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Discovery of the Neutrino
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• Cowan and Reines used a reactor to discover the neutrino in 1956


• Since then we observed neutrinos from the sun, atmosphere, distant astronomical 
objects, earth crust, and produced neutrino beams in accelerators


• Basic strategy of massive detectors (water- & scintillator-based ) and detection 
technique exploited for years in several generations of experiments
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• Neutrinos produced with a given flavour can be detected as a different one


• Mixing of flavour eigenstates and mass eigenstates: UPMNS ⇒ massive neutrinos 


• From oscillation we determine UPMNS parameters (mixing angles θij) & squared-mass 
splittings ∆m2ij

Neutrino Oscillation

5

0

m21

m22

m23

?
“Normal” hierarchy

∆m212 ~ 10-5 eV2 “solar”

∆m223 ~10-3 eV2 “atmospheric”

propagationsource detector

νe? 
νμ? 
ντ?

νe
ν1  ν2  ν3

νe 
νμ 
ντ

ν1 
ν2 
ν3

=  UPMNS



Alessandro Minotti (LAPP) Reactor Neutrinos

Neutrino Mixing Parameters
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• Values of the mass splittings ∆m2 are very different (hierarchical) → UPMNS parameters 
can investigated in different energy-baseline (L/E) ranges (sectors)  


• Reactor neutrinos contribute to two sectors at different baselines


• CP-violating phase and exact neutrino mass ordering are not yet known

Atmospheric sector 
- atmospheric neutrinos 
- long-baseline neutrino beams

Solar sector 
- solar neutrinos 
- reactor neutrinos

θ13 sector 
- reactor neutrinos 
★ CP-violating phase
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Reactor Antineutrino Oscillation
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• ~50 km → sensitive to θ12, Δm212 (KamLAND)


• ~1 km → sensitive to θ13 (Double Chooz, Daya Bay, RENO)
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• Signal: Inverse Beta Decay in scintillator target


• Background 

- Cosmic induced (fast n, n-γ from μ spallation)


- Accidental coincidences between neutrons 
and high-E γ’s

IBD two-fold 
coincidence

νe̅

liquid 

scintillator

Reactor Antineutrino Detection
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n + H → D + γ (2.2 MeV) 
n + Gd → Gd* + γ’s (8 MeV) 
n + 6Li → α + 3H (4.78MeV)

Delayed

n
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coincidence
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• Detector response (energy reconstruction)


1. Calibrated on monochromatic sources 

2. Then extrapolated to the whole IBD spectrum using MC


3. MC corrected for quenching at low energies & cherenkov at higher energies


• Energy scale can be tested using cosmogenic 12B β-decay (continuous spectrum)

Energy Reconstruction
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Capture of stopping muon at rest :

Coincidence signal :
• Prompt (stopping muon)
• Delayed (beta from Boron 12 decay)

Boron 12 extracted :
• Dominant accidental background is measured on line.
• ~ 700 events/day
• S/B ratio ~ 0.1 to 1

Extracting Boron12 Spectrum

 17

μ− + 12C → 12B

Boron12 in Data

Boron12 in MC
Simulating the spectrum :
• Beta spectrum prediction using 3 main branches
• Vertices distribution from cosmic muon simulation
• Nitrogen12 background fitted (% level contribution)

Systematic Uncertainties :
• Weak magnetism corrections
• Distribution of µ-capture vertices
• Radiative corrections

Preliminary

Almazán, H., et al. (STEREO), Phys. Rev. Lett. 121.16 (2018): 161801.
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KamLAND and the Solar Neutrino Sector
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• KamLAND (2002-2011) - first large liquid scintillator experiment after Cowan-Reines


• Provided accurate measurements in the “solar sector” ( θ12, Δm212 )

S. Abe et al. (KamLAND), Phys. Rev. Lett. 100.22 (2008): 221803. Farzan, Y. et al. Front.in Phys. 6 (2018)
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• Only upper limits on θ13 as for 2010 (CHOOZ)


• Three experiments searches for θ13 started in 2011:

Double Chooz, Daya Bay, RENO


• Similar design and well-established technique based on 
liquid scintillator and neutron detection via capture on Gd


The Measurement of θ13
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• Double Chooz, Daya Bay, and RENO released their latest results in Neutrino 2020 

• Thanks to good detector characterisation 
(σsys <1%) and high statistics (𝓞104 IBDs):


- θ13 now most precisely measured UPMNS 
parameter


- Different detection techniques

- ∆m213 also measured

Latest Results of 2nd Generation Reactor Neutrino Experiments

13

Double Chooz, Daya Bay, and RENO 
combined results

https://indico.fnal.gov/event/43209/timetable/#20200622.detailed
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• In low-enriched-uranium (LEU) facilities four isotopes contribute to neutrino spectrum 
(235U, 239Pu, 238U, 241Pu), their fraction αk evolves with time (burnup)


• IBD cross-section from theoretical calculations


• Single ν̄ spectra Sk(E) unavailable, obtained from global β spectrum (𝓞103 branches)


- Start with known branches from nuclear data tables…


- … and complement with effective decay branches

Antineutrino Spectrum Estimation
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Reactor Antineutrino Anomaly
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• Mueller (238U)-Huber (235U, Pu) IBD rate calculation


• Rate excess of ~6% in the model compared to previous short baseline measures


• Discrepancy confirmed by Double Chooz, Daya Bay and RENO near detectors

Mueller et al., Phys. Rev. C 83.5 (2011): 054615
Huber P., Phys. Rev. C 84.2 (2011): 024617

Mention et al., Phys. Rev. D 83.7 (2011): 073006
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Figure 2
The (a) gallium neutrino and (b) reactor antineutrino anomalies. The data error bars represent the uncorrelated experimental
uncertainties. The horizontal solid green line and the surrounding shadowed band show the average ratio R and its uncertainty
calculated taking into account the experimental uncertainties, their correlations, and, in panel b, the theoretical uncertainty of the
Huber–Mueller antineutrino fluxes.

(−)
νe -like events in theMiniBooNE detector (single-photon events are generated by neutral-current
νµ-induced π0 decays in which only one of the two decay photons is visible). This possibility will
be investigated by the MicroBooNE experiment at Fermilab (38) with a large liquid-argon time-
projection chamber (LAr-TPC) in which electrons and photons can be distinguished.

