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• New computation of ν̄ spectrum for Double Chooz arXiv:1101.2755 → 5% precision 
and ~6% excess wrt results from previous reactor experiments = RAA


• Possible explanations


- Errors in previous experiments


- Problems in the anti-neutrino spectrum prediction


- Oscillation with a sterile neutrino in the eV Δm² scale 

10

N
O

B
S/(N

EX
P) pr

ed
,n

ew

Distance to Reactor (m)

Bu
ge

y−
4 

R
O

VN
O

91
 

Bu
ge

y−
3 

Bu
ge

y−
3 

Bu
ge

y−
3 G

oe
sg

en
−I

G
oe

sg
en
−I

I

G
oe

sg
en
−I

II

IL
L 

   
 

Kr
as

no
ya

rs
k−

I

Kr
as

no
ya

rs
k−

II

Kr
as

no
ya

rs
k−

III

SR
P−

I  
 

SR
P−

II 
  

R
O

VN
O

88
−1

I
R

O
VN

O
88
−2

I

R
O

VN
O

88
−1

S

R
O

VN
O

88
−2

S

R
O

VN
O

88
−3

S

Pa
lo

Ve
rd

e

C
H

O
O

Z 
  

101 102 103

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ≫ 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

Reactor Antineutrino Anomaly

�2
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Reactor Antineutrino Anomaly
• New computation of ν̄ spectrum for Double Chooz arXiv:1101.2755 → 5% precision 

and ~6% excess wrt results from previous reactor experiments = RAA


• Possible explanations


- Errors in previous experiments


- Problems in the anti-neutrino spectrum prediction


- Oscillation with a sterile neutrino in the eV Δm² scale 

�3

Data Bay arXiv:1508.04233 

• Data Bay and Reno confirmed 
the anomaly (reactor related)

RENO Preliminary
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Light Sterile Neutrinos

�4

• If we add a 4th neutrino with a 0.1-1 eV mass, @ very short baseline


• The existence of an ~eV sterile neutrino is supported by other anomalies 
(LSND, MiniBooNE, Gallium anomaly)


• …but a global simple answer is disfavoured by disappearance results

N
O
B
S/
(N

EX
P)

pr
ed

,n
ew

Reactor To Detector Distance (m)
10�1 100 101 102 103 104 105 1060.4

0.5

0.6

0.7

0.8

0.9

1

1.1 3-families

4-families

θee  oscillation

J
H
E
P
0
5
(
2
0
1
3
)
0
5
0

★

0.01 0.1 1

sin
2
2θ

14

0.1

1

10

∆
m

2
 [

eV
2
]

90, 95, 99% CL (2 dof)

SBL react
rates only

rates + 
Bugey3
spectr.

10 100
distance from reactor [m]

0.7

0.8

0.9

1

1.1

o
b

se
rv

ed
 /

 n
o

 o
sc

. 
ex

p
ec

te
d

∆m
2
 = 0.44 eV

2
, sin

2
2θ

14
 = 0.13  

∆m
2
 = 1.75 eV

2
, sin

2
2θ

14
 = 0.10  

∆m
2
 = 0.9 eV

2
, sin

2
2θ

14
 = 0.057

IL
L

B
u

g
ey

3
,4

R
o

v
n

o
, 

S
R

P S
R

P
R

o
v

n
o

K
ra

sn

B
u

g
ey

3
G

o
sg

en

K
ra

sn
G

o
sg

en

K
ra

snG
o

sg
en

B
u

g
ey

3

Figure 1. Left: allowed regions of oscillation parameters from SBL reactor data in the 3+1
scheme for a rates only analysis (contours) as well as a fit including Bugey3 spectral data (colored
regions). Right: event rates in SBL reactor experiments compared to the predictions for three
representative sets of oscillation parameters. The thick (thin) error bars correspond to uncorrelated
(total) experimental errors. The neutrino flux uncertainty is not included in the error bars. The
Rovno and SRP data points at 18m have been shifted for better visibility.

SBL reactor data in a 3+1 framework. The allowed regions in �m2

41

and sin2 2✓
14

are

shown in figure 1 (left) for a rate-only analysis as well as a fit including also Bugey3 spec-

tral data. Both analyses give consistent results, with the main di↵erence being that the

spectral data disfavors certain values of �m2

41

around 0.6� 0.7 eV2 and 1.3 eV2. The right

panel of figure 1 shows the predicted rate suppression as a function of the baseline com-

pared to the data. We show the prediction for the two best fit points from the left panel

as well as one point located in the island around �m2

41

' 0.9 eV2, which will be important

in the combined fit with SBL appearance data. We observe that for the rate-only best

fit point with �m2

41

= 0.44 eV2 the prediction follows the tendency suggested by the ILL,

Bugey4, and SRP (24 km) data points. This feature is no longer present for �m2

41

& 1 eV2,

somewhat preferred by Bugey3 spectral data, where oscillations happen at even shorter

baselines. However, from the GOF values given in table 4 we conclude that also those

solutions provide a good fit to the data.

3.2 The Gallium anomaly

The response of Gallium solar neutrino experiments has been tested by deploying radioac-

tive 51Cr or 37Ar sources in the GALLEX [84, 85] and SAGE [86, 87] detectors. Results

are reported as ratios of observed to expected rates, where the latter are traditionally

computed using the best fit cross section from Bahcall [88], see e.g. [19]. The values for

the cross sections weighted over the 4 (2) neutrino energy lines from Cr (Ar) from [88]

are �
B

(Cr) = 58.1 ⇥ 10�46 cm2, �
B

(Ar) = 70.0 ⇥ 10�46 cm2. While the cross section for
71Ga ! 71Ge into the ground state of 71Ge is well known from the inverse reaction there

are large uncertainties when the process proceeds via excited states of 71Ge at 175 and

– 10 –
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Limits from Daya Bay + Bugey
• Current reactor neutrino experiments (Double Chooz, Daya bay, Reno) are little 

sensitive to a ∆m2~eV-driven oscillation (see accurate θ13 measurements) 


• Nonetheless, Daya bay was was able to produce an exclusion plot combining 
results with Bugey-3


• To be more sensitive to the RAA, need to go closer and see the oscillation
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FIG. 2. Excluded regions for the original Bugey-3 raster scan (RS)
result [14], for the reproduced Bugey-3 with adjusted fluxes, for the
Daya Bay result [12], and for the combined Daya Bay and repro-
duced Bugey-3 results. The region to the right of the curve is ex-
cluded at the 90% C.L.

liquid scintillator detectors measured ⌫̄e generated from two
reactors at three different baselines (15, 40 and 95 m) [14].
Bugey-3 detected IBD interactions with the recoil neutron
capturing on 6Li (n + 6Li ! 4He + 3H + 4.8 MeV). Prob-
ing shorter baselines than Daya Bay, Bugey-3 is sensitive to
regions of parameter space with larger �m2

41

values.
The original Bugey-3 results obtained using the raster scan

technique are first reproduced employing a �2 definition used
in the original Bugey-3 analysis [14]:

�2

=

3X

i

NiX

j

⇥
(Aai + b(Ej � 1.0))Rpre

i,j �Robs

i,j

⇤
2

�2

i,j

+

3X

i

(ai � 1)

2

�2

ai

+

(A� 1)

2

�2

A

+

b2

�2

b

,

(7)

where A is the overall normalization, ai is the relative detec-
tion efficiency, b is an empirical factor to include the uncer-
tainties of the energy scale, i represents the data from three
baselines, and j sums over the Ni bins at each baseline. The
values of �ai and �b are set at 0.014 and 0.020/MeV, respec-
tively, according to the reported values in [14]. The �i,j are
the statistical uncertainties. The uncertainty on the overall
normalization �A is set to 5% to be consistent with the con-
straint employed in the Daya Bay analysis [12]. The ratio
of the observed spectrum to the predicted unoscillated spec-
trum is denoted by Robs

i,j , while Rpre

i,j is the predicted ratio of
the spectrum including oscillations to the one without oscilla-
tions. To predict the energy spectra, the average fission frac-

tions are used [40], and the energy resolution is set to 5% at
4.2 MeV [14] with a functional form similar to Daya Bay’s.
The predicted energy spectra are validated against the pub-
lished Bugey-3 spectra [14].

