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• Reactor antineutrino oscillation is sensitive to two mixing angles (θ13, θ12) of the UPMNS matrix, and both 
squared-mass splittings 

• In the 2000s we built three experiments to measure the yet 
unknown θ13, which is the nowadays most precisely measured


• Basic idea: compare spectra in near-far detector(s) 

Reactor Antineutrino Experiments

4

0

m21

m22

m23

?
“Normal” hierarchy

∆m212 ~ 10-5 eV2 “solar”

∆m223 ~10-3 eV2 “atmospheric”

L/E (m/eV)
310 410 510

eν 
→ eν

P 

0

0.2

0.4

0.6

0.8

1

) = 0.1
13

θ(22 = 0.0025, sin
13

2
 m∆) = 0.9, 

12
θ(22, sin

-5
10× = 8

12

2
 m∆

L/E (m/MeV)

ν̄ₑ

1

L/E (m/MeV)

N
ea

r d
et

ec
to

r

Fa
r d

et
ec

to
r

 
ν̄ₑ ν̄ₑ

KamLANDDouble Chooz, Daya Bay, RENO (~1 km)



Search for Light Sterile Neutrinos at Short BaselinesAlessandro Minotti (INFN - Milano Bicocca)

Reactor Antineutrino Anomaly (RAA)
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• Mueller (238U)-Huber (235U, Pu) calculated new precise IBD spectra, that could be used before a near detector 
was operational


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


• Discrepancy confirmed by Double Chooz, Daya Bay and RENO near detectors
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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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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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The Light Sterile Neutrino
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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, 
originating the disappearance at short baseline
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Search for the Light Sterile Neutrino
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• Difficulty in predicting the 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 (CL) + best fit


- Null hypothesis ⇒ exclusion plot 

• The better statistics (reactor power, detection efficiency), the larger the exclusion, but the core core size washes 
out the oscillation, and distance from core send us far from the RAA zone
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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
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• ∆m2<0.1eV2: oscillation length 
larger than detector dimensions


• 0.1eV2<∆m2<10eV2: oscillation 
length can be resolved 
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smaller than detector resolution
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• Signal: Inverse Beta Decay in scintillator target
 • Background 
- Cosmic induced                                          

(μ’s, n-γ from μ spallation)

- Reactor induced (n’s, γ’s)

• Event topology (Eprompt, Edelayed, ∆t, ∆x)̅ allows to isolate IBD signal from the sea of single-events


• Strategies to deal with residual background

- Passive shielding (PE, B, Fe, H20) & active vetoes

- Pulse shape discrimination (PSD)

- Statistical subtraction of accidental coincidences        

& cosmogenic background (reactor OFF)

Reactor Antineutrino Detection
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photosensors (not to scale)

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

Delayed 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

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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Different Reactors and Technologies
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• Simple design: 1008 L Gd-loaded (0.48%) liquid 
scintillator tank, spectrum compared with Data Bay


• Very high statistics (~2000 ν/day) thanks to the   
2.8 GW commercial reactor


• Degradation of light yield in time 

• Phase I (46 days OFF + 180 days ON)

• Oscillation analysis with RAA best fit excluded 

@90%CL

• Phase I+II

• Energy spectrum released

• Oscillation analysis ongoing (expected X2 sensitivity)

The NEOS Experiment
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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

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

2.8 GWth 
h = 3.7 m 
⦰ = 3.1 m
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The STEREO Experiment
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• Segmented design: 6 cells filled with Gd-loaded liquid 
scintillator → cell-to-cell relative oscillation analysis 


• Compact HEU (58 MW) reactor core & short baseline 
(9-11 m from core) → little damping of oscillation 

• Little overburden and noise from reactor facility


• Phase-I & -II combined data (65k IBDs, 179 days 
ON + 235 OFF) with S/B ~1 → RAA best-fit 
rejected at > 99% CL 

• Expected X2 increase in sensitivity with full dataset


• Absolute 235U rate and spectral shape released 
using phase-II data (consistent with models)

• 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

HEPdata.92323 



Search for Light Sterile Neutrinos at Short BaselinesAlessandro Minotti (INFN - Milano Bicocca)

• Highly segmented design: 4-ton 6Li-loaded liquid 
scintillator in 11x14 optically separated segments  
→ good Eres, and 3D reconstruction 

• Relatively high statistics (530 IBD/day) and S/B  
(>1) for a HEU experiment


• Published results with 50k IBDs (105 days ON + 78 
days OFF) → RAA best-fit rejected at 98.5% CL 

• Pure 235U spectrum measured (consistent with models) 
and combined analyses with Data Bay and STEREO


• Results based on dataset from 2018; improved 
analysis using dead cells (+50%) ongoing

The PROSPECT Experiment
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Liquid Scintillator

