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Some key points on reactor antineutrinos

Detection 
inverse beta decay   
νe + p → e+ + n
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Observable !  Spectrum

From Bemporad, Gratta and Vogel

reactor 
spectrum

observed spectrum

cross-
section

time-dependent rate and spectrum

cross-section accurate to +/-0.2%

threshold: neutrinos with E < 1.8 MeV 
are not detected

only ~ 1.5 νe/fission are detected

HEU

LEU

Source: fissions in 235U,238U, 239Pu, 241Pu
‘pure’

Spectrum varies between reactor types, and 
can be time dependent

parent dependent spectrum
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𝛥m142 > 1 
eV2 

3

Rate and spectrum ‘anomalies’

2011 dual νe flux predictions:
- re-analysis of 19 short-baseline expts.
- new antineutrino spectra: +3%
- neutron lifetime correction: +1%  
- off-equilibrium effects: +1%

Sterile Neutrino: 
• High frequency oscillation 
• Mass splitting ~1eV2  
• Baseline ~few meters

T.J. Langford - Yale University Date/Seminar4
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Daya Bay

All 𝜽13 experiments observe a 
similar spectral excess of ~10% 
between 5-7 MeV

Both motivate additional 
experiments:

- other reactor/fuel types
- excellent energy resolution
- short baseline

Flux deficits observed elsewhere

Flux deficit Shape discrepancy
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Somewhat recent developments

Daya Bay recently reported IBD yields of 235U and 
239Pu using evolution of LEU reactors. 
Reactor flux model found to be incorrect for 235U.

IBD yields calculated from reactor rates (of 26 
reactor experiments) in tension with Daya Bay 
measurement.

Daya Bay Fuel Evolution Analysis
Daya Bay, arXiv:1704.01082v1

Improved Determination of Fluxes
Giunti et al, arXiv:1704.02276

Daya Bay fuel 
evolution

Saclay+Huber

Reactor rates

Combined 
Daya Bay +
Reactor rates

Analysis of Daya Bay with Fuel Burnup
Hayes et al, arXiv:1707.07728

“not enough information to use the antineutrino 
flux changes to rule out the possible existence of 
sterile neutrinos”

~3σ

Composite models:  arXiv:1708.01133
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Precision Reactor Oscillation and Spectrum Experiment

PROSPECT whitepaper, arXiv:1309.7647    

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

Physics Objectives:

• Search for short-baseline antineutrino oscillation at distances ~10 m 

• Precision measurement of 235U reactor νe spectrum
_
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- Detailed MCNP core model available 
- Onsite PROSPECT activity last 4 years.

- Backgrounds well characterized
- Reactor off periods ~ 60% (key for background characterization)

42 cm

Highest power density in the hemisphere (2 MW/l) 
Water cooled at 15,000 gpm 

 High Flux Isotope Reactor (HFIR) at ORNL

“Point Source” vs Extended Core

- Compact core (~1m) and 85 MW, HEU (~93% 235U) Fuel

HFIR research reactor

Experimental Parameters for a Reactor Antineutrino Experiment at Very Short Baselines  
K.M. Heeger, B.R. Littlejohn, H.P. Mumm, M.N. Tobin., Phys.Rev. D87 (2013) 073008 

https://inspirehep.net/record/1206617
https://inspirehep.net/author/profile/Heeger%2C%20K.M.?recid=1206617&ln=en
https://inspirehep.net/author/profile/Littlejohn%2C%20B.R.?recid=1206617&ln=en
https://inspirehep.net/author/profile/Mumm%2C%20H.P.?recid=1206617&ln=en
https://inspirehep.net/author/profile/Tobin%2C%20M.N.?recid=1206617&ln=en


Pieter Mumm DNP,  Oct. 26th, 20177

PROSPECT Antineutrino detector

11 x 14 array

• Single 4,000 L 6Li-loaded liquid scintillator (3,000 L fiducial volume)
• 11 x 14 (154) array of optically separated segments
• Very low mass separators
• Double ended PMT readout, light concentrators  -> good light 

collection and energy response ~4.5-5%√E energy resolution
• Corner rods allow for full in situ calibration access
• 150k detected neutrinos per year, ~900/day.  S:B ~ 3:1

2 m

PMT 
housing

Active volume

Low mass 
optical lattice

Passive 
shielding 
package

Antineutrino 
Detector (7-12 m)

HFIR 

Local 
reactor 
shielding

baseline movement ~ 7 

unoscillated 
spectrum

oscillated 
spectrum
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IBD detection with 6Li Liquid Scintillator