3.2. The Gallium Neutrino Anomaly
The gallium neutrino anomaly (12, 13, 39, 40) consists of the disappearance of νe measured in
the gallium radioactive source experiments performed by the GALLEX (41) and SAGE (11) Col-
laborations. These source experiments were designed to test the working of the GALLEX and
SAGE solar neutrino detectors. Intense artificial 51Cr and 37Ar radioactive sources, which pro-
duce νe through the electron capture processes e− + 51Cr → 51V + νe and e− + 37Ar → 37Cl + νe,
were placed near the center of each detector. The νe have been detected with the same reaction
that was used for the detection of solar νe: νe + 71Ga → 71Ge + e−.

Figure 2a shows the ratios R of the number of measured (Nexp) and calculated (Ncal; see Ref-
erence 10 for a review) νe events in the two 51Cr GALLEX experiments and in the 51Cr and 37Ar
SAGE experiments. The average ratio depicted in the figure is R = 0.84 ± 0.05, which shows
the 2.9σ deficit that is the gallium anomaly. Since the average neutrino traveling distances in the
GALLEX and SAGE radioactive source experiments are ⟨L⟩GALLEX = 1.9m and ⟨L⟩SAGE = 0.6m,
and the neutrino energy is approximately 0.8MeV, the gallium neutrino anomaly can be explained
by neutrino oscillations generated by $m2

SBL ! 1 eV2.

3.3. The Reactor Antineutrino Anomaly
The reactor antineutrino anomaly was discovered in 2011 (8) as a consequence of a new calcula-
tion by Mueller et al. (7) of the fluxes of ν̄e produced in a reactor by the decay chains of the four
fissionable nuclides, 235U, 238U, 239Pu, and 241Pu.This calculation predicted fluxes that are approx-
imately 5% larger than those of the previous calculation (42–44).The resulting expected detection
rate turned out to be larger than that observed in several SBL reactor neutrino experiments with
detectors placed at distances between approximately 10 and 100 m from the respective reactor,
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• Adding a new neutrino (0.1-1 eV mass) consisting almost exclusively of an extra sterile 
flavour can account for the observed deficit


• Sterile neutrinos do not interact weakly but mix with standard neutrinos

The Light Sterile Neutrino

17
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• Difficulty in predicting neutrino rate limits the sensitivity of past measurements, need to 
disentangle the oscillating signature from the absolute rate 

• Oscillation parameters (∆m2, θ) are tested against data


- Oscillation hypothesis ⇒ contour plot + best fit


- Null hypothesis ⇒ exclusion plot

Search for the Light Sterile Neutrino

18
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• Several experiments are looking for light 
sterile neutrinos (∆m2~1eV2) 

• sterile neutrinos can not interact weakly, 
but mix with standard neutrinos 

• disappearance:  

P(να—>να) = 1 - sin2(2θαα) sin2(k ∆m2 L/E) 

• appearance:  

P(να—>νβ) =  sin2(2θαβ) sin2(k ∆m2 L/E) 

parameter of interest (POI): 
sin2(2θ): amplitude    
∆m2 : oscillation frequency 

observables: L/E~1m/MeV 
L: distance          E: energy

7
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Not the Only Anomaly
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• Gallium anomaly - disappearance of νe measured with radioactive sources in gallium 
experiments GALLEX and SAGE (rate only)


• LSND/MiniBooNE anomaly - energy-dependent event excess in ν̄μ → ν̄e channel 
consistent with an active-sterile oscillation with ∆m2 ≳ 0.1 eV2


• All these anomalies can be explained by the existence of a light sterile neutrino
NS69CH07_Giunti ARjats.cls July 23, 2019 19:51
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Figure 2
The (a) gallium neutrino and (b) reactor antineutrino anomalies. The data error bars represent the uncorrelated experimental
uncertainties. The horizontal solid green line and the surrounding shadowed band show the average ratio R and its uncertainty
calculated taking into account the experimental uncertainties, their correlations, and, in panel b, the theoretical uncertainty of the
Huber–Mueller antineutrino fluxes.

(−)
νe -like events in theMiniBooNE detector (single-photon events are generated by neutral-current
νµ-induced π0 decays in which only one of the two decay photons is visible). This possibility will
be investigated by the MicroBooNE experiment at Fermilab (38) with a large liquid-argon time-
projection chamber (LAr-TPC) in which electrons and photons can be distinguished.

3.2. The Gallium Neutrino Anomaly
The gallium neutrino anomaly (12, 13, 39, 40) consists of the disappearance of νe measured in
the gallium radioactive source experiments performed by the GALLEX (41) and SAGE (11) Col-
laborations. These source experiments were designed to test the working of the GALLEX and
SAGE solar neutrino detectors. Intense artificial 51Cr and 37Ar radioactive sources, which pro-
duce νe through the electron capture processes e− + 51Cr → 51V + νe and e− + 37Ar → 37Cl + νe,
were placed near the center of each detector. The νe have been detected with the same reaction
that was used for the detection of solar νe: νe + 71Ga → 71Ge + e−.

Figure 2a shows the ratios R of the number of measured (Nexp) and calculated (Ncal; see Ref-
erence 10 for a review) νe events in the two 51Cr GALLEX experiments and in the 51Cr and 37Ar
SAGE experiments. The average ratio depicted in the figure is R = 0.84 ± 0.05, which shows
the 2.9σ deficit that is the gallium anomaly. Since the average neutrino traveling distances in the
GALLEX and SAGE radioactive source experiments are ⟨L⟩GALLEX = 1.9m and ⟨L⟩SAGE = 0.6m,
and the neutrino energy is approximately 0.8MeV, the gallium neutrino anomaly can be explained
by neutrino oscillations generated by $m2

SBL ! 1 eV2.