Antineutrino Detector Performance

Liquid Scintillator

PROSPECT Segmented 6Li-Loaded 

Antineutrino Detector Design

Initial Performance of the PROSPECT 

Antineutrino Detector
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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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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
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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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Antineutrino detection efficiency
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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
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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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• Detection Techniques & Challenges 
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• Each of the four experiments: DANSS, NEOS, STEREO, PROSPECT excluded large portions of the RAA 
region & the best fit value at > 90% CL, while Neutrinio-4 claims the observation of a ∆m2 ~ 10 eV oscillation 


• Despite the challenges of a combination of these results (different statistical methods, “wiggly” nature of the 
spectra), growing statistics is helping us progressing towards a total exclusion of the RAA


• KATRIN, a 200t spectrometer for the measurement of the νe mass, has also published results on light sterile

→ exclusion plot in the RAA region with 
strong synergy with the short-baseline 
searches

Reactor Anomaly and Recent Results: the Global Picture

17
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FIG. 3. Contours of the 2� regions in the (sin22#ee,�m2
41)

plane obtained from the reactor spectral ratio measurements
of the Bugey-3, NEOS, PROSPECT and DANSS experi-
ments. The shadowed regions are allowed by the combined
fit, with the best fit point indicated by the cross.

anomaly allowed region in Ref. [9] (see also Ref. [30])
mainly because it takes into account only the measured
reactor neutrino rates, without the Bugey-3 [31] 14 m /
15 m spectral ratio that were included in Refs. [9, 30].
As nicely illustrated in Fig. 1 of Ref. [32], the Bugey-3
spectral ratio excludes large mixing for �m2

41
. 2 eV2,

moving the best-fit region from �m2

41
⇡ 0.5 eV2 to

�m2

41
⇡ 1.8 eV2. However, in discussing the reactor an-

tineutrino anomaly it is better to separate the model-
dependent anomaly based on the absolute neutrino rate
measurements and the model-independent implications
of the spectral-ratio measurements.

Recently, also the new reactor neutrino experiments
DANSS [33, 34], PROSPECT [35], and STEREO [36, 37]
measured the reactor antineutrino spectrum at di↵erent
distances. Moreover, the NEOS [38] experiments pre-
sented the results of a measurement of the reactor an-
tineutrino spectrum at 24 m from a reactor, relative to
the spectrum measured at about 500 m by the Daya Bay
near detectors [39]. These measurements provide infor-
mation on short-baseline neutrino oscillations that are
independent of the theoretical calculation of the reactor
antineutrino flux. Therefore, they can test the model-
dependent reactor antineutrino anomaly and their results
can be combined with the bounds given by the tritium
experiments. Here we consider the published results of
the Bugey-3 [31], NEOS [38], and PROSPECT [35] ex-
periments, together with the preliminary 2019 results of
the DANSS [34] experiment, that improve significantly
the published 2018 results [34]. We cannot include in
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FIG. 4. 99% CL exclusion curves in the (sin22#ee,�m2
41)

plane obtained from the analysis of the data of the Mainz,
Troitsk and KATRIN tritium experiments and the combined
analysis of the reactor spectral ratio (RSR) measurements of
the Bugey-3, NEOS, PROSPECT and DANSS experiments.
Also shown is the combined tritium and reactor spectral-ratio
exclusion curve and the regions allowed at 90% and 99% CL
by the neutrino oscillation solution [28] of the Huber-Muller
reactor antineutrino anomaly (HM-RAA). The crosses indi-
cate the best-fit points.

the analysis the results of the STEREO [36, 37] experi-
ment, because there is not enough available information.
For the Bugey-3 experiment we used the same analysis
that we used in previous papers [28, 40, 41]. For the
NEOS experiment we use the �2 table kindly provided
by the NEOS collaboration. For the PROSPECT exper-
iment we use the �2 table published as “Supplemental
Material” of Ref. [35]. For the DANSS experiment we
performed an approximate least-square analysis of the
2019 data presented in Fig. 5 of Ref. [34] that reproduces
approximately the DANSS exclusion curves in Fig. 6 of
the same paper.
Figure 3 shows the contours of the 2� regions in

the (sin22#ee,�m2

41
) plane obtained from the reactor

spectral ratio measurements of the Bugey-3, NEOS,
PROSPECT and DANSS experiments, and the regions
allowed at 1�, 2�, and 3� by the combined fit. One can
see that there is an indication in favor of short-baseline
oscillations at the level of about 2�, that is due to the
coincidence of the NEOS and DANSS allowed regions at
�m2

41
⇡ 1.3 eV2, where there is the best-fit point of the

combined fit for sin22#ee = 0.026 and �m2

41
= 1.3 eV2.