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

~50𝜇s delayed neutron capture

p

t

Q(n, 6Li) = 4.78 MeV
Eee � 0.5 MeV

tcap � 40 μs

n6Li (~80% of captures)(~20%) nH

n

νe

e+
e-

2.2 MeV

0.511 MeV

0.511 MeV

α

γ

γ

γ

6Li-loaded Liquid
Scintillator

6Li3

Ee+ ∝ Eν

Neutron captured by Li-6

252Cf source

Coincidence + PSD to reject of backgrounds

Inverse Beta Decay
𝛾-like prompt, n-like delay 

Fast Neutron  
n-like prompt, n-like delay 

Accidental Gammas
𝛾-like prompt, 𝛾-like delay 

Pulse-shape 
Discrimination 

(PSD) Signatures
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Fiducialization, PSD, and topology

Cosmogenic background

simulation
simulation

Series of cuts: 
- PSD
- Timing
- Spatial topology 
- Fiducialization

No single cut isolates IBD events, yet sequence of 
cuts leveraging spatial and timing characteristics of 
an IBD yields > 3 orders of magnitude background 
suppression and an expected signal to background of 
> 3:1.

IBD-like segment n+H 

12C inelasticra
te
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Rate and shape of residual IBD-like background can be measured during multiple 
interlaced reactor-off periods.

showers

topology

fiducialization

PSD
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Phased detector development

PROSPECT-0.1
Aug 2014

Spring 2015

PROSPECT-2
Dec 2014
Feb 2015

PROSPECT-20
March 2015

PROSPECT 
2017*

*under assembly

5cm
0.1liter
LS cell

12.5cm
1.7 liter
LS cell

1m
23 liter
LS cell

154x25 liter
LS segments
15x15x120cm

PROSPECT-
50
February 2016 - 
present

1.2m
2x25 liter
LS segments
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252Cf
(n,Li)

• Nearly continuous operation since March 2016
• Dual cell, all production components
• Measured light collection with 6LiLS: >550PE/MeV

• 5% energy resolution at 1MeV
• Measured PSD Figure of Merit: 1.25 at (n,Li) 

capture
• Double-ended readout

• Position reconstruction along cell length

22Na z-scan

Prototyping: PROSPECT-50 currently operating

Actinium doping, see Berish CH.00009 later this 
session.

2 stacked cells

 50 l 6LiLs, double cell, production components 
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Short Baseline Oscillation SearchCONTENTS 17
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 Disappearance Experiments (Kopp), 95% CLeνAll 

SBL + Gallium Anomaly (LSN), 95% CL

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

• 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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235U Spectrum Measurement 

• Best energy resolution of any reactor neutrino experiment (4.5%@1MeV) 
• 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.

4

IBD Signal
Simulated BG

Phase I,
Phase I,

Only existing HEU measurement is from ILL in 1981 (5k events total) 
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Assembly progress

Production PMT housings PMT dark box testing



Pieter Mumm DNP,  Oct. 26th, 201715

Electronics testing Cell support test assembly

Assembly progress
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Summary and Outlook

The reactor flux and spectrum shape anomalies remain unresolved after new TAS data 
and recent 𝜃13 experiments 

Many complementary experiments online or coming online soon.  Precision data in the 
next couple of years.  PROSPECT will be most sensitive and comprehensive short-
baseline reactor experiment within this group.

PROSPECT specifically will:
Measure the 235U spectrum with the highest precision to date; complementary 
to LEU experiments
Perform a model-independent sterile oscillation search, covering the current 
best fit at > 4σ within three years. 

All performance metrics have been demonstrated, nearing completion of detector 
assembly, early data in 2018.
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http://prospect.yale.edu 

Supported by:

4 national laboratories
10 universities
68 collaborators

Publications: 
arXiv:1309.7647,  
NIM A806 (2016) 401,  
JINST 10 (2015) P11004, 
Journal of Phys. G 43 (2016) 11
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Backup 
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PROSPECT design

Hamamatsu R6594 5” PMT
(outer layer 5” ET PMTs)

Acrylic PMT housing, filled with mineral oil, 
fully submersed in liquid scintillator

Laser cut acrylic 
PMT mounts

High reflectivity, high rigidity, low 
mass reflector system developed 

Folded reflectors 
improve light collection

PLA 3D-printed 
pinwheels support 
panels

PROSPECT unit cell
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Lithium-6 Loaded Liquid Scintillator

Several non-toxic, non-flammable 
formulations based on EJ-309, LAB, 
Ultima Gold tested 