3.3. The Reactor Antineutrino Anomaly
The reactor antineutrino anomaly was discovered in 2011 (8) as a consequence of a new calcula-
tion by Mueller et al. (7) of the fluxes of ν̄e produced in a reactor by the decay chains of the four
fissionable nuclides, 235U, 238U, 239Pu, and 241Pu.This calculation predicted fluxes that are approx-
imately 5% larger than those of the previous calculation (42–44).The resulting expected detection
rate turned out to be larger than that observed in several SBL reactor neutrino experiments with
detectors placed at distances between approximately 10 and 100 m from the respective reactor,
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Phys. Lett. B 685:47 (2010) 
Phys. Rev. C 73:045805 (2006)

Phys. Rev. D 64:112007 (2001)
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Phys. Rev. Lett. 121, 221801 (2018)
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• A global simple solution combining all these anomalies is not possible


• In addition, LSND/MiniBooNE anomaly (νμ→νe) is highly disfavoured by 
disappearance (νμ→νμ) results


• The Reactor/Gallium anomaly remains yet to be tested

Combining Anomalies

20

U_{PMNS}= 
\begin{pmatrix} 

U_{e1} & U_{e2} & U_{e3} & U_{e4} \\  
U_{\mu1} & U_{\mu2} & U_{\mu3} & U_{\mu4} \\  
U_{\tau1} & U_{\tau2} & U_{\tau3} & U_{\tau4} \\  

U_{s1} & U_{s2} & U_{s3} & U_{s4} \\  
\end{pmatrix}

9

ν
μ
 disappearance

TAUP @ Toyama, Japan –  09/12/19 - David Caratelli

Dentler M, et al. JHEP 08:010 (2018)

A sterile neutrino must manifest itself as a disappearance in ν
μ
 → ν

μ
 oscillations.

null results of ν
μ
 disappearance by: 

IceCube, Super-K (atmospheric ν) & MINOS(+), NOνA, MiniBooNE, CDHS  (accelerator ν)

Strong tension between short baseline ν
e
 appearance and ν

μ
 disappearance experiments.

ν
μ
  � ν

e

ν
μ
  ν�

μ

“3+1” model

IceCube @ TAUP:
Summer Blot, Neutrino #1

Dentler M, et al. JHEP 08:010 (2018) Reactor neutrino experiments provide 
the strongest probe for Ue4
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• Neutrino mixing and reactor antineutrinos


• Legacy of the 2nd generation of reactor neutrino experiment


• Anomalies challenging the 3-family framework


• The hunt for the light sterile neutrino 

• Sterile neutrinos vs reactor neutrino spectral estimation


• The future of reactor neutrinos: JUNO
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A World-Wide Hunt
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A World-Wide Hunt (This Talk)
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Chandler

DANSS

NEOS

StereoProspect

Research reactors, Gd-loaded
Research reactors, Li-loaded

Power reactors, Gd-loaded

Technical slides ahead
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• Compact-core research reactors (HEU)

- Good L resolution (short baseline & compact core), no fuel evolution (reduced sys.) 

- 𝓞102 MW thermal power, limited space, background from reactor facility 

• Commercial reactors (LEU)


- 𝓞GW thermal power, better overburden 

- Lower sensitivity @ low energy, fuel evolution (burnup)

Commercial vs Research Reactors

24

Heeger et al., Phys. 

Rev. D87, 073008 

★∆m2 > 10 eV2             
Losc < Eres


★∆m2 ~ 1 eV2              
Can resolve 
oscillation 

★∆m2 < 0.1 eV2            
Losc > Ldetector
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Comparing Different Technologies
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★compare ν̄ spectrum 
with prediction

no-segmentation

★compare spectra in 
different segments

“coarse” segmentation

★Background  rejection using 
topology


★Ultimate size limited by dead 
matter / inter calibration

“fine” segmentation

★better segmentation 
less edge-effects

★allows larger 
volumes

n

6Li Tr

α

★Localised Edep: quenched 
but can select via PSD

★well-established, 
high Edep and σcapture

γ

n

Gd

γ

γ
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Challenges of the Short Baseline

26

• Main challenge of the searches @ very short baseline: background 
- Surface level → cosmics

- Reactor facilities → neutrons


• Strategies to deal with background

- IBD topology itself (Eprompt, Edelayed, ∆t, ∆x)̅ allows to remove the sea of single-events

- Pack your detector in shielding layers (PE, B, Fe, H20) and put active vetoes

- Use pulse shape discrimination (PSD)

- Estimate accidental coincidences and cosmogenic background (reactor OFF) and 

subtract statistically (high statistics → small error)

prompt delayed t

∆t

∆x ̅

Background and shielding

Detector shielding :

6 tons of borated polyethylene
65 tons of lead
B4C sheet all around the detector structure
Magnetic shielding (soft iron + µMetal)

µ-Veto

B4C

Soft iron

Lead

August 2016 : Assembly of the shielding and the detector complete

September 2026 : Detector moved to its data-taking position !

T.Salagnac Stereo - AAP 2016 1st December 2016 8 / 17
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X segment

Excluded Non-FiducialX

New Publication: IBD Selection
• Time+position-coincident IBD e+ and n signals

• Prompt: IBD e+-like PSD+energy

• Delayed: n-6Li PSD+energy+topology

• Reject if coincident with cosmic μ/n

• Require signals to occur in fiducial segments

• Reject candidates from 36 fiducial segments 
experiencing PMT current instabilities

• Primary cosmic neutrons account for most  
of the remaining IBD-like background

7
2 4 6 8 10 12

Prompt Energy[MeV]

210

310

410

510

610

C
ou

nt
s time coincidence w/ pileup veto

w/ PSD cut 
w/ cosmic veto
w/ distance cut
w/ fiducial cut

2 4 6 8
Prompt Energy [MeV]

0.10

0.15

0.20

0.25

0.30PS
D

1

10

210

nuclear recoil

proton recoil

prompt/gamma

nL
i

Pr
om

pt

One Reactor Cycle

Y

arXiv:2006.11210v2 [hep-ex] 1 Jul 2020

Detector Operation

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

• Installation in Sep. 2018

• Temperatures of target buffers within ~2℃ 

(~20℃ in NEOS-I)

- Air conditioner in the booth


• Data taking began in the same month.

- The number of IBD candidates is similar 

to phase1.

- ~90% DAQ efficiency

- Data taking will be over in Sep. 2020.