The NEOS and DANSS allowed regions partially over-
lap also at �m2

41
⇡ 0.4 eV2, where there is a com-

bined 1�-allowed region, and at �m2

41
⇡ 3 eV2, where

Giunti, C., Li, Y. & Zhang, Y. KATRIN bound on 3+1 active-sterile neutrino mixing 
and the reactor antineutrino anomaly. J. High Energ. Phys. 2020, 61 (2020).
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On Isotopes and Antineutrino Flux & Spectrum
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• A spectral distortion @ Eν ~ 6 MeV was observed in θ13-aimed neutrino experiments in 2014, that could be due 
to non-linearity in the energy reconstruction, new Physics BSM, or unknown branches (isotope related)


• STEREO & PROSPECT released a combine spectral analysis confirming the distortion w/ 2.4 σ significance 
and A = 9.9 ± 3.3 % for pure 235U → distortion independent of other isotopes 


• Daya Bay and RENO can separate 235U and 239Pu contribution to νe̅ flux → RAA rate deficit mainly from 235U


• Meanwhile, limits of current spectrum models are emerging, and the treatment of forbidden decays could 
change both normalisation and spectral shape 

[Mention et al, PhysLettB 773:307-312 (2017) [Berryman et al, PRD 99, 055045 (2019) [Hayes et al, PRD 92, 033015 (2015)

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)
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L. Hayen et al. Phys. Rev. C 031301(R)(2019)
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Conclusions
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• The quest for θ13 in the 2010’s prompted new models for reactor νe̅ spectra, which marked the emergence of 
the so-called reactor antineutrino anomaly


• Several projects worldwide were designed to study the anomaly and investigate the possible existence of extra 
sterile neutrino families 


• These projects faced new and existing experimental challenges and produced compelling results in term of 
active-sterile neutrino oscillation analyses, as well as new spectral and rate analyses for reactor antineutrinos


• Meanwhile, the limits of existing models are also being pushed by theoretical advancements, and new 
measurements can help shed light on unexplained observations


• Overall, the combination of the rapidly-advancing analysis of data from reactor short-baseline experiments and 
others, and the improvement of models, could allow us to solve the reactor antineutrino anomaly



Thank You For Your Attention!



Extra Slides
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Not the Only Anomaly

22

• Gallium anomaly - disappearance of νe measured with radioactive sources in the solar neutrinos gallium 
experiments GALLEX and SAGE (rate only)


• LSND/MiniBooNE anomaly - energy-dependent event excess in ν̄μ → ν̄e channel measured in LSND, 
consistent with an active-sterile oscillation with ∆m2 ≳ 0.1 eV2; a similar excess was later seen by MiniBooNE


• All these anomalies can be explained by the existence of a light sterile neutrino, 
but a global simple solution combining them all is not possible


• LSND/MiniBooNE anomaly (νμ→νe) is highly disfavoured by disappearance 
(νμ→νμ) results, while the Reactor/Gallium anomalies remain yet untested
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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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FIG. 24: The Lν/Eν distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is

the distance travelled by the neutrino in meters and Eν is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neutrino oscillations at low ∆m2.
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LSND
Phys. Rev. Lett. 121, 221801 (2018)

MiniBooNE

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 
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Relation Between Oscillation Channels

Oscillation channels are related: 
 
 
 
 
 
 
 
(for                                                         )

Models can be over-constrained.

P⌫e!⌫e ' 1� 2|Ue4|2(1� |Ue4|2)

P⌫µ!⌫µ ' 1� 2|Uµ4|2(1� |Uµ4|2)

P⌫µ!⌫e ' 2|Ue4|2|Uµ4|2

4⇡E/�m2
41 ⌧ L ⌧ 4⇡E/�m2

31
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Antineutrino Spectrum Estimation

23

• 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

reactor thermal power

average IBD cross-section per fission

average energy released per fission
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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)

Limits of Current Neutrino Spectrum Models

24

• Converted spectra method (used for the 235U and Pu contribution:

• Large uncertainty for the weak magnetism term

• Underestimated impact on uncertainties 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 and spectral shape                                   → 

measurement of the shape factors for the most important forbidden decays is crucial


• Summation method (used for 238U)

• Incomplete or biased nuclear decay schemes

• Pandemonium effect, which can be solved by total absorption γ spectroscopy 

measurements (data-model discrepancy reduced to < 2%)


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

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) 

P. Huber PRC84,024617(2011)
D.-L. Fang and B. A. Brown, Phys. Rev. C 91, 025503 (2015)
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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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• Highly-segmented 3D detector design: 12800 
5×5×5cm3 optically separated PVT cubes, with a 
6LiF:ZnS(Ag) layer for neutron identification


• Relatively powerful HEU compact core & very short 
baseline (6-9 m from the core)


• Very little overburden, but can use topology to 
separate IBDs from cosmic background


• Challenging background from BiPo coincidences 
due to the internal 238U/230Th series isotopes (mainly 
in LiF:ZnS(Ag))


• Analysis of phase-I data (326 days ON + 87 days 
OFF) ongoing


• Detector upgrade for Phase-II with new SiPMs
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• 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 μm layer

PVT 
scintillator

λ-shifting 3x3 mm2 
fibreThe)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)
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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
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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