In Bugey-3, the change in the oscillation probability over
the size of the detectors and the reactors is studied with MC
assuming that antineutrinos are uniformly generated in the re-
actor cores and uniformly measured in the detectors, and ap-
proximated by treating the baselines as normal distributions.
To achieve the combination with Daya Bay, two changes are
made in the reproduced Bugey-3 analysis: the change in cross
section of the IBD process due to the updated neutron de-
cay time [6] is applied; and the antineutrino flux is adjusted
from the ILL+Vogel model [41, 42] to that of Huber [34]
and Mueller [35], for consistency with the prediction used by
Daya Bay. These adjustments change the reproduced contour
with respect to the original Bugey-3 one, in particular by re-
ducing sensitivity to regions with �m2

41

> 3 eV2, with less
noticeable effects for smaller �m2

41

values. The reproduced
Bugey-3 limit on the sterile neutrino mixing, and the limit ob-
tained by combining Bugey-3 with Daya Bay results through
a �2 fit, with common overall normalization and oscillation
parameters, are shown in Fig. 2.

Individually, MINOS and Bugey-3 are both sensitive to re-
gions of parameter space allowed by the LSND measurement
through constraints on ✓

14

and ✓
24

, shown in Fig. 2 and Fig. 1,
respectively. We illustrate this sensitivity in Fig. 3, which dis-
plays a comparison of the energy spectra for Bugey-3 and MI-
NOS data to four-flavor predictions produced at the LSND
best-fit point of (�m2

41

= 1.2 eV2, sin2 2✓µe = 0.003) [8].
In our combined analysis, we obtain ��2

obs

, as well as
��2

3⌫ and ��2

4⌫ distributions for each (sin

2

2✓
14

,�m2

41

)

grid point of the Daya Bay and Bugey-3 combination, and
for each (sin

2 ✓
24

,�m2

41

) grid point from MINOS. We then
combine pairs of grid points from the MINOS and the Daya
Bay/Bugey-3 results at fixed values of �m2

41

to obtain con-
straints on electron neutrino or antineutrino appearance due
to oscillations into sterile neutrinos. Since the systematic un-
certainties of accelerator and reactor experiments are largely
uncorrelated, for each (sin

2

2✓
14

, sin2 ✓
24

,�m2

41

) grid point,
a combined ��2

obs

is constructed from the sum of the corre-
sponding MINOS and Daya Bay/Bugey-3 ��2

obs

values. Sim-
ilarly, the combined ��2

3⌫ and ��2

4⌫ distributions are con-
structed by adding random samples drawn from the corre-
sponding MINOS and Daya Bay/Bugey-3 distributions. Fi-
nally, the CL

s

value at every (sin

2

2✓
14

, sin2 ✓
24

) point is
calculated using Eq. (6), while the �m2

41

value is fixed.
While CL

s

is single-valued at every (sin

2

2✓
14

, sin2 ✓
24

)

point for a given value of �m2

41

, it is multi-valued as a
function of sin

2

2✓µe (cf. Eq. (5)). To obtain a single-
valued function, we make the conservative choice of select-
ing the largest CL

s

value for any given sin

2

2✓µe. The
90% C.L. exclusion contour resulting from this procedure
is shown in Fig. 4. Under the assumption of CPT conser-
vation, the combined constraints are equally valid in con-
straining electron neutrino or antineutrino appearance. The
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To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�

exp
err =

p
�

2
err��

2
model

�

exp
cor =

p
�

2
cor��

2
model. (18)

�

exp
err and �

exp
cor now represent experimental uncertainties

only. We then build a covariance matrix V

exp such that

V

exp
ij = R

obs
i ·�exp

i,cor ·Robs
j ·�exp

j,cor, (19)

where R

obs
i is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. R

obs
i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio R

past
g by

minimizing the �

2 function defined as:

�

2(Rpast
g )= (Rpast

g �Ri) ·(V exp
ij )�1(Rpast

g �Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g =0.942±0.009,
where the error is experimental only.

Since we now use the Huber+Mueller model as the
reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

R

past
g = 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g =0.942±0.009(exp.). If we
include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino

Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m

2
ee|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄

e

) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄

e

)R(E⌫̄
e

,Ep)dE⌫̄
e

(22)

where R(E⌫̄
e

,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.
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• Flux deficit remains after blinded analysis
• Spectral anomaly questions validity of models 
• We need new data
• Spectral anomaly could point where to look

• All !13 measurements at LEU power 
reactors

• Model-independent searches are key 
• HEU measurement powerful input to 

spectral anomaly
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the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2

/dof

of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��

2 =�

2(standard)��

2(N extra parameters) (29)

for N degrees of freedom. We obtained ��

2
/N =

50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �

2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �

2 contribution of
each energy bin,

e�i =
N

obs
i �N

pred
i

|Nobs
i �N

pred
i |

sX

j

�

2
ij ,

�

2
ij =(Nobs

i �N

pred
i )(V �1)ij(N

obs
j �N

pred
j ). (30)

By definition,
P

i
e�2
i is equal to the value of �2 defined in

Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di↵erence between minimum �

2s before and after in-
troducing these nuisance parameters within the selected
energy window was used to evaluate the p-value of the
local variation from the predictions. The p-values with
1 MeV sliding energy window are shown in Fig. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��

2
/N value of 37.4/8,

which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was ⇠1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e↵ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. ⌫̄e+13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous

010201-27

Spectral Anomaly
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Sterile Neutrino Search @ Very Short Baseline
• With…


- A source of neutrinos 

✦ Reactor (pure ν̄e)


✦ Powerful radioactive source (νe or ν̄e) 


- The capability to measure the rate 
at different (very short) baselines


✦ Movable detector


✦ Segmented detector or precise enough vertex reconstruction


• …you can confirm (disproof) the oscillation @ Δm2~1eV if you observe (not 
observe) a significant 

✦ Deviation from the 1/R2 flux variation (rate) 

✦ Distortion in the energy spectrum @ different distances (shape) 

�6

4

tures, and even other experiments. Measurement of the observed event rate as a function of position through
detector movement or segmentation will be critical for understanding local background variations on the
meter-scale.

III. EXPERIMENTAL SIGNATURE

A. Oscillations of Reactor Antineutrinos

Antineutrinos from reactors are produced as flavor-pure ⌫

e

in the decays of the neutron-rich fission
products in the reactor fuel. More than 99.9% of all ⌫

e

emitted from commercial reactors are produced
within the decay chains of four isotopes, 235U, 238U, 239Pu, and 241Pu. The thermal heat released in the
nuclear decays is proportional to the number of emitted ⌫

e

and is thus a measure of the flux of expected
antineutrinos. The spectrum of reactor antineutrinos detected via inverse beta decay has a mean energy of
about 4 MeV and extends up to roughly 10 MeV.
Neutrinos and antineutrinos are produced as a linear combination of mass eigenstates and their flavor is

associated with the accompanying lepton. Due the di↵erence in the mass eigenstates the flavor of observed
neutrinos oscillates as a function of baseline and energy. For the three active neutrino states the neutrino
mixing parameters are well measured in atmospheric, solar, reactor, and accelerator based experiments. Re-
actor ⌫

e

disappearance over baselines of 1-2 km and 180 km has been observed. The oscillation probability
can be parameterized in terms of the mass splitting �m

2
ij

and the mixing angle ✓

ij

between the ith and jth
mass eigenstate. Additional sterile neutrino mass states with �m

2 ⇠ 1 eV2 beyond the 3 active neutrinos
would yield an oscillation e↵ect over meter-long baselines with survival probability described by

P
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FIG. 1: Unoscillated (left) versus oscillated (right) detected ⌫e spectra at (�m2 = 1.8 eV2, sin2 2✓ee = 0.5) for
a reactor ⌫e detector with realistic parameters as described in Table I. Exaggerated oscillation values are chosen
for illustrative purposes. The change in spectral shape from baseline to baseline is a key signature of neutrino
oscillations.