Single event rate w/o muon veto

w/ muon veto

IBD rate

Reactor

off Reactor


off

9
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Stereo

DANSS

27

DANSS

NEOS

Prospect

Research reactors, Gd-loaded
Research reactors, Li-loaded

Commercial reactors, Gd-loaded

Kalinin power plant, Ryazan Oblast
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• ~m3 highly-segmented ν spectrometer: 2500 Gd-coated plastic scintillator strips 
arranged in 50 modules (combined readout)


• Background mitigation: overburden from reactor itself and water reservoir, rejection of 
comics from topology, fast n estimated from high-E region


• Energy calibration: anchored on μ’s, energy scale systematics evaluated with 12B (2%)

The DANSS Detector

28

Water reservoirs        
(~50 mwe overburden)

 3.1 GWth Reactor Core  
(h 3.6 m, ⦰ 3.1 m)

3
0.0

6.6

10.7

19.6

h

DANSS is installed on a movable platform under
3GW WWER-1000 reactor (Core:h=3.5m, �=3.1m)
at Kalinin NPP 
(~50 mwe shielding => μ flux reduction ~6!)

Detector distance from reactor core 10.7-12.7m
(center to center)

DANSS at Kalinin Nuclear Power Plant

20.3

Movable Detector 
(10.7-12.7 m below core)
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� Exclusion region was calculated using 
Gaussian CLs method (for e+ in 1.5-6 
MeV to be conservative), which is also 
more conservative than usual CI 
method.

� Systematics included:
• Energy resolution +/-10%
• Energy scale +/-2%
• Cosmic background +/-25%
• Fast neutron background +/-30%
• Distance to reactor: +/-0.15%
• Relative detector eff.: +/- 0.2%

� Systematics influence is small, results 
of our method are independent from 
shape of n-spectrum and detector 
efficiency.

� New data allowed to extend excluded 
area of 4n phase space in comparison 
with previous results shown in 2019.

The DANSS results

DANSS @ NEUTRINO 2020 shitov@jinr.ru 14/17

• 3.5 ×106 IBDs (~5000/day) collected from April 2016, excellent S/B (~60) 

• Oscillation hypotheses tested by comparing “up” and “down" e+ spectra                       
→ large portion of RAA excluded @ 95% CL; indication of spectral distortion 

• Ongoing improvement of MC modelling and evaluation of systematics, preparation of 
phase-II with more SiPM and better scintillator

DANSS Results

29

Up

Down

Ee+ (MeV)



Alessandro Minotti (LAPP) Reactor Neutrinos

NEOS

30

Chandler

DANSS

NEOS

StereoProspect

Research reactors, Gd-loaded
Research reactors, Li-loaded

Yeonggwang power plant, South Korea 

✔

Commercial reactors, Gd-loaded
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• Homogeneous 1008 L Gd-loaded (0.48%) liquid scintillator 

• Background mitigation: B-PE + Pb passive shielding, muon veto


• Energy calibration: several γ sources, energy scale tested on 12B


• Observed a degradation of light yield resulting in an increase in Eres & 2.4% IBD loss

The NEOS Detector

31

137Cs

22Na
n-H (252Cf)

60Co

PoBe

n-Gd (252Cf)

214Po

212Po

Energy Calibration

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

• Calibration sources

- Point sources: 137Cs, 60Co, 22Na, PoBe and 252Cf (biweekly)

- Volume sources: 40K (PMT glass), 208Tl (B-PE) and α/β events (LS)

- Used for position/time dependent corrections as well as energy calibration.


• Charge to energy conversion

- Only single γ sources

- Non-linearity due to quenching and Cherenkov effects.

- Simulation describes the data well.

22Na @ center

511×2

511×2+1275

1275

137Cs
PoBe

60Co

22Na

40K n-H(252Cf)

208Tl
Charge to Energy Ratio

Data             Conversion function

Center          Outside of the target

Comparison of data & MC

       γ           α NEOS Preliminary

12

• Decreasing light output

- Precipitation in a stored LS sample

- Decreased to ~60% over 1.6 years


• Increasing energy resolution

- Increased to 7% from 5% @ 1 MeV


• Effect on spectra decomposition

by resolution change

- We cannot see any significant differences due to the resolution change.

- More details in Poster #433

An Issue Regarding Light Yield

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

Energy Resolution 
(α events from 214Po) 
slope = 0.85 (±0.03)% /year

Decreased to 58.4%

over 1.6 years

Charge of 
2.6-MeV γ events 
from 208Tl

Nov. 30 ~

Dec. 14, 2018α events 

from 214Po

Nov. 14 ~ 28,

2019

11

Experimental Site

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

Hanbit NPP

1
2

3
4

6

5

RENO far

RENO near

NEON 
(poster #103)

NEOS

Reactor 
core

Detector

23.7 m

~8 m 
(20 m.w.e.)

• Detector in tendon gallery

- 23.7-m baseline and 20-m.w.e. overburden

- Muon rate: ~1/6 of the ground (~28.7 Hz/m2)

Yeonggwang, 
 Korea

6

light collected by 
19 8’’ PMTs

plastic scintillator 
μ-veto
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• Oscillation analysis phase-I (Aug 2015 ~ May 2016 = 46 days OFF + 180 days ON)

- High statistics (~2000 ν/day) and S/B 
- Systematics driven by comparison with Daya Bay


• New phase-II (Sep 2018 - Sept 2020) spectrum recently released

- Data-MC comparison will be publishedafter MC tuning

- Expected X2 increase in exclusion plot

NEOS Results

32

Phase1 VS Phase2

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

• Generally in an agreement

- Rate: ~2.5% smaller than Phase1

- Shape: slightly increasing in ratio


• Data will be compared with models 
after tuning MC.