EJ-309 selected as baseline 

Maintains Light Yield 
EJ-309 base: 
         11500 ph/MeV 
LiLS: 8200 ph/MeV 

Maintains 
excellent PSD 
performance for 
neutron capture 
& heavy recoils 

6Li loading via Reverse Micelles: 
• Surfactants added to base liquid scintillator
• Dynamically stable
• relatively high loading possible > 0.1%
• tolerable reduction in light yield
• tolerable reduction of PSD performance

Diisopropylnaphthalene	(DIPN)	base	

60Co

Aqueous phase: 10 M enriched (95%) LiCl

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 

BNL MYeh 11 

6Li-loaded LS production

Pure samples of LS have stable 
performance over year timescales 

Extensive material compatibility 
program; production materials 
validated 

Non-ionic	surfactant

• enriched Li2CO3 disolved in HCl
• Purified via anion exchange resin

Safe, affordable: 
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Targeted/Localized lead shielding

- Data
- Simulation

Backward time ordered 
multi-neutron events

P20 shielding (outside - in): 
9”: Water filled bricks 
8”: HDPE: 
4”: 30% borated HDPE 
2” or 4”: lead: 
4” : 5% borated HDPE:

Inverse Beta Decay-like neutron coincident events 

Background models validated in situ by a series of prototypes in 
both laboratory and reactor settings

• Shielding package roughly 25% of full PROSPECT shielding

• Operated 4 months at HIFR (two reactor on cycles)

• Monte Carlo performs well (with minimal adjustments to 
overburden and capture time) - validates full PROSPECT 
simulation

• Control of Reactor-correlated backgrounds

- Data
- Simulation

PROSPECT-20: in situ validation of background models

Energy spectrumCoincidence 
timing spectrum
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PROSPECT shielding

 SolidWorks Student License
 Academic Use Only

Outer Neutron Shield 
(water bricks & HDPE)

Lead

Inner Neutron Shield
Borated HDPE

•  <10s MeV neutrons removed by feasible 
shielding.

• Remaining IBD-like background events are 
primarily generated by  >100 MeV 
cosmogenic neutrons

• Must be concerned with the production of 
secondaries

• Motivates a layered approach
• But optimized by tight weight and space 

constraints

Inner detector: 30,000 lbs, total movable package: 76,000 lbs

Detector 
array

meter-scale overburden

8
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Fiducialization, PSD, and topology (Full PROSPECT)

500 MeV primary

simulation

simulation
Studies of Pulse Shape Discrimination (PSD) and topology 
suggest excellent signal to background and lessons for other 
detectors

Timing:
• delayed capture must occur within 100 µs of the prompt 

ionization (set by ~40 µs neutron capture time)
• multiple hits in the prompt cluster must occur within 5 ns       

(reject slower-moving neutron recoil events)
• events must be isolated from other neutron recoils or 

captures in a ±250 µs window, (reject multi-neutron 
spallation showers)

Spatial topology: 
• prompt and delayed signals proximate;
• multiple cell hits in the prompt signal must be compact (e.g. 

rejecting extended minimum ionizing tracks)
• events occurring outside the inner fiducial volume are vetoed 

(partial energy deposition reduces BG rejection).

No single cut isolates IBD events, yet sequence of cuts leveraging 
spatial and timing characteristics of an IBD yields > 3 orders of 
magnitude background suppression and an expected signal to 
background of > 1:1.

IBD-like segment

n+H 

12C inelastic

ra
te

 [m
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Rate and shape of residual IBD-like background can be measured 
during multiple interlaced reactor-off periods.

showers

topology

fiducialization

PSD
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Background Characterization

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

Targeted local Shielding 

γ-ray intensity variations

Extensive measurement campaigns (ongoing): 
• Characterize background fields at HFIR 
• Emphasized importance of localized shielding of 

penetrations, pipes, etc

• Minimal overburden: cosmogenic backgrounds 
• Close proximity to reactor and other systems 
• Background control challenging

Gamma, Thermal and Fast Neutron, Muons

Hots spots from beam 
penetrations to core 

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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Representative aspect ratio & ability to reconfigure:

• Internal vs external reflectors, reflector coupling (TIR or not)

• Test light collection, PSD performance in an elongated geometry

PROSPECT-20: validation performance

           

  

PSD by PMT PSD along axis Reconstruction along axis
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PROSPECT Source Calibration System Design

8Arina Bykadorova, Yale UniversityCUWiP 2017

Sources deployed 
through guide tubes 
along segment length:

Driven by stepper 
motor, controlled 
remotely:

Source in 
capsule, on 
timing belt:

The Flux Deficit
Previous reactor experiments 
observed 6% flux deficit when 
compared to reactor models.