Figure 1 illustrates the oscillation e↵ect in baseline and energy for (�m

2=1.8 eV2, sin2 2✓
ee

=0.5).
The characteristic L/E oscillation is pictured in Figure 2 for the sterile neutrino oscillation parameters

arXiv:1212.2182
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Sterile Neutrino Search with Sources: SOX
• Main challenges for reactor ν̄ @ very short baseline: cosmic (surface level) and 

reactor-induced background 

• A ν source inside an underground detector profits from strong bkg suppression, 
but is not as powerful as a reactor (up to the PBq compared to 1017 ν̄ₑ/s MWth)


• CeSOX uses 144Ce and the BoreXino detector (β−, 285 days half life)


- LS purification → quasi bkg-free experiment (104 IBDs/1.5 y vs ~1 accidental/y)


- Good spatial (12 cm @ 2 MeV) and energy resolution (~3.5% @ 2 MeV)


�7

/ 23   Neutrino 2016  - London  July 5th, 2016                                                           M. Pallavicini   

SOX is at the same time a disappearance  
experiment and an oscillometry one

THE  SIGNAL  IN  SOX  (2)

12

144Ce

144Ce

4.25 m

12.25 m
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Sterile Neutrino Search with Reactors

�8

Compact-Core Research Reactors Commercial Reactors

Shorter baseilne Loose sensitivity on Δm2 ~1 eV

Often HEU fuel Fuel evolution (burnup)

~102 MW thermal power ~GW thermal power
Less space / noise from reactor Possibility of some overburden

arXiv:1212.2182
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Spectral Distortion @ 5 MeV
• Anomalous spectral distortion @ 5MeV in θ13 reactor neutrino experiments


• Accurate 235U spectrum measurement can 


- Help find out the nature of the distortion


- Constrain existing reactor models

�9

HEU to LEU Ratio

⇒ ratio of HEU to LEU spectrum for different hypotheses

arXiv:1512:xxx
C. Buck, A.P. Collin, J. Haser, M. Lindner

◾ 2 y runtime

◾ uncertainties: statistical +
reference spectra

◾ significance of discrepancy
[5, 7]MeV:

▸ only 235U: 4.2σ
▸ no excess in HEU: 5.5σ

◾ significance including energy
resolution:

▸ only 235U: 3.7σ
▸ no excess in HEU: 4.7σ

2015/12/07 15 / 16
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Signal and Background
• Signal: inverse beta decay (IBD) 

• Signature: two-fold coincidence 

- Prompt: e⁺ ionisation+annihilation 
(Ee+ = 1-8 MeV, Eν ≃ Ee+ + 0.8 MeV)


- Delayed: n-Capture


✦ n+Gd→Gd*+γ’s (8 MeV)


✦ n+6Li→α+3H (4.78MeV)


• Background: fast neutrons 

- From cosmic μ spallation 
and reactor


- Online rejection: overburden, 
active veto, PSD


- Offline rejection: subtraction 
from reactor-off periods


• Background: accidental coincidences 

- Reactor related (nth leakage, high-E γ’s 
from n-capture on metals, 16N, ecc.)


- On-side measurements


- Rejection with  shielding 
and topological cuts

�10

νe + p→ e+ + n

n

p

n
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Chandler

A Worldwide Effort

�11

DANSS

NEOSNuLat

Neutrino4

Stereo/Chandler

SoLiδ

Prospect
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A Worldwide Effort
• ☑

�12

PTh Overburden Segmentation Baseline Material

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

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

NEOS 2.8 GW (LEU) ~20 mwe - 23.7 m Gd-doped LS

Neutrino4 100 MW (235U) ~10 mwe 10 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) few mwe 15 cm (2D) 7-10 m Li-doped LS

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

Stereo 57 MW (235U) ~15/18 mwe 25 cm (1D) 8.8-11.2 m Gd-doped LS
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DANSS
• @ the 3GWth WWER-1000 reactor (h = 3.6 m, ⦰ = 3.1 m), in the Kalinin nuclear 

power plant


• Beneath the reactor: ~50 mwe shielding (factor 6 μ flux reduction)


• Movable platform (up-down), distance detector-core 10.7-12.7 m

�13

8-

DANSS&

8-

See-Poster:-P2.075-

&-talk-this-session-

arxiv:1606.02896-

Experimental-Site-beneath-3000-MW-PWR-at-Kalinin,-

Russia-provides-~-50-mwe-obverburden-
Detector-deployed-on-verLcal-

stage-–-9.5X12.5-m-baseline-range-

Highly-segmented-plasLc-scint./Gd-detector,-

Expect-15,000-IBD-/-day-

Despite-large-core,-good-sensiLvity-

predicted-over-large-Δm2

-range-relaLve-

comparison-of-different-baselines-

DANSSINO-prototype-observed-

reactor-anLneutrinos-

Data&taking&underway&



NuFact - Quy Nhon, 21-27 Aug 2016 Alessandro Minotti - CEA Saclay

DANSS
• Detector consisting of X and Y modules of plastic scintillators (with Gd) + WLS 

- ~20 pe/MeV, σE/E~16% @ 1 MeV 

• Calibration with tagged muon tracks (assuming linear charge-E dependence 
above 1 MeV prompt energy threshold) and the 248Cm n source

�14

2

DANSS  design

4

Calibration

With cosmic muons Response is linear with energy

With radioactive sources. 248Cm n source is similar to IBD process   

IBD process Gd(n,γ)

H(n,γ)

4

Calibration

With cosmic muons Response is linear with energy

With radioactive sources. 248Cm n source is similar to IBD process   

IBD process Gd(n,γ)

H(n,γ) 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
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DANSS
• Data taking running now! 5000 ν/day (~5% cosmics in the 78% fiducial volume)


- First results of neutrino rates ratios @ different positions with 27 days 


- Now technical stop (shielding being improved), wait systematics before go public


• Expected sensitivity with one year (95% CL, systematics: 1% E scale + 1% bkg)

�15Most interesting parameter space is well covered
Use of e+ spectrum and/or rate information increase sensitivity considerably

Sensitivity estimates (1 year, 95% CL, only shape distortions with L)

Systematic effects estimated by changing  E scale by 1% 
and by adding 1% Background (~E-2) at one distance from the core

sin22θ

Δm2

With systematic

Without systematic

6

First results

Ratios of positron cluster energy 

at different distances

First results

Ratios of positron cluster energy are

shown for 27 days of data taking

Many systematic effects including

uncertainties in neutrino spectrum and 

detector efficiency are canceled 

in the ratio 

Expected oscillation curves are shown for

the most plausible point:

ΔM2=2eV2,  Sin2(2*θ)=0.17 

“Realistic” burning profile is assumed
Energy resolution is assumed to be 

dominated by photoelectron statistic 

Systematic effects should be studied

before making quantitative conclusions on

mixing parameters
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NEOS
• @ the Yeonggwang reactor (same as RENO): 5 cores of 2.8 GWth, h = 3.7 m, ⦰ = 

3.1 m, 256 m between neighbour cores


• ~30 mwe overburden, 23.7 m fixed baseline → sensitivity @ higher ∆m2

�16

14θ22sin
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 [e

V
2 41
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NEOS Sensitivity
95% CL

Reactor anomaly
90%
95%
99%

0.5 years data,
S/N~6,

/E = 6% at 1MeVσ
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Reactor anomaly
90%
95%
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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&
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NEOS
• Target: 1000 l tank of 0.5% Gd-doped LS 

- 19 8-inch phototubes on each side 

- Active shielding: 5 cm-thick plastic scintillators 


- Passive shielding: 10 cm B-PE, 10 cm Pb


• Non-linear energy response, σE/E~5% @ 1MeV 

• Data-MC agreement tested with 212Bi, 214Bi, and 12B

�17
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NEOS: Search for Sterile Neutrino at Short Baseline 
Using a Nuclear Reactor

RENO 
near 
detector ✦ ✦

Hanbit Nuclear Power Plant

Reactor & Tendon Gallery

Yeonggwang, S. Korea

✦
NEOS
detector

• Site specifications: 
— Reactor: 2.8 GWth, φ3.1m, Η3.7m, 
— 23.7m baseline, ~30 m.w.e overburden, 
— Distance between neighbour cores: 256m

• Detector specifications: 
— Main target for IBD pair detection: homogeneous 
type, 1000L of 0.5% Gd doped LS(LAB9:UG-F1), seen 
by 2×19 8″ phototubes, 
— Shieldings: 10cm Borated PE, 10cm Pb, 
— Muon counter: 5cm thick plastic scintillators

• DAQ & Slow monitoring/control system: 
— 500 MHz FADC for main target waveform analysis, 
— 64 MHz SADC for muon counter, 
— TCB for time synchronisation and trigger control. 
— PMT HV/temperature monitoring

• Data taken from Aug.’15 to May ’16: 
— 49 days(46 as DAQ livetime) with the reactor OFF, 
205(180) days ON.