Prompt Energy 
(On - Off) 

         Phase1 
         Phase2

S/B ratio # of IBD (off) 
[/day]

Phase1 22.2 1977 (85)

Phase2 22.3 1925 (82)   Phase1 to Phase2 ratio 
   y = 1           y = 1.025

NEOS Preliminary

NEOS Preliminary

16
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Stereo

STEREO
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DANSS

NEOS

Prospect

Research reactors, Gd-loaded
Research reactors, Li-loaded

✔

✔Institut Laue-Langevin, Grenoble

Commercial reactors, Gd-loaded
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• 6 cells filled with Gd-loaded liquid scintillator (9-11 m from reactor core)


• Energy calibration anchored to 54Mn, measured with different sources, tested on 12B 
(~1.5% systematics)


• PSD (Qtail/Qtot) to discriminate neutrinos from dominant remaining cosmic background           
(On and Off data model, time-dependent corrections)


• Good modelling of Gd n capture with dedicated software

The STEREO Experiment

34

• 6 Target Cells (Gd-doped LS)

• γ-catcher Outer Crown (Gd-free)

Acrylic Buffers   
(oil & 48 PMTs)

Cherenkov Muon Veto 
(H2O & 20 PMTs)

Reactor
⦰ = 37 cm 
93% 235U 
58.3 Mwth

Neutrino target: 2.2x1.5x1m3 

Shielding         
(soft-Fe, μ-metal, 

PE, B4C, Pb)

Pb + PE + 
B4C walls

H. Almazán et. al. (STEREO), arXiv:1905:11967
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STEREO Results
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• Cell-to-cell relative oscillation analysis with phase-I and -II combined data              
(65k IBDs, 179 days ON + 235 OFF), S/B ~1 after PSD


• Absolute 235U rate and spectral shape (newly released) analysis with phase-II data     
(119 days ON + 211 OFF)


• Compact core & short baseline → little damping of oscillation; but little overburden, 
noise from reactor facility (core, neighbours)


• Expected factor X2 increase in sensitivity with full dataset (end of 2020)
HEPdata.92323 
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PROSPECT
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Chandler

DANSS

NEOS

StereoProspect

Research reactors, Gd-loaded
Research reactors, Li-loaded

✔

✔

✔

High Flux Isotope Reactor (HFIR), ORNL

Commercial reactors, Gd-loaded
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• 4-ton 6Li-loaded segmented liquid scintillator consisting 11x14 optically separated 
segments with double-ended PMT readout (good Eres, 3D reconstruction)


• Background mitigation: PSD + veto + topological cuts + fiducialisation (3 ton) → S/B > 1


• Energy reconstruction: γ sources (137Cs, 60Co, 22Na), energy scale tested on 12B

The PROSPECT Experiment
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Karsten H
eeger, Yale U

niversity
M

oriond 2019

PRO
SPECT Detector Design

�7

Liquid Scintillator

Antineutrino Detector Performance

Liquid Scintillator

PROSPECT Segmented 6Li-Loaded 

Antineutrino Detector Design

Initial Performance of the PROSPECT 

Antineutrino Detector

N
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L) for the PR
O
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T C

ollaboration  

LLNL-POST-XXXXXX

Prepared by LLNL under Contract 

DE-AC52-07NA27344.

Liquid Scintillator

Stability of Antineutrino Detector Response 

Liquid Scintillator

Antineutrino Detector Self-Calibration 

Liquid Scintillator

Uniformity of Antineutrino Detector Response 

Liquid Scintillator

Signal and Background Characteristics

Conclusions

Conclusions
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http://prospect.yale.edu

See also posters 139, 146, 188, 194; Talk Friday 12.15pm
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O
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T Publications
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ents 

perform
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observed segm
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ent  variation is sm
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The PR
O

SPEC
T antineutrino detector (A

D
) in now

 

operating 7-9m
 from

 a research reactor core: 

•
The recently com

m
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O
SPEC

T A
D

 is perform
ing very w

ell

•
D

etector design features provide m
ultiple observables to calibrate and track system

 

stability and uniform
ity 

In addition to calibration sources, A
D

 data can be used to 

m
easure system

 stability, validating our calibration procedures 

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

•Low
 m

ass optical separators provide 154 optical 

segm
ents, 117.5x14.6x14.6cm

3

•D
ouble-ended PM

T readout

•Internal calibration access along full segm
ent length

Prospect has begun to study the characteristics of IB
D

 signal and 

cosm
ogenic background events

•
Energy resolution, position resolution and detection efficiency m

eet expectations

•
A

ntineutrinos have been detected in the high background environm
ent close to a 

research reactor core and on the Earth’s surface
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Chassis
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Position Calibration
Pinw
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transport, causing ‘tiger stripes’
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Segm
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T A
D

 design and Li-6 and A
c-227 doping provide a 

w
ealth of data for position, tim
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Antineutrino detection efficiency

A
ntineutrino selection cuts preferentially 

reject cosm
ogenic backgrounds. Som

e 

PM
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alous current 

behavior, w
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ents being 

excluded from
 analysis for now

. 

Sim
ulation is used to understand the 

effect of these factors on IB
D

 detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 
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D

 –
track 
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 response in tim
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m
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ents
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ent length
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xial variation in single PM
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Ts 

Relative energy scale 
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Tracking  6Li neutron capture 
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axial position reconstruction
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reconstruction

Tracking  reconstructed energy 
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Tim
e stability of neutron capture efficiency
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cross sections: 6Li, 1H
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l. Tracking  relative capture 
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onstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection
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• Robust (and essential!) MC  
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PROSPECT Results

38

• Recently released results with 50k neutrinos from 96 days ON + 73 days OFF            
high statistics (530 IBD/day) and S/B (>1) for a HEU


• Oscillation search with 16 E and 10 baseline bins → RAA best fit excluded at 98.5% CL


• Pure 235U spectrum measurement, consistent with model


• Data taking stopped, but can improve analysis using dead cells (+50%) and combined 
analysis with STEREO and Data Bay is underway

arXiv:2006.11210v2 [hep-ex] 1 Jul 2020
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Sterile Search: Exclusion

• Use both Feldman-Cousins and CLs to convert Δχ2 values 
to statistically valid excluded regions of oscillation phase space

• RAA best-fit excluded: 98.5% CL

• Data is compatible with null  
oscillation hypothesis (p=0.57)

• Δχ2 doesn’t follow χ2 distribution

• Wilk’s incorrectly ‘excludes’ RAA at 99.96% CL!
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New 235U Spectrum Measurement
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• Compared spectra between baselines for oscillation search

• Integrate all baselines to produce a pure measurement of the 
νe energy spectrum produced by 235U fission products

• Compare integrated spectrum to νe production models

B. Foust: Poster #516

YY

235U Spectrum: Huber Comparison

• Q: Is PROSPECT consistent 
with Huber’s 235U model?