PROSPECT Physics Goal 1:
Search for short-baseline 
oscillations and conclusively 
address the sterile neutrino 
hypothesis of the reactor flux 
anomaly.

The Spectral Deviation
Daya Bay and other θ13
experiments observed bump in 
4-6 MeV region, a deviation of 
~10%. 

PROSPECT Physics Goal 2:
To make a precise measurement 
of the antineutrino spectrum 
from a HEU reactor (mainly 
U235).

Development of the PROSPECT Source Calibration System
Arina Bykadorova* for the PROSPECT Collaboration

Adviser: Karsten Heeger
Wright Laboratory, Department of Physics, Yale University, New Haven, CT 06511, USA

*arina.bykadorova@yale.edu DNP CEU 2016

Reactor Anomalies and Physics Goals

Figures: F.P. An et al, Daya Bay 
Collaboration, Phys. Rev. Lett. 113, 
141802

Detecting Neutrinos 

p

n

ѵe e+

Li6

α3T

Inverse Beta Decay (IBD)

Electron antineutrino signature:
• Prompt positron
• ~40μs delay
• Neutron capture

Sign of the sterile neutrino:
An oscillation in rate and 
spectrum of IBD events at 
7-12m baseline.

Prompt signal:
1-10 MeV 

Delayed signal:
0.6 MeV

PROSPECT Detector Design

Calibration Source Deployment System

PROSPECT-50 Prototype Detector

Calibration Studies with P50

PROSPECT: The Precision Reactor 
Oscillation and Spectrum Experiment

PROSPECT will be commissioned at Oak 
Ridge National Laboratory’s High Flux Isotope 
Reactor (HFIR), a highly enriched 235U core. 
• 10x12 array of optical segments, ~3 ton
• Double-ended photomultiplier readout
• Movable baseline at 7-12 m from reactor
• Polyethylene, lead, and water brick 

shielding
• Construction currently underway 

Timing Belt Deployed Radioactive Sources

System design:
• Gamma and neutron sources
• Teflon source tubes between optical segments
• Precision in positioning along segment length
• Source capsule attached to timing belt, driven 

by stepper motor with 3-D printed pulley

Energy Spectra of 
Na-22 internal 
source calibration

Measurements taken 
along segment length.
(0cm = center)

Optical 
segments

Source 
tubes

LiLS – Lithium-loaded Liquid Scintillator
The active volume of PROSPECT is filled with 6Li-loaded EJ309 liquid scintillator. 
• Light collection of >550 PE/MeV 
• Excellent pulse-shape discrimination (PSD) for neutron capture events.

PROSPECT-50 (P50) operating 
since March 2016.
• 50L, 2 optical segments
• Ambient background analysis
• Detector characterization
• Design/assembly experience
• Na-22 and Cs-137 internal 

calibrations

Position 
Reconstruction of 
Na-22 internal 
source calibration

Energy range: 
900-1300keV
Positioning obtained 
by timing difference 
of photomultiplier 
tubes.

CollaborationPROSPECT at DNP 2016
• “PROSPECT: The Precision Reactor Oscillation and Spectrum 

Experiment” – Thomas Langford, Sat Oct 15, 2:36pm
• “Development and Characterization of 6Li-doped Liquid Scintillator 

Detectors for PROSPECT” – Jeremy Gaison, Sat Oct 15, 2:48pm
• “PROSPECT: Optical Calibration System” – Ken Trinh, CEU Poster 

1.5 cm

15 cm

_

Also go to prospect.yale.edu for more information!

(Cross-section) Motor Prototype

Source, located inside capsule, 
attached to timing belt. The belt 
is driven by the motor through 
the source tube, along segment.

• Developed and tested prototype system that can be scaled to 30+ units
• Attained precise positioning of sources along segment lengths
• Operated calibration system tests with PROSPECT-50 prototype detector
• Currently optimizing calibration procedure with PROSPECT-50 studies
• Integrating timing belt system with full PROSPECT detector

Results and Status

3D printed belt drive 
system reproducibly 
positions sources to ~mm

Source capsule

Calibration system

encapsulated gamma sources
• LiLS linearity/response
• energy scale

Neutron sources
• neutron detection efficiency 
• PSD studies

PROSPECT Source Calibration System Design

8Arina Bykadorova, Yale UniversityCUWiP 2017

Sources deployed 
through guide tubes 
along segment length:

Driven by stepper 
motor, controlled 
remotely:

Source in 
capsule, on 
timing belt:

Each cell within 2 cells of a source tube

Sources positioned along 
PTFE tubes running the 
length of the cell support 
pinwheels 
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Rate anomaly
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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

114

Best-fit 3+1

Abazajian et al.
arxiv:1204.5379

2011 dual νe flux predictions:
- re-analysis of 19 short-baseline expts.
- new antineutrino spectra: +3%
- neutron lifetime correction: +1%  
- off-equilibrium effects: +1%

Error budget dominated by flux prediction

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

|𝛥m232| =2.3x10-3 

𝛥m142 > 1 
eV2 

Daya Bay

http://arxiv.org/abs/arXiv:1204.5379
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Spectral Anomoly

T.J. Langford - Yale University Date/Seminar4
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Unexpected ‘bump’ in power reactor (LEU) spectrum 

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. 

Excess tracks with reactor power (i.e. reactor source), Observed at all baselines

Predictions based on beta-conversion (Huber, Mueller, Haag)

Motivates additional experiments with other reactor/fuel types, and excellent energy 
resolution

Matches all characteristics of IBD events

Anatael Cabrera (CNRS-IN2P3 & APC)

reactor spectral distorsions (shape-only)… 74

FDND

ND FDPRELIMINARY
seminar@CERN

PRELIMINARY
seminar@CERN

PRELIMINARY
seminar@CERN

PRELIMINARY
seminar@CERN

shape-only analysis 
(i.e. norm integral=1)

non-statical features 
•lowest bin: high?
•deficit [2,4]MeV
•excess [4,6]MeV

(non-trivial)
ND≈FD: same features

(possible combination)

note 
significance and interpretation 

depends highly on the 
normalisation strategy 

⇒shape-only likely incomplete
(no physical motivation)

ND PRELIMINARY
seminar@CERN

biassed binning

FD PRELIMINARY
seminar@CERN

biassed binning

Daya Bay RENO Double Chooz
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Focusing on Reactor anomalies

7-

Experiment* Reactor*
Power/Fuel*

Overburden*
(mwe)*

Detection*
Material*

Segmentation* Optical*
Readout*

Particle*ID*
Capability*

DANSS%

(Russia)%
%

3000%MW%

LEU%fuel%

~50% Inhomogeneous%

PS%&%Gd%sheets%

2D,%~5mm%% WLS%fibers.% Topology%only%

NEOS%%

(South%Korea)%
%

2800%MW%

LEU%fuel%

~20% Homogeneous%%

GdPdoped%LS%

none% Direct%double%

ended%PMT%

recoil%PSD%only%

nuLat%%

(USA)%
%

40%MW%
235

U%fuel%

few% Homogeneous%
6
Li%doped%PS%

QuasiP3D,%5cm,%

3Paxis%Opt.%Latt%

Direct%PMT% Topology,%recoil%

&%capture%PSD%

Neutrino4%

(Russia)%

%

100%MW%
235

U%fuel%

~10% Homogeneous%%

GdPdoped%LS%

2D,%~10cm% Direct%single%

ended%PMT%

Topology%only%

PROSPECT%%%

(USA)*%
%

85%MW%
235

U%fuel%

few% Homogeneous%%%
6
LiPdoped%LS%

2D,%15cm% Direct%double%

ended%PMT%

Topology,%recoil%

&%capture%PSD%

SoLid%%

(UK%Fr%Bel%US)%

%

72%MW%
235

U%fuel%

~10% Inhomogeneous%
6
LiZnS%&%PS%

QuasiP3D,%5cm%

multiplex%

WLS%fibers% topology,%

capture%PSD%

Chandler%%

(USA)%
%

72%MW%
235

U%fuel%

~10% Inhomogeneous%
6
LiZnS%&%PS%

QuasiP3D,%5cm,%

2Paxis%Opt.%Latt%

Direct%PMT/%

WLS%Scint.%

topology,%

capture%PSD%

Stereo%%

(France)%

%

57%MW%
235

U%fuel%

~15% Homogeneous%%%%%

GdPdoped%LS%

1D,%25cm% Direct%single%

ended%PMT%

recoil%PSD%%

%

Short&Baseline&Reactor&Experiments*&

*&Short&Baseline&Physics&as&primary&goal&

For-more-detail-on-detector-designs-see-poster-sessions-and-A.-Vacheret’s-talk:-
- - - - - - - -“Novel-compact-neutrino-detector-development”-

From N. Bowden, Neutrino 2016 

Considerable international interest: 
Diverse techniques (background suppression, detection technology, location) 
Overlapping sensitivities