The NEOS Experiment Detector Responses and Geant4 Monte Carlo Simulation

Inverse Beta Decay Events

XXIIV INTERNATIONAL CONFERENCE ON
NEUTRINO AND ASTROPHYSICS

Yoomin Oh for The NEOS Collaboration
Institute for Basic Science, Daejeon, Korea

IBD Prompt Energy Spectrum

Reactor Anomaly and Possible Existence of the 4th Neutrino
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Pulse Shape Discrimination

K. N. Abazajian et al, “Light Sterile Neutrinos: A White Paper” (arXiv:1204.5379v1)
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• Relative scaling of the expected spectrum using 2-4 MeV.
• The new oscillation parameters are being studied, result will be opened in a month.
• H&M: P.Huber, PRC84(2011)024617, Th.A.Mueller et al, PRC83(2011)054615
• Trying to compare other predictions and experimental data.
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NEOS
• Data taken 07/15-05/16: 49 days with the reactor OFF, 180 days ON 

• IBD counts ~ 2000/day with S/B~23  

• Latest results with exclusion plot released @ ICHEP this year! 

• Two analysis: one with a oscillatory fit only (𝜒2/NDoF = 52.3/38), one with the 
addition of a fit for the 5 MeV bump (𝜒2/NDoF = 111/67)
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Neutrino-4
• @ the 100 MWTh compact-core (35x42x42 cm3) SM‐3 reactor in Dimitrovgrad 

• Movable detector: 6-12 m from core 


- Tank of LS + PMTs 

- Passive shielding of 60 tons


- Active internal and external veto
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• Preliminary results with prototype 350 l tank divided in 4x4 sections, placed in 5 
positions (rate-only analysis) 

• Full scale detector (3m3 for 5x10 sections) aims to 1.5-3% statistical accuracy 
after 2 y of data taking

Neutrino-4
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Experiment Neutrino-4 search for  sterile neutrino at SM-3 reactor
with multi-section prototype of detector

Anatolii  Serebrov (PNPI NRC KI, Gatchina, Russia)
for   collaboration

A.P. Serebrova, V.G. Ivochkina, R.M. Samoylova, A.К. Fomina, A.O. Polyushkina, V.G. Zinovieva, P.V. Neustroevа, V.L. Golovtsovа , A.V. Cherniya,
O.M. Zherebtsova, V.P. Martemyanovb, V.G. Tsinoevb, V.G. Tarasenkovb, V.I. Aleshinb, A.L. Petelinc, А.А. Тuzovc , A.L. Izhutovc, S.А. Sazontovc,

D.K. Ryazanovc, M.О. Gromovc, V.V. Afanasievc , М.Е. Zaytseva, М.Е. Chaikovskiia

aPetersburg Nuclear Physics Institute NRC “KI”(Gatchina)
bNRC “Kurchatov institute” (Moscow)

сJSC “SSC Research Institute of Atomic Reactors”  (Dimitrovgrad)

SM‐3 reactor

Reactor: SM‐3 reactor in Dimitrovgrad (Russia): 100 MW compact core 35x42x42 cm3
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Fig. 1. General scheme of experimental setup. 1 – detector of reactor antineutrino, 2 – internal active shielding, 3 – external active shielding
(umbrella), 4 – steel and lead passive shielding, 5 – borated polyethylene passive shielding, 6 – moveable platform, 7 – feed screw, 8 – step motor.

Fig. 4. Measurements of neutrino flux dependence on the distance from the reactor core performed
with the prototype of moveable detector in NEUTRINO-4 experiment, and other measurements
performed with fixed detectors.
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Fig. 5. Results of spectrum measuring at various distances and comparison with MC calculations of zero oscillation scenario: a – 6.9 m, b – 7.9 m, c – 8.9 m, d – 9.9 m, e – 10.9 m.
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Fig.3. Measurements of
antineutrino flux dependence on
distance from the reactor core (6 -
11 m) with both prototypes of a
neutrino detector.

Fig. 2. Neutrino flux dependence on the distance from the
reactor core (6-11 meters). Measurements performed with
sectioned neutrino detector prototype. Difference in count
rates, in reactor on and off regimes, for delayed
coincidence in time window 100 µs with cut off random
coincidence 2
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We carried out
experiments with two
detectors: the first model
based on PMT-49B
photomultiplier has the
undivided vessel with
volume 400 l of liquid
scintillator and the second
model based on PMT-9354
photomultiplier has the
divided in 16 sections vessel
with 350 l of liquid
scintillator.

The full-scale
detector with liquid
scintillator volume of
3 m3 (5x10 sections) is
installed already. New
detector will allow us
to obtain up to
1.5-3.0% statistic
accuracy of
measurements at the
distances from 6 to 12
meters after 2 years of
measurements, and we
hope that would bring
light to the problem of
neutrino oscillation in
the sterile state.

reactor core detector of antineutrino
in passive shielding 

prototype

SM-3

Range of measurements for the
reactor antineutrino  flux is
6 – 12 meters from
the active reactor core
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Experiment Neutrino-4 search for  sterile neutrino at SM-3 reactor
with multi-section prototype of detector

Anatolii  Serebrov (PNPI NRC KI, Gatchina, Russia)
for   collaboration

A.P. Serebrova, V.G. Ivochkina, R.M. Samoylova, A.К. Fomina, A.O. Polyushkina, V.G. Zinovieva, P.V. Neustroevа, V.L. Golovtsovа , A.V. Cherniya,
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bNRC “Kurchatov institute” (Moscow)

сJSC “SSC Research Institute of Atomic Reactors”  (Dimitrovgrad)
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Fig. 1. General scheme of experimental setup. 1 – detector of reactor antineutrino, 2 – internal active shielding, 3 – external active shielding
(umbrella), 4 – steel and lead passive shielding, 5 – borated polyethylene passive shielding, 6 – moveable platform, 7 – feed screw, 8 – step motor.

Fig. 4. Measurements of neutrino flux dependence on the distance from the reactor core performed
with the prototype of moveable detector in NEUTRINO-4 experiment, and other measurements
performed with fixed detectors.
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Fig. 5. Results of spectrum measuring at various distances and comparison with MC calculations of zero oscillation scenario: a – 6.9 m, b – 7.9 m, c – 8.9 m, d – 9.9 m, e – 10.9 m.
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Fig. 2. Neutrino flux dependence on the distance from the
reactor core (6-11 meters). Measurements performed with
sectioned neutrino detector prototype. Difference in count
rates, in reactor on and off regimes, for delayed
coincidence in time window 100 µs with cut off random
coincidence 2
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We carried out
experiments with two
detectors: the first model
based on PMT-49B
photomultiplier has the
undivided vessel with
volume 400 l of liquid
scintillator and the second
model based on PMT-9354
photomultiplier has the
divided in 16 sections vessel
with 350 l of liquid
scintillator.