• Must include corrections for 
non-equilibrium fission products  
and non-fuel νe contributions 

• Spectrum normalization is  
left as a free fit parameter

• X2/ndf = 30.79/31

• Good data-model  
agreement across  
the full spectrum

• A few local regions show  
modest model deviations

15
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Reactor Anomaly and Recent Results: the Global Picture

39

• Each of the experiments mentioned so far excluded a large portion of the RAA 
parameter space, nevertheless a significant part remain unexplored


• Combining results is not easy (different statistical methods) but underway 

• To solve the RAA, we must tackle the problem from both experimental (increase 
statistics, detector upgrades) and theoretical side (new models, better corrections)

Phys. Rev. D 101, 015008 (2020) 

Giunti et al. PRD 99, 073005 (2019)
arXiv:1906.00045v3
S. Boeser et al. PPNPP 111 103736 (2019)
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Outline

40

• Neutrino mixing and reactor antineutrinos


• Legacy of the 2nd generation of reactor neutrino experiment


• Anomalies challenging the 3-family framework


• The quest for the light sterile neutrino


• Sterile neutrinos vs reactor neutrino spectral estimation 

• The future of reactor neutrinos: JUNO
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Spectral Distortion at 6 MeV

41

• Anomalous spectral distortion @ Eν ~ 6 MeV in θ13-aimed neutrino experiments (2014)


• Model uncertainties perhaps underestimated 

• Peak position not identical (or event present) in all experiments → energy scale impacts 
sensitivity to this effect


• Can be due to unknown branches (isotope related) → accurate 235U spectrum 
measurement can isolate source of the distortion and constrain models

� Reference  ν𝑒 spectra:
� Normalized ratio: only shape distortion 

- 235U, 239,241Pu: P. Huber
- 238U: Mueller et al. (Day Bay/RENO/NEOS), Haag (DC)

ª Maximal effect: ≤ 2% in the range [1, 7] MeV

data vs spectra from summation method

14/23

Preliminary – Cern seminar
DC: 210 000 events
DB: 1.2 million events
Reno: 280 000 events
NEOS: not provided

The shape distortion

Onillon A., https://indico.in2p3.fr/event/16553/
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Is the Distortion Isotope Related?

42

• NEOS & DANSS with LEU (235U + 239Pu) see an excess 

- NEOS sees comparable excess to Double Chooz / Daya Bay /  RENO


- DANSS also sees less significant excess (less robust E scale and poor Eres ~20%)


• STEREO & PROSPECT with HEU (~100% 235U) recently released their spectra


- STEREO confirms an excess of (10.1±2.9) % @ (4.8±0.2) MeV


- PROSPECT: no bump disfavoured @ 2.2σ CL and 235U-only bump disfavoured       
@ 2.4σ CL 

235U Spectrum: Huber Comparison

• Q: Is PROSPECT consistent 
with Huber’s 235U model?

• Must include corrections for 
non-equilibrium fission products  
and non-fuel νe contributions 

• Spectrum normalization is  
left as a free fit parameter

• X2/ndf = 30.79/31

• Good data-model  
agreement across  
the full spectrum

• A few local regions show  
modest model deviations

15

Combined Daya Bay + STEREO + PROSPECT analysis underway!
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• Thanks to the huge statistics (~106 IBD) Daya Bay and RENO can separate 235U and 
239Pu contribution to neutrino flux 

• Rate deficit comes mainly from 235U → sterile neutrino hypothesis disfavoured

Reactor Flux Decomposition by Isotope

43

5

spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)2/✏2i for
238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

arXiv:1704.01082v2 (Jun 2017)

235U ~8% off

23
9 P

u 
OK

sterile
 ν m

odels

Reactor fuel composition evolves with time (“burnup”)

Daya Bay 1704.01082

9

Isotope-Dependent Fluxes
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• Previous measurements show no dependency 
of flux deficit from fuel composition 

• 235U and 239Pu fluxes are normalised on separate 
unique β-spectrum measurements @ ILL (80’s)


- Urgency for a cross-check and to test new 
model for conversion to neutrino spectra


- Need corrections tuned on single experiments


• New flux estimation from STEREO (~100% 235U)  
confirmed deficit (but results compatible with no 
anomaly)

Reactor Flux and 235U

44

Giunti et al., arXiv:1708.01133v1 (Aug 2017)
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illustrated in Figs. 7 and 8.
From Tab. II one can see that all the model have an ex-

cellent goodness-of-fit, but the modelsOSC, 235+OSC,
and 239+OSC with active-sterile neutrino oscillations
have a significantly lower value of �2

min
. This is due

to the di↵erent source-detector distances in the experi-
ments. As one can see from Fig. 7, where the reactor data
are ordered by increasing values of the source-detector
distance L. One can see that active-sterile oscillations
can fit better the data of the short-baseline experiments
which have a source detector distance between about 10
and 100 m. On the other hand, the poor fit of the data
with the 235 model is explained by the lack of a trend
Fig. 8, where the reactor data are ordered by decreasing
values of F235.

The comparison of the nested models 235 and
235+OSC give ��2

min
= 8.1 with two degrees of free-

dom. Hence, the p-value of the null hypothesis 235 is
1.7% and it can be rejected in favor of the introduction
of active-sterile neutrino oscillations at 2.4�. As a check,
with a Monte Carlo simulation we obtained a p-value of
1.3%, which corresponds to 2.5�.

The 235 and OSC models have ��2

min
= 7.9 and our

Monte Carlo comparison disfavors the null hypothesis
235 at 3.1�.

