrino-induced
positrons. The areas under the neutron peak are the
same for reactor on and reactor off.
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FIG. 11. Positron energy spectra for reactor or.
(3088.7 h live time) and reactor off (1181.8 h live time).
The accidental background is shown as a dashed line.
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FIG. 12. Positron energy spectrum. The solid curve represents the expected positron spectrum based on the ILL
electron-spectrum measurement. The calculated spectra AG (Ref. 26) and D et al. (Ref. 22) are also shown. No errors
are indicated.

Experimental positron spectrum

The experimental positron energy spectrum
is obtained by subtracting the reactor-off spec-
trum from the reactor-on spectrum. This spec-
trum is shown in Table IV and Fig. 12 with sta-
tistical errors only. 'The signal-to-background
ratio is 1:1at 2 MeV and better above that energy.
In total, 4890+ 180 neutrino-induced events have
been detected with a counting rate of (1.58+ 0.06)
h ' (live time) for E,++ & 1 MeV.
The expected positron spectrum for no oscilla-

tion is also plotted in Fig. 12. This spectrum is
based on the on-l. ine electron spectrum experiment
of Ref. 23 as discussed above.
Systematic errors affecting the positron spec-

trum are summarized as follows: (1) the un-
certainty in the normalization of the intensity of
the antineutrino energy spectrum (6.5%%uo); (2) the un-
certainty in the detection efficiency (8'%%uo); (3)
the uncertainty in the inverse-P-decay cross
section (neutron lifetime) (1.2%); (4) the uncer-
tainty in the energy release per fission (l%%uo);

(5) the instability of the reactor power (less than
1%); (6) all other uncertainties (less than 2%%uo).

Thus, there is a resulting ll'%%uo total systematic
error which is essentially energy independent.
In addition, a possible distortion of the spectrum
associated with a 2% energy calibration uncer-
tainty must be taken into account.

Results and discussions

The ratio of the experimental to expected integral
positron yield for E,,&1 MeV was found to be

= 0.955 a 0.035(statistical)fY. (E.+)dE:'
sb OSC 8 8

+ 0.11 (systematic) .

Yex
COUNTS

no osc

1.0
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«Q2 0

6 =leV, sin 28=0.5
=2.4eV, sin'28=0. 5
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FIG. 13. The ratio of the experimental to the theoreti-
cal positron yield. The errors shown with data points
are statistical errors only. The systematic errors are
given by the dotted banal as explained in the text. For
each set of 4 and sin 28 the normalization and gain
were varied, within their uncertainties, to find the low-
est values of y . Three curves corresponding to the indi-
cated sets of parameters are shown.
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Competition
1.NEOS (Korea): Unsegmented 1000L GdLS at 2.8GWth PWR, 
25m baseline, 0.5 yr run started Aug2015 

2.Neutrino-4 (Russia): Movable, segmented 14m3 GdLS, 
6-12m baseline at 100MW SM-3 reactor 

3.SOLID(EU): Segmented 2t PS/6LiFZnS, 5-10m baseline at 
72MW BR2 reactor, starting 2nd half 2016 

4.STEREO(EU): Segmented, 1.7t GdLS, 9-11m baseline, at ILL 
57MW reactor, has observed neutrinos but has high levels of 
reactor-related background, first data fall 2016 

5.CeSOX: ~4PBq 144Ce-144Pr antineutrino source at Borexino, 
planning for fall 2016 deployment

54
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Competing Efforts
• CeLAND and SOX: Radioactive source experiments: quick-ish!

• IsoDAR: Accelerator-produced  beta decay source: longer timescale

60

arXiv:1307.2949
arXiv:1304.7721

arXiv:1312.0896
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SBL Reactor Context

• PROSPECT: designed to provide a precision measurement for  
BOTH key physics goals !

• Moveable segmented detectors give best mapping of oscillation space!

• Design enables higher energy resolution other efforts!

• PROSPECT has the experience, development, and infrastructure 
in place for the world’s pre-eminent SBL reactor effort.

41

Effort Dopant Good 
X-Res

Good 
E-Res

L Range 
(meters) Fuel Exposure, 

MW*ton
Move- 
able?

Running at 
intended 
reactor?

PROSPECT Li Yes Yes 6.5-20 HEU 185 Yes Yes
NuLat Li/B Yes Yes TBD TBD TBD Yes No
Nucifer Gd No Yes 7 HEU 56 No Yes

STEREO Gd Yes Yes 9-11 HEU 100 No Yes
SoLid Li Yes No 6-8 HEU 155 No Yes

DANSS Gd Yes No 9.7-12 LEU 2700 Yes Yes
Neutrino4 Gd Yes No 6-12 HEU 150 Yes Yes
Hanaro Li/Gd No Yes 20-ish LEU 30 No No

My (biased) overview of global efforts — Good : Not Good

US

EU

Russia

Asia

A

NEO        