The full-scale
detector with liquid
scintillator volume of
3 m3 (5x10 sections) is
installed already. New
detector will allow us
to obtain up to
1.5-3.0% statistic
accuracy of
measurements at the
distances from 6 to 12
meters after 2 years of
measurements, and we
hope that would bring
light to the problem of
neutrino oscillation in
the sterile state.

reactor core detector of antineutrino
in passive shielding 

prototype

SM-3

Range of measurements for the
reactor antineutrino  flux is
6 – 12 meters from
the active reactor core
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NuLat
• Finely 3D segmented detector: 15x15x15 6Li-loaded (0.5%) plastic scintillator 

cubes (6.35 cm/side), spaced by thin air gaps (~0.127 mm) arXiv:1501.06935


• Raghavan Optical Lattice: detection material with high n (nPS = 1.54) divided into 
cells by a lower n material (nair ~ 1) 


- Total internal reflection: θcritic = 45∘ → light guided along 3 axis to 6 PMTs


- Very good light collection and resolution: 600 pe/MeV, σE/E~4% @ 1MeV 
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NuLat
• IBD selection and background rejection based on topology/PSD


- IBD: large deposit in one cell (e+ scintillation) + small halo (e+ annihilation, 0.1-1.0 
MeV) + 7 μs-delayed n-capture with mono-E PSD (~400 keV, 65% in a near cell)


- Gammas: no halo (single Compton) or big halo (multiple Compton)


- Cosmogenic β emitters: no halo


- Fast neutrons: PSD
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NuLat
• 5x5x5 demonstrator under construction: final assembly in fall 2016 

• Deployment at 2 reactors: NIST (Maryland) and North Anna (Virginia) 

• Successful 5x5x5 demonstration will lead to the next (15x15x15) stage
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• @ Oak Ridge compact-core (h = 0.5 m, ⦰ = 0.2 m) 85 MWth HFIR reactor


• Two detectors/phases:


- Near detector 7-10 m from core                       
(sterile ν search + 235U spectrum) 

- Far detector 15-18 m from core                    
(improved oscillation study if sterile ν is confirmed)


• Phase-I detector: segmented LS tank


- 3 ton Li-loaded LS (with PSD capability)


- 120 ~25 l optical segments: identify 
multiple-particle interaction, reject showers


• IBD selection based on PSD, topology, timing
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P3.055 prospect.yale.edu

See also: P03.053, P03.054, P03.056

PROSPECT - A Precision Reactor Neutrino 
Oscillation and Spectrum Experiment
K.M. Heeger on behalf of the PROSPECT collaboration
Wright Laboratory, Department of Physics, Yale University

PROSPECT Publications 
arXiv: 1506.03547, 1508.06575, 1512.02202 

Flux Deficit

Extra neutrino oscillations or 
artifact of flux predictions?

New feature in 4-6 MeV 
region of spectrum.

Phys.Rev.Lett. 116 (2016) 6, 061801 
Daya Bay collaboration

Understanding reactor flux and spectrum anomalies requires new 
reactor measurements
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LSND    (νe appearance)
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Ga calibration source anomaly
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Short-baseline reactor anomaly (νe disappearance)

If new oscillation signal, 
implies Δm2 ~ O(1eV2) and sin22θ > 10-3

➔ very short baseline oscillation for reactor ν
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Systematics or experimental effects? 
➔ test each experimental effect.
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“Light sterile neutrinos: 
A white paper”, 
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Spectral Deviation
Reactor Neutrino Anomalies

Compact reactor core
HEU core provides static spectrum of mainly 235U.

HEU Reactor Spectrum

Compact core (< 1m) avoids 
oscillation washout

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

power: 85 MW (research)
fuel: highly enriched 
uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m 
(compact)
duty-cycle: 41%

High Flux Isotope Reactor, ORNL

High Flux Isotope Reactor, ORNL 
as a Compact Antineutrino Source
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Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum

between 2-6 MeV:
average stat. 
precision < 1.5%, 
systematics < 2%
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to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and
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to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

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

Extra neutrino oscillations or 
artifact of flux predictions?

New feature in 4-6 MeV 
region of spectrum.

Phys.Rev.Lett. 116 (2016) 6, 061801 
Daya Bay collaboration

Understanding reactor flux and spectrum anomalies requires new 
reactor measurements

Neutrino Anomalies & Sterile v Hypothesis
Cosmology (WMAP)MiniBoone

Anomalies in Neutrino Data
LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga calibration source anomaly
Neff in cosmology
Short-baseline reactor anomaly (νe disappearance)

If new oscillation signal, 
implies Δm2 ~ O(1eV2) and sin22θ > 10-3

➔ very short baseline oscillation for reactor ν

Ga Anomaly

R=0.86±0.05

Systematics or experimental effects? 
➔ test each experimental effect.
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“Light sterile neutrinos: 
A white paper”, 
arXiv:1204.5379

Spectral Deviation
Reactor Neutrino Anomalies

Compact reactor core
HEU core provides static spectrum of mainly 235U.

HEU Reactor Spectrum

Compact core (< 1m) avoids 
oscillation washout

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

power: 85 MW (research)
fuel: highly enriched 
uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m 
(compact)
duty-cycle: 41%

High Flux Isotope Reactor, ORNL

High Flux Isotope Reactor, ORNL 
as a Compact Antineutrino Source

Precision Oscillation Experiment

Daya Bay

phase I

phase II

4σ test of best fit after 1 year
>3σ test of favored region after 3 years
5σ test of allowed region after 3+3 years

Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum

between 2-6 MeV:
average stat. 
precision < 1.5%, 
systematics < 2%
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A Segmented, 6Li-Loaded Detector
PROSPECT Detector System

- 3000L of 6Li liquid scintillator
- 100 scintillator loaded cells, ~15x15x120cm
- double ended PMT readout, light guides, 

<4-5%/√E resolutions
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Antineutrino Event Identification 
with 6Li Doped Scintillator
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Background Rejection Via Segmentation
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• A long history of R&D and prototypes


• First segmented prototype PROSPECT-50 (2x25 l) taking data since March 2016


- 550 pe/MeV, σE/E~5% @ 1MeV 

- Tested n-Li detection via PSD
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12.5cm
1.7 liter
LS cell

1m
23 liter
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PROSPECT-50 
March 2016

1.2m
2x25 liter
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to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design

119#cm#
194#cm#

14.6#cm#

14
.6
#c
m
# 14.4#cm#

14
.4
#c
m
#

c#

b#
a#

119#cm#
194#cm#

14.6#cm#

14
.6
#c
m
# 14.4#cm#

14
.4
#c
m
#

c#

b#
a#

1752.6 
69.00

 

2300  
90.55

 

 
66.93
1700   

57.50
1460.5  

AA

SECTION A-A

  
78.74
2000  

47.24
1200  

HFIR 
Core!

RAMF Reactor 
Shielding!

PROSPECT Phase I !

PROSPECT 
AD!RAMF 

Passive 
Shielding!

(a) (b) Antineutrino Detector (AD) 

(c) AD Unit Cell 

(d) AD Cells and Containment 

14.6 cm 

14.4 cm 

14
.4

 c
m

 

14
.6

 c
m

 

Separator 

Corner!
Rod 

      

17
0.

0 
cm

 

Section A-A 
14

6.
5 

cm
 

20
0.

0 
cm

 

12
0.

0 
cm

 

175.3 cm 
230.0 cm 

Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and
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to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and
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to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and
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PROSPECT-50 Demonstrator

22

252Cf
(n,Li)

• In operation since March 2016, near continuous 
data-collection 

• Measured light collection with 6LiLS: >550PE/MeV
• 5% energy resolution at 1MeV

• Measured PSD Figure of Merit: 1.25 at (n,Li) 
capture

• >99.9% background rejection
• Double-ended readout

• Position reconstruction along cell length

22Na z-scan

T.J. Langford - Yale University 7/30/16 - Neutrinos in Nuclear Physics21PROSPECT-50

P3.055 prospect.yale.edu

See also: P03.053, P03.054, P03.056

PROSPECT - A Precision Reactor Neutrino 
Oscillation and Spectrum Experiment
K.M. Heeger on behalf of the PROSPECT collaboration
Wright Laboratory, Department of Physics, Yale University

PROSPECT Publications 
arXiv: 1506.03547, 1508.06575, 1512.02202 

Flux Deficit

Extra neutrino oscillations or 
artifact of flux predictions?

New feature in 4-6 MeV 
region of spectrum.