The 235+239 and OSC models have ��2

min
= 4.9
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FIG. 7. The top panels show the fits of the reactor rates in
Table 1 of Ref. [5]. The data are ordered by increasing values
of the source-detector distance L, shown in the bottom panel.
The error bars show to the experimental uncertainties.
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and our Monte Carlo comparison disfavors the null hy-
pothesis 235+239 at 2.8�.

arXiv:2004.04075
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• Converted spectra (235U, Pu)


- Large uncertainty for weak magnetism term

P. Huber PRC84,024617(2011)
D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015)

- Impact of the selection of average effective Z distributions used in the fit of the ILL 
spectra (up to 5%)


- Treatment of forbidden decays could change both normalisation & spectral shape 
→ measurements of the shape factors for the most important forbidden decays crucial


• Summation method (238U)


- Incomplete or biased nuclear decay schemes


- Pandemonium effect


→ Can be solved by total absorption γ-ray spectroscopy 
measurements (data-model discrepancy reduced to <2%)

Limits of Current Neutrino Spectrum Models

45

A . Hayes et al. Phys. Rev. Lett. 112, 202501 (2014)
D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015)
X.B. Wang, J. L. Friar and A. C. Hayes Phys. Rev. C 95 (2017) 064313 and Phys. Rev. C 94 (2016) 034314
L. Hayen et al. Phys. Rev. C 031301(R)(2019) and PRC.100.054323

J.C.Hardy et al., Phys. Lett. B, 71, 307 (1977) 

M. Fallot et al. PRL 109,202504 (2012), SM-2012

Forbidden transitions & the bump

Use spectrum changes

forcing agreement

with experimental

e� spectrum

Bump

mitigated + increased

theoretical uncertainties

LH et al., PRC 99 (2019) 031301(R), LH et al., PRC 100(2019) 054323
26

L. Hayen et al. Phys. Rev. C 031301(R)(2019)
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Summary of Sterile Neutrino Searches with Reactors

46

• Various anomalies challenge the three-family neutrino oscillation framework


• Existing anomalies are hard to combine in a common framework


• Search for a global solution


- Make more complex models (3+2, νS decay)


- Look for other solutions beyond the Standard Model


• Recent reactor short baseline experiment are rapidly accumulating data to


- Exclude the active-sterile oscillation 

- Constrain models and test validity of rate and shape predictions


• Model improvement can help solve the anomalies 
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Outline

47

• Neutrino mixing and reactor antineutrinos


• Legacy of the 2nd generation of reactor neutrino experiment


• Anomalies challenging the 3-family framework


• The quest for the light sterile neutrino


• Sterile neutrinos vs reactor neutrino spectral estimation


• The future of reactor neutrinos: JUNO
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History of Reactor Neutrino Experiments

48
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•  Reactor:-2.8GWth,-φ3.1m,-Η3.7m;-baseline-23.7m;-overburden-~30-mwe-
•  IBD-detector:-Cylindrical-homogeneous,-1000L-of-0.5%-GdXLS-(LAB-9:UGXF-1-mixture)-
•  Shieldings-&-veto:-10cm-BXPE,-10cm-Pb,-5cm-plasLc-scinLllator-for-muon-counter-
•  Data-taking-completed:-from-Aug-‘15~May’16,-49-days-OFF-and-203-days-ON.-
•  IBD-counts-~-2000-/day-with-S/N>20,-gamma-energy-resoluLon-at-1MeV-~-5%-
•  Some-of-the-preliminary-results-will-be-presented-here,-and-the-result-with-conclusion-will-go-public-in-a-month.-

NEOS:-Neutrino-Experiment-for-OscillaLon-at-Short-Baseline-

Spectral-shape-measurement-for-verificaLon-of-the-existence-of-sterile-neutrino-

See-Poster:-P3.052-

9-

Single&Baseline&Measurement;&SensiKvity&
curve&uses&Huber&predicKon&as&reference&

• ~ t mass

• ~10m baseline

• Search for νS

43.5 m

44 m Ø 35.4 m

• 20 kt

• 50 km baseline

• Wide program

• kt mass

• 50 km baseline

• Measure θ12 • 10-100 t mass


• ~ km baseline

• Measure θ13 
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• The next generation of reactor neutrino experiment: JUNO 

• Similar baseline of KamLAND (sensitive to θ12, Δm212-driven oscillation) and technology


• But unprecedented detector mass (20 kt liquid scintillator target) and performances 

• Data taking in 2021

43.5 m

44 m Ø 35.4 m

Top μ tracker
• 3 plastic scintillator layers 
• ~50% coverage

H2O Cherenkov μ veto
• 2400 20” PMTs
• 35 ktons ultra-pure water
• Efficiency > 95%

 
Central Detector
• Acrylic sphere with 20 kt LS
• 17571 large PMTs (20’’) 
• 25600 small PMTs (3’’) 
• 78% PMT coverage
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• Precision measurement of oscillation parameters (probing UPMNS below the ~% level)


• Neutrino mass ordering - requires challenging energy resolution (< 3% @ 1 MeV) and 
energy scale uncertainty (< 1%)  

• Neutrinos from supernovae, sun (7Be & 8B), atmosphere (complementary mass-
hierarchy), geo-neutrinos, proton decay (K mode)

 

JUNO sensitivity (6 years of data)JUNO sensitivity (6 years of data)

Monica Sisti - TAUP 2019Monica Sisti - TAUP 2019 10

Size Δχ2
MH

Ideal 52.5 km +16

Core distr. Real -3

DYB & HZ 1) Real -1.7

Spectral Shape 1% -1

B/S 2) (rate) 6.3% -0.6

B/S (shape) 0.4% -0.1

1) Daya Bay & Huizhou reactors

2) Background to Signal

Sensitivity improvement from Sensitivity improvement from ΔΔmmμμμμ
22

E
n
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Exposure

Δχ2 levels

nominal

• νμ →νe (appearance) channel can also 
determine the NMO
• T2K+NOvA precision assumed ~ 1%
• Combining T2K+NOvA (both disappearance 
and appearance) with JUNO: sensitivity 
improves to 4σ to 5σ or better

Mass Ordering Sensitivity

sin
2 (2
θ 1

2)

∆m212

∆m223
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• From the discovery of the neutrino to the measurement of the neutrino mixing 
parameters, nuclear reactors have proved indispensable in the study of such particles


• The estimation of reactor neutrinos rates and spectra that are required for such 
measurements is not trivial, and there are discrepancies with experimental results 

• A deficit in the observed neutrino flux at short baseline, prompted a number of 
experiments worldwide looking for evidence of sterile neutrinos at the eV scale


• Recent results from NEOS, DANSS, STEREO, and PROSPECT are excluding the 
allowed region for active-sterile neutrino oscillation, although not fully rejecting it yet


• The combination of their results will help resolve the reactor anomalies by testing 
the sterile neutrino hypothesis and constraining reactor models in the near future


• Meanwhile, JUNO will exploit reactor neutrinos, with a detector of unprecedented 
scale and performances, to unveil the neutrino mass hierarchy and bring the 
precision on the neutrino mixing parameters to the % level



Thank You For Your Attention!