Phys.Rev.Lett. 116 (2016) 6, 061801 
Daya Bay collaboration

Understanding reactor flux and spectrum anomalies requires new 
reactor measurements

Neutrino Anomalies & Sterile v Hypothesis
Cosmology (WMAP)MiniBoone

Anomalies in Neutrino Data
LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga calibration source anomaly
Neff in cosmology
Short-baseline reactor anomaly (νe disappearance)

If new oscillation signal, 
implies Δm2 ~ O(1eV2) and sin22θ > 10-3

➔ very short baseline oscillation for reactor ν

Ga Anomaly

R=0.86±0.05

Systematics or experimental effects? 
➔ test each experimental effect.

6m

L
osc

= 2.5
E(MeV )

�m2(eV 2)

' 2� 10 m

“Light sterile neutrinos: 
A white paper”, 
arXiv:1204.5379

Spectral Deviation
Reactor Neutrino Anomalies

Compact reactor core
HEU core provides static spectrum of mainly 235U.

HEU Reactor Spectrum

Compact core (< 1m) avoids 
oscillation washout

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

power: 85 MW (research)
fuel: highly enriched 
uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m 
(compact)
duty-cycle: 41%

High Flux Isotope Reactor, ORNL

High Flux Isotope Reactor, ORNL 
as a Compact Antineutrino Source

Precision Oscillation Experiment

Daya Bay

phase I

phase II

4σ test of best fit after 1 year
>3σ test of favored region after 3 years
5σ test of allowed region after 3+3 years

Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum

between 2-6 MeV:
average stat. 
precision < 1.5%, 
systematics < 2%

PROSPECT Physics
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A Segmented, 6Li-Loaded Detector
PROSPECT Detector System

- 3000L of 6Li liquid scintillator
- 100 scintillator loaded cells, ~15x15x120cm
- double ended PMT readout, light guides, 

<4-5%/√E resolutions
- thin optical separators, minimal dead 

material
- containment vessel, filled in place

Antineutrino Event Identification 
with 6Li Doped Scintillator

40μs delayed n capture

Pulse Shape Discriminationinverse beta decay (IBD)
γ-like prompt, n-like delay
fast neutron
n-like prompt, n-like delay
accidental gamma
γ-like prompt, γ-like delay

Background reduction is key challenge

signal

backgrounds

Comparison of different reactor models 

PROSPECT Detector and Shielding Development
PROSPECT-0.1
Characterize LS
Aug 2014-Spring 2015

PROSPECT-2
Background studies
Dec 2014 - Aug 2015

PROSPECT-20
Segment characterization
Scintillator studies
Background studies
Spring/Summer 2015

PROSPECT-50
Baseline design 
prototype
Winter 2015

PROSPECT AD-I5cm length
0.1 liters

LS, 6LiLS

1x2 segments
1.2m length

50 liters
6LiLS

10x10 segments
1.2m length

~3 tons
6LiLS

T.J. Langford - Yale University December Workshop - ORNL

Building the shielding

4
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1m length
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Background Rejection Via Segmentation
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active veto requirements: 

• neutron capture 
• recoil PSD 
• gamma/electron energy 

= same properties as 
detector bulk; use same 
technology and fiducialize.
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Ref: PROSPECT collaboration
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• Full phase-I detector under construction, delivered in early 2017 

- Expected ~700 IBDs/day (S/B~1/1), high energy resolution σE/E~4.5% @ 1MeV) 

- 3 σ coverage of the favoured region in 3 y data taking + test of reactor model

�26

P3.055 prospect.yale.edu

See also: P03.053, P03.054, P03.056

PROSPECT - A Precision Reactor Neutrino 
Oscillation and Spectrum Experiment
K.M. Heeger on behalf of the PROSPECT collaboration
Wright Laboratory, Department of Physics, Yale University

PROSPECT Publications 
arXiv: 1506.03547, 1508.06575, 1512.02202 

Flux Deficit

Extra neutrino oscillations or 
artifact of flux predictions?

New feature in 4-6 MeV 
region of spectrum.

Phys.Rev.Lett. 116 (2016) 6, 061801 
Daya Bay collaboration

Understanding reactor flux and spectrum anomalies requires new 
reactor measurements

Neutrino Anomalies & Sterile v Hypothesis
Cosmology (WMAP)MiniBoone

Anomalies in Neutrino Data
LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga calibration source anomaly
Neff in cosmology
Short-baseline reactor anomaly (νe disappearance)

If new oscillation signal, 
implies Δm2 ~ O(1eV2) and sin22θ > 10-3

➔ very short baseline oscillation for reactor ν

Ga Anomaly

R=0.86±0.05

Systematics or experimental effects? 
➔ test each experimental effect.
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“Light sterile neutrinos: 
A white paper”, 
arXiv:1204.5379

Spectral Deviation
Reactor Neutrino Anomalies

Compact reactor core
HEU core provides static spectrum of mainly 235U.

HEU Reactor Spectrum

Compact core (< 1m) avoids 
oscillation washout

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

power: 85 MW (research)
fuel: highly enriched 
uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m 
(compact)
duty-cycle: 41%

High Flux Isotope Reactor, ORNL

High Flux Isotope Reactor, ORNL 
as a Compact Antineutrino Source

Precision Oscillation Experiment

Daya Bay

phase I

phase II

best fit reactor 
anomaly

4σ test of best fit after 1 year
>3σ test of favored region after 3 years
5σ test of allowed region after 3+3 years

Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum

between 2-6 MeV:
average stat. 
precision < 1.5%, 
systematics < 2%

PROSPECT Physics
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A Segmented, 6Li-Loaded Detector
PROSPECT Detector System

- 3000L of 6Li liquid scintillator
- 100 scintillator loaded cells, ~15x15x120cm
- double ended PMT readout, light guides, 

<4-5%/√E resolutions
- thin optical separators, minimal dead 

material
- containment vessel, filled in place

Antineutrino Event Identification 
with 6Li Doped Scintillator

40μs delayed n capture

Pulse Shape Discriminationinverse beta decay (IBD)
γ-like prompt, n-like delay
fast neutron
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accidental gamma
γ-like prompt, γ-like delay

Background reduction is key challenge
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PROSPECT Detector and Shielding Development
PROSPECT-0.1
Characterize LS
Aug 2014-Spring 2015

PROSPECT-2
Background studies
Dec 2014 - Aug 2015

PROSPECT-20
Segment characterization
Scintillator studies
Background studies
Spring/Summer 2015

PROSPECT-50
Baseline design 
prototype
Winter 2015
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Background Rejection Via Segmentation
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active veto requirements: 

• neutron capture 
• recoil PSD 
• gamma/electron energy 

= same properties as 
detector bulk; use same 
technology and fiducialize.

IBD-like n capture

Background Reduction Steps
• Efficient PSD and neutron 

tagging
• Identification of multiple 

particle interactions
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Representative 500 MeV primary 
Active suppression by >3 
orders of magnitude

Ref: PROSPECT collaboration

P3.055 prospect.yale.edu

See also: P03.053, P03.054, P03.056

PROSPECT - A Precision Reactor Neutrino 
Oscillation and Spectrum Experiment
K.M. Heeger on behalf of the PROSPECT collaboration
Wright Laboratory, Department of Physics, Yale University

PROSPECT Publications 
arXiv: 1506.03547, 1508.06575, 1512.02202 

Flux Deficit

Extra neutrino oscillations or 
artifact of flux predictions?

New feature in 4-6 MeV 
region of spectrum.

Phys.Rev.Lett. 116 (2016) 6, 061801 
Daya Bay collaboration

Understanding reactor flux and spectrum anomalies requires new 
reactor measurements

Neutrino Anomalies & Sterile v Hypothesis
Cosmology (WMAP)MiniBoone

Anomalies in Neutrino Data
LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga calibration source anomaly
Neff in cosmology
Short-baseline reactor anomaly (νe disappearance)

If new oscillation signal, 
implies Δm2 ~ O(1eV2) and sin22θ > 10-3

➔ very short baseline oscillation for reactor ν

Ga Anomaly

R=0.86±0.05

Systematics or experimental effects? 
➔ test each experimental effect.
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“Light sterile neutrinos: 
A white paper”, 
arXiv:1204.5379

Spectral Deviation
Reactor Neutrino Anomalies

Compact reactor core
HEU core provides static spectrum of mainly 235U.

HEU Reactor Spectrum

Compact core (< 1m) avoids 
oscillation washout

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

power: 85 MW (research)
fuel: highly enriched 
uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m 
(compact)
duty-cycle: 41%

High Flux Isotope Reactor, ORNL

High Flux Isotope Reactor, ORNL 
as a Compact Antineutrino Source

Precision Oscillation Experiment

Daya Bay

phase I

phase II

4σ test of best fit after 1 year
>3σ test of favored region after 3 years
5σ test of allowed region after 3+3 years

Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum

between 2-6 MeV:
average stat. 
precision < 1.5%, 
systematics < 2%
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A Segmented, 6Li-Loaded Detector
PROSPECT Detector System

- 3000L of 6Li liquid scintillator
- 100 scintillator loaded cells, ~15x15x120cm
- double ended PMT readout, light guides, 

<4-5%/√E resolutions
- thin optical separators, minimal dead 

material
- containment vessel, filled in place

Antineutrino Event Identification 
with 6Li Doped Scintillator

40μs delayed n capture

Pulse Shape Discriminationinverse beta decay (IBD)
γ-like prompt, n-like delay
fast neutron
n-like prompt, n-like delay
accidental gamma
γ-like prompt, γ-like delay

Background reduction is key challenge

signal

backgrounds
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Background Rejection Via Segmentation
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Flux Deficit

Extra neutrino oscillations or 
artifact of flux predictions?

New feature in 4-6 MeV 
region of spectrum.

Phys.Rev.Lett. 116 (2016) 6, 061801 
Daya Bay collaboration

Understanding reactor flux and spectrum anomalies requires new 
reactor measurements
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Cosmology (WMAP)MiniBoone

Anomalies in Neutrino Data
LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga calibration source anomaly
Neff in cosmology
Short-baseline reactor anomaly (νe disappearance)

If new oscillation signal, 
implies Δm2 ~ O(1eV2) and sin22θ > 10-3

➔ very short baseline oscillation for reactor ν

Ga Anomaly

R=0.86±0.05

Systematics or experimental effects? 
➔ test each experimental effect.
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A white paper”, 
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Spectral Deviation
Reactor Neutrino Anomalies

Compact reactor core
HEU core provides static spectrum of mainly 235U.

HEU Reactor Spectrum

Compact core (< 1m) avoids 
oscillation washout

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

power: 85 MW (research)
fuel: highly enriched 
uranium (235U)
core shape: cylindrical
size: h=0.5m r=0.2m 
(compact)
duty-cycle: 41%

High Flux Isotope Reactor, ORNL

High Flux Isotope Reactor, ORNL 
as a Compact Antineutrino Source

Precision Oscillation Experiment

Daya Bay

phase I

phase II

4σ test of best fit after 1 year
>3σ test of favored region after 3 years
5σ test of allowed region after 3+3 years

Precision Spectrum Experiment

IBD signal
backgrounds 
after analysis cuts

Measurement of 235U spectrum

between 2-6 MeV:
average stat. 
precision < 1.5%, 
systematics < 2%
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A Segmented, 6Li-Loaded Detector
PROSPECT Detector System

- 3000L of 6Li liquid scintillator
- 100 scintillator loaded cells, ~15x15x120cm
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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 IBDs


- e+ scintillation E deposit contained


- e+ annihilation γ’s escaping the first cell


- n-capture near first cell, identified via PSD
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!SoLid:!A!compact!detector!for!very!!
short5baseline!neutrino!experiments!

Leonidas)N.)Kalousis)(VUB))
for$the$SoLid$collabora0on$

38th$Interna0onal$Conference$on$High$Energy$Physics$
August$3$>$10,$2016,$Chicago$$$

leonidas.kalousis@vub.ac.be)

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
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• Prototype SMI deployed late 2014 (50 hr reactor on, long reactor off, calibration)


• Energy reconstruction and PSD algorithm validated (good population separation)


• IBD selection based on PSD, topology, timing (n detection efficiency ~70%)

�28

dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results 10

IBD Reconstruction - Neutrons

• Pulse shape discrimination algorithms developed (e.g. ratio of integral to amplitude)
• Source runs demonstrate good population separation, despite large background environments 

Example IBD candidate SiPM waveforms - Data
EM signal and Neutrons

Neutron PID for reactor on/off periods and source 
calibration runs

SoLid 
Preliminary

Sample Time, 4μs Total Length

n

EM

dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results 11

IBD Reconstruction - Positrons

• Demonstration of positron energy reconstruction algorithms
• Nb negligible ɣ detection efficiency for SM1

Max cube
Prototype configuration

SoLid Preliminary Total Detector Energy 
Prototype configuration

SoLid Preliminary

Positron reconstruction algorithm comparison for SM1 configuration - Sim. Readout effects included

dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results 8

Prototype SoLid Module 1 (SM1)

• Deployed at BR2 reactor late 2014 prior to 1 year reactor refit
• 50hr reactor on run. Long reactor off and source calibration runs
• Non-optimal trigger and no passive shielding: νe signal not expected

Commissioning at Gent, Nov 2014 Deployment at BR2, Dec 2014

Advertisement

Dedicated poster on construction:
Celine Moorgat, 6th Aug 18:00 

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

!SoLid:!A!compact!detector!for!very!!
short5baseline!neutrino!experiments!

Leonidas)N.)Kalousis)(VUB))
for$the$SoLid$collabora0on$

38th$Interna0onal$Conference$on$High$Energy$Physics$
August$3$>$10,$2016,$Chicago$$$

leonidas.kalousis@vub.ac.be)
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• Phase-I SoLid 1.6 t scale detector currently under construction, with upgrades


- reduced background (container + water shielding)


- light yield (material + number of fibres/cube doubled)


- neutron detection (neutron ID @ trigger level)


• Expected ~50 pe/MeV per cube, σE/E~14%/√E 


•  Aiming to S:N ~ 3:1 with εIBD ~ 30%


• Deployed early 2017

�29 dan.saunders@bristol.ac.ukSoLid: Recent Analysis Results

eeθ22 sin
2−10 1−10

142
m

∆ 

1−10

1

10

Gallium Anomaly 95% C.L.

Reactor Anomaly 95% C.L.

Global fit 95% C.L.

Global best fit

SoLid 95% C.L. - 150 days reactor on

SoLid preliminary

1 Year
Phase 1

24

Outlook
• Deployment and analysis of prototype 

complete:
• Experience running new technology at large scale 
• Power of segmentation demonstrated: ~100x 

reduction BAcc, ~10x reduction BCor

• Validation of simulation and data driven 
background studies

• Developed software and analysis techniques

• Construction of phase 1 SoLid began:
• 1.6T, to perform initial sterile search
• Upgrades for reduced background, energy 

resolution and trigger efficiency 
• Deployed early 2017
• On track for S:N ~ 3:1 with εIBD ~ 30%

60 MW reactor power 
S/N = 3:1  
εIBD = 30% 

POCA = 5.5m 
Target mass = 1.6T

!SoLid:!A!compact!detector!for!very!!
short5baseline!neutrino!experiments!

Leonidas)N.)Kalousis)(VUB))
for$the$SoLid$collabora0on$

38th$Interna0onal$Conference$on$High$Energy$Physics$
August$3$>$10,$2016,$Chicago$$$

leonidas.kalousis@vub.ac.be)
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CHANDLER: a SoLid Near Detector
• CHANDLER detector: 16x16x16 array of 

scintillator cubes (6.2x6.2x6.2 cm3)


- Raghavan Optical Lattice: total internal 
reflection and very good light collection


- Sheets of 6LiF:ZnS for n identification


• MiniCHANDLER (8×8×5 system test) is fully funded, currently under construction 
and will be deployed at a commercial nuclear plant


• CHANDLER planned to be deployed @ BR2 for the 
SoLid phase-II: extended coverage to higher Δm2
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CHANDLER-

MicroCHANDLER is a 3×3×3 
prototype which we are using 
to test our full electronics 
chain, develop the data 
acquisition system, study 
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CHANDLER and SoLi% 

C. Mariani 

BR2 

50 cm 

5.5 m SoLi%  

The two detectors will be deployed at the BR2 reactor operating as a single experiment.  
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• The STEREO detector is placed [8.9–11.1] m from 
the compact (<1m) 57 MWth ILL core, in Grenoble


- 6 target cells (Gd-doped LS) 

- Outer crown (undoped LS)


- 48 PMTs in upper acrylic buffer


• VM2000 + air-gap + acrylic sandwiches (total reflection) to transport light to PMTs


• Looking for oscillation patterns: relative shape in the 6 identical cells (different L)
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Outer	crown	filled	with	LS	to	reduce	edge	
effects	and	tag	external	backgrounds

6	target	cells	
filled	with	Gd-
loaded	LS
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Acrylic buffer with PMTs

2 mm thick 
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Reflective foil 
VM2000Bridal veil
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• Full on-site measurements for µ, n and γ backgrounds


• Reactor bkg reduced with shielding from core/neighbours


- μ-metal (magnetic fields)


- Polyethylene + B4C (reactor-induced neutrons)


- Lead (reactor-induced γ-rays)


- Soft iron (magnetic fields)


• Cosmic background rejected with μ veto, online PSD + subtraction from off 
periods
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Position verticale dans la cuve par rapport au bas [cm]
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• Physics & simulation validated with a prototype


• STEREO detector fully integrated, first calibration runs taken with empty detector 
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• STEREO detector is now @ ILL and waits for filling


• Data taking this autumn, two reactor cycles expected by spring 2017 

• STEREO aims to cover the reactor anomaly region in ~1 year of data taking
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• 400 ν/day in 300 days

• S/B = 1.5

• ν flux + 4% norm uncut

• Visible Ee+ > 2 MeV

• En > 5 MeV  εdet=60%
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Conclusions
• We are now entering an exciting season of the sterile neutrino search era 

• Reactor very short baseline experiments play a major role in the search of the 
sterile neutrino 

• The RAA region can be covered in the year scale 

• These experiments can also shed light in the complex matter of reactor flux 
estimation


• The measure is challenging (near-surface cosmics level, reactor facilities)…


• …But many different techniques and technologies have been developed to reach 
this goal


• SBL experiments are scattered all over the world, some are currently taking or 
about to take data, so stay tuned!
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Anatolii Serebrov



Backup
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Introduction Site and backgrounds Stereo detector Simulations and sensitibility Prospects

Bump at 5 MeV

Neutrino excess at 5 MeV in several experiments : DC, RENO, Chooz, Rovno ...

Scale with reactor power so
• bias in the conversion procedure ?
• bias in the reference electron spectrum ?
• another neutrino interaction ?

Which impact on Stereo sensibility ?
æ No significative impact on the contour.
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Maxime Péquignot - GDR Neutrino 2014 (Orsay) The Stereo Experiment - Search for Sterile Neutrino 15 / 16

• 3σ (1.6σ) significance wrt flux prediction with (without) 
background constraint - origin still unknown


• First observed in Double Chooz (then Daya Bay & Reno)


• Slight impact on RAA sensitivity plot

Spectral Distortion @ 5 MeV
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Figure 24. Output of the background rates and reactor flux normalizations from the independent
eRRM fits for five energy regions with an additional constraint on sin2 2θ13. The constraints to
the reactor flux and background rate are removed in the fit. Left: Best-fit of background rates
and the errors for the five data samples (black points and boxes) overlaid with the background
rate estimation (line) and the observed rate in reactor-off running (blue empty triangles) with the
uncertainties. Right: Black points and boxes show the best-fit of flux normalization with respect to
the prediction and the error for the four data samples (background is dominant above 8 MeV and
therefore not sensitive to the reactor flux). Uncertainties on the background estimation and reactor
flux prediction are shown by the yellow bands. Red empty squares show the best-fit and the error
with the BG constraint from the estimations in the eRRM fit.

live time. A best-fit to the observed energy spectrum gives sin2 2θ13 = 0.090+0.032
−0.029. A

consistent value of θ13, sin2 2θ13 = 0.090+0.034
−0.035, is obtained by a fit to the observed IBD

rates in different reactor power conditions. These two analyses utilize different information,
energy spectrum shape and reactor rate modulation, to extract θ13, and therefore work as
a cross-check to each other.

A spectrum distortion is observed at a high energy above 4MeV but its impact on the
θ13 measurement is evaluated to be insignificant with respect to the uncertainty. A strong
correlation between the excess rate and the reactor power is observed. The significance
of the excess between 4.25 and 6MeV including the uncertainty of the flux prediction is
evaluated to be 3.0σ assuming only standard IBD interactions. In addition to the excess,
a deficit is found between 6 and 8MeV with a significance of 1.6 σ.

The near detector construction is nearing completion. As a consequence of the analysis
improvements described in this paper, the projected sensitivity of Double Chooz reaches
σ(sin2 2θ13) = 0.015 in 3 years data taking with the ND, and could be further improved
towards 0.010.
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Figure 25. The energy spectrum of the prompt signal for IBD candidates with neutrons captured
on Gd and one including H captures (Gd+H). Points show the data and lines show the second order
polynomial functions. Inset figure: points show the correlations between the observed rate of the
excess (defined in the text) and the number of operating reactors, and the histograms show the
total IBD candidate rate (area normalized). The H capture sample includes accidental background
with a rate comparable to the IBD signals and therefore the total rate of the Gd+H sample has an
offset due to this background in addition to IBD signals which is proportional to the reactor power.
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Neutrino Spectrum Prediction
• ν̄ₑ produced in β-decay of fission products (235U, 239Pu, 241Pu and  238U)


• Single ν̄ spectra Sk(E) not available, obtained from β spectrum


- Ab initio - calculation branch-by-branch from decay schemes


- Conversion - subtraction one-by-one of “virtual branches” 
from the measured global β spectrum
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LSND and Gallium Anomalies
• Other anomalies suggesting the presence of extra sterile neutrinos at ~eV scale


- νe appearence: LNSD & MiniBooNE excess in short-baseline νμ→νe oscillations 
(somehow disfavoured by disappearance results)


- νe disappearence: radioactive sources used to test SAGE & GALLEX obtained rates 
lower than expected
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oscillation, obtained
from this analysis using the Bayesian method, is shown. The other limits shown, mostly using
frequentist methods, are from KARMEN (⌫

µ

! ⌫
e

[28]), BUGEY (⌫
e

disappearance [29]), CHOOZ
(⌫

e

disappearance [30]), NOMAD (⌫
µ

! ⌫
e

[31]) and ICARUS (⌫
µ

! ⌫
e

[10]). The regions corre-
sponding to the positive indications reported by LSND (⌫

µ

! ⌫
e

[8]) and MiniBooNE (⌫
µ

! ⌫
e

and ⌫
µ

! ⌫
e

[9]) are also shown.

OPERA limits the parameter space available for a non-standard ⌫e appearance sug-

gested by the results of the LSND and MiniBooNE experiments. It further constrains the

still allowed region around �m2
new = 5⇥ 10�2 eV2. For large �m2

new values, the 90% C.L.

upper limit on sin2(2✓new) reaches 7.2⇥ 10�3. This result is still a↵ected by the statistical

underfluctuation, the sensitivity corresponding to the analysed statistics being 10.4⇥10�3.

A Bayesian statistical treatment has therefore been adopted for determining the upper

limit.

Various improvements are expected for the future. The statistics will be increased

by a factor of 3.4 by completing the analysis of the collected data. The reconstructed

energy resolution will be improved when the calorimetric measurement in the TT will be

complemented by following the hadron tracks and the electron showers in the downstream

bricks.

With the increase in sample size and the improvements in the analysis, the e↵ect of a

possible statistical underfluctuation of the background will be reduced and OPERA should

then be able to access the parameter region comparable to its sensitivity below sin2(2✓new)

= 5.0⇥10�3.
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