Extra Slides
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Core PTh Core Size Overburden Segmentation Baseline Material

Chandler 72 MW (235U) ⦰ = 50 cm ~10 mwe 6.2 cm (3D) 5.5 m PS + Li layer 

DANSS 3 GW (LEU) h = 3.6 m     
⦰ = 3.1 m ~50 mwe 5 cm (2D) 10.7-12.7 m Gd-doped PS 

NEOS 2.8 GW (LEU) h = 3.7 m     
⦰ = 3.1 m ~20 mwe - 23.7 m Gd-doped LS

Neutrino4 90 MW (235U) 35x42x42 
cm3 few mwe 22.5 cm (2D) 6-12 m Gd-doped LS

NuLat 40/1790 MW 
(235U/LEU) few mwe 6.35 cm (3D) 4.7/24 m Li-doped PS

Prospect 85 MW (235U) h = 0.5 m    
⦰ = 0.2 m few mwe 15 cm (2D) 7 m Li-doped LS

SoLiδ 72 MW (235U) ⦰ = 0.5 m ~10 mwe 5 cm (3D) 5.5 m PS + Li layer 

Stereo 58 MW (235U) ⦰ = 37 cm ~15 mwe 25 cm (1D) 8.8-11.2 m Gd-doped LS
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• @ 60 MWth compact-core (0.5  m diameter) BR2 reactor in Mol (Belgium), baseline 
range ~ 5.5 - 10 m 


• Highly 3D segmented detector


- 5×5×5cm3 PVT cubes (optically separated)

-  6LiF:ZnS(Ag) for neutron identification

- Optical fibers and silicon PMTs


• Event topology used to identify IBD’s


• Currently under commissioning

The)SoLid)experiment)at)SCK!CEN)

3)

BR2!research!reactor!!

SoLid!detector!modules!

•  SoLid!is!a!very!short5baseline!experiment,!designed!to!resolve!the!
Reactor!An@neutrino!Anomaly!
–  Installed)at)the)BR2)research)reactor)in)SCK!CEN)(Mol,)Belgium))

–  Long)detector)module)that)covers)a)wide)baseline)range)~)5.5)<)10)m)

•  Measurement!of!the!235U!flux!and!spectrum!
–  Help)to)understand)the)5)MeV)“bump”)seen)by)Daya)Bay,)Double)Chooz)and)RENO!
–  Demonstrate)reactor)an:neutrino)safeguards)for)non<prolifera:on)

dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results 6

• Neutrinos seen via inverse beta decay 
(IBD) events (unique topology):

• Prompt e+ scintillation signal:
• Energy deposition in small cluster of 

cubes, away from annihilation ɣs
• Manageable containment of ɣs leakage/

pileup - technological advantage

• Delayed n signal from 6LiF:ZnS(Ag):
• Spatially near the positron
• Distinguished from PVT via pulse 

shape discrimination

νe + p → e+ + n

Detection Technology

Advertisement

Dedicated talk on SoLid technology:
Leonidas Kalousis, 5th Aug 12:00 

Detector R & D session

ν̄e

5 cm 5 cm

6LiF:ZnS(Ag) 250 um layer

PVT scintillator

λ-shifting 3x3 mm2 fibre

dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results 12

IBD Candidates

IBD candidates from SM1. Neutrons in red, EM signals use colour scale
Left: isolated candidate (waveforms above). Right: candidate with accidental gammas - can be used in analysis

• IBD analysis techniques developed →  cross checked with simulation
• Granularity of the detector allows detailed topological studies

IBD

dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results 14

Backgrounds - Correlated

Background candidates. Neutrons in red, EM signals use colour scale. 
Left: muon spallation event (Data). Right: cosmic neutron event (Sim).

• EM event and neutron produced in same process. Studied using reactor off data, e.g:
• Muon spallation in the detector - combat with muon ID (energy and channel topology)
• High energy neutron - combat with multiplicity selections (proton recoils)

Correlated bkg
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• The existence of a light sterile neutrino clashes with cosmological observations


- Σ mν ≲ 0.23    from cosmic lensing


- Neff ≲ 3.38       from Plank measurements


• Standard picture: νs production via oscillation at T ≳ MeV (big bang nucleosynthesis) 


• Many ways to avoid the tension, e.g.:


- Entropy production @  T < MeV 


- Mixing suppression in early Universe if νs is charged under hidden force mediated by new 
gauge boson (dark photon)

Dasgupta, Kopp, arXiv:1310.6337

Fuller, Kishimoto, Kusenko, arXiv: 1110.6479 
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• JUNO will be able to observe the 3 phases of 
core-collapsing supernovae


- Main channel: IBD


• JUNO will investigate open issues with solar neutrinos (oscillation parameters, 
metallicity problem, matter oscillation effect)


• JUNO will extend current limits on p decay


- is sensitive to the p → k+ ν channel (good in 
liquid scintillator, invisible in water cherenkov)


- Triple-coincidence signal (K+ & K decay 

 

Supernova (SN) burst neutrinosSupernova (SN) burst neutrinos

Monica Sisti - TAUP 2019Monica Sisti - TAUP 2019
15

Burst CoolingAccretion
● Core collapse SN  emits 99% of energy 

in form of ν

● Galactic core-collapse SN rate: 

~ 3 per century 

● JUNO will be able to observe the 3 SN 

phases from core-collapses happening 

in our own Galaxy and its satellites

● JUNO will be able to make a real time 

detection of SN bursts and take part in 

international SN alert, e.g. SNEWS 

IBD main 

detection channel:

~5000 events from 

a SN at a distance 

of 10 kpc

Detection channels in JUNO

 

Current precision

Precision measurement of oscillation parametersPrecision measurement of oscillation parameters

Monica Sisti - TAUP 2019Monica Sisti - TAUP 2019 13

Statistics

+BG, +1% bin-to-bin
+1% EScale , +1% 
EnonL

sin2 θ12 0.54% 0.67%

Δm2
21 0.24% 0.59%

Δm2
ee 0.27% 0.44%

Probing the unitarity of UProbing the unitarity of UPMNSPMNS to ~1% to ~1%

0.16%Æ0.24% 0.39%Æ0.54%0.16%Æ0.27%

E resolu6on

Correla6on among parameters:


