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Abstract: The OPERA experiment has discovered the tau neutrino appearance in the

CNGS muon neutrino beam, in agreement with the 3 neutrino flavour oscillation hypoth-

esis. The OPERA neutrino interaction target, made of Emulsion Cloud Chambers, was

particularly efficient in the reconstruction of electromagnetic showers. Moreover, thanks

to the very high granularity of the emulsion films, showers induced by electrons can be

distinguished from those induced by π0s, thus allowing the detection of charged current

interactions of electron neutrinos. In this paper the results of the search for electron neu-

trino events using the full dataset are reported. An improved method for the electron

neutrino energy estimation is exploited. Data are compatible with the 3 neutrino flavour

mixing model expectations and are used to set limits on the oscillation parameters of the

3+1 neutrino mixing model, in which an additional mass eigenstate m4 is introduced.

At high ∆m2
41 (& 0.1 eV2), an upper limit on sin2 2θµe is set to 0.021 at 90% C.L. and

∆m2
41 & 4× 10−3 eV2 is excluded for maximal mixing in appearance mode.
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1 Introduction

The main goal of the OPERA experiment was the search for νµ → ντ oscillations in the

region of squared mass difference pointed out by experiments on the atmospheric neutrinos

through the observation of the tau neutrino appearance in a muon neutrino beam [1]. The

OPERA apparatus [2] located at the Gran Sasso Underground Laboratory was exposed

from 2008 to 2012 to the CERN Neutrinos to Gran Sasso (CNGS) muon neutrino beam [3,

4], produced at a distance of about 730 km. The analysis of a data set released in 2015 led

to the identification of five tau neutrino candidates with an expected background of 0.25,

thus excluding the no-oscillation hypothesis with a significance greater than 5σ [5]. The

OPERA nuclear emulsion target also allows the identification of νe (or ν̄e) charged current

(CC) interactions. The outcome of the search for electron neutrinos in the data collected

in 2008–2009 was reported in [6]. Here, we report the results of an improved analysis on

the complete dataset, corresponding to 17.97 × 1019 p.o.t., which represents an increase of

the exposure by a factor 3.4 with respect to the previous analysis. Data compared with the

expectation from the 3 neutrino flavour oscillation model allow setting an upper limit on

the νe appearance probability. Moreover, the hypothesis of a sterile neutrino, as hinted by

LSND [7], MiniBooNE [8], reactor [9], and radio-chemical [10, 11] experiments, is tested.

Limits on ∆m2
41 and sin2 2θµe = 4|Ue4|2|Uµ4|2 are derived.

2 The OPERA experiment

The detector was composed of two identical super modules, each consisting of a target

section and a magnetic iron spectrometer. Each target section contained about 75000

Emulsion Cloud Chamber [12] modules, hereafter called bricks, for a total target mass

– 1 –
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of about 1.25 kt. The bricks were arranged in vertical walls interleaved with planes of

horizontal and vertical scintillator strips, which formed the Target Tracker (TT). Each brick

consisted of 56 1-mm lead plates interspersed with 57 emulsion films. It had a section of

12.7×10.2 cm2 and a thickness of 7.5 cm, which corresponds to ∼10 radiation lengths (X0).

A pair of emulsion films (Changeable Sheet or CS doublet) were packed and glued externally

to the downstream face of each brick. The CS doublet acted as an interface between the

cm-resolution TT and µm-resolution emulsion, thus triggering the film development. The

spectrometer, instrumented with planes of Resistive Plate Chambers (RPC) and drift tube

stations, provided the charge and momentum measurements of muons [13].

The CNGS beam was an almost pure muon neutrino beam having a mean energy of

17 GeV. The contaminations, in terms of CC interactions, of νe, ν̄e and ν̄µ were 0.88%,

0.05% and 2.1%, respectively.

The TT hits of an event occurring on time with the CNGS beam were used to track

charged particles in the target region and to provide a calorimetric energy measurement.

The TT information was exploited to rank the bricks according to their probability to

contain the neutrino interaction vertex [14]. The highest probability brick was extracted

from the detector. The attached CS doublet was scanned and the pattern of reconstructed

tracks would either confirm the prediction of the electronic detector or act as veto and

thus trigger the extraction of neighbouring bricks. In case of positive outcome, the brick

emulsion films were developed and analysed. CS tracks were then matched with those

reconstructed in the downstream films of the brick. These latter tracks were then followed

upstream in the brick to their origins. Around the most upstream track disappearance

point, a 1 cm2 wide area in 10 downstream and 5 upstream emulsion films was scanned.

All tracks and vertices in this volume were reconstructed, and short-lived particle decays

were searched for. In case no neutrino interaction was found in the brick, the search would

continue in less probable bricks. More details on the search and reconstruction of neutrino

events in the bricks are given in [15–17].

3 Search for νe candidates

The brick acted as a high sampling calorimeter with more than five active layers every X0

over a total thickness of 10 X0. For most of νe CC interactions, the path of the electron

in the brick is long enough for the electromagnetic (e.m.) shower to develop, thus allowing

its detection and reconstruction in the emulsion films. On the other hand, the size of the

standard scanned volume along the beam direction corresponds to about 1.8 X0, which is

too short for the e.m. shower to develop. The search for electrons is therefore performed

in an extended scanned volume applying a dedicated procedure to the 0µ tagged events,

i.e. events having no reconstructed three-dimensional muon track and less than 20 fired

TT/RPC planes. A search is performed in the CS doublet for track segments less than

2 mm apart from the extrapolation point of each track originated from the interaction

vertex (primary tracks). Moreover, the direction of candidate CS tracks is required to be

compatible within 150 mrad with that of the primary track. If at least three tracks are

found, additional scanning along the primary track is performed aiming at the detection

of an e.m. shower [6].

– 2 –
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Figure 1. The νe CC candidate selection efficiency as a function of the neutrino energy. Error

bars indicate the MC statistical errors. The black line is a fitted curve to the simulated efficiency

points and the grey area represents the systematic error.

Detected showers are carefully inspected, by visual scan, in the first two films down-

stream the interaction vertex to assess whether they are produced by a single particle.

Thanks to the high granularity of the OPERA nuclear emulsions, one can recognize an e-

pair from γ conversion when the e-pair tracks are separated by more than 1 µm. Once the

origin of the e.m. shower is confirmed as due to a single charged particle, the event is clas-

sified as νe candidate. A classifier algorithm [18], is applied to select neutrino interaction

events fully contained in the fiducial volume of the detector.

The efficiency of the procedure applied to search for νe CC interactions, shown in

figure 1, is computed by Monte Carlo (MC) simulation using the standard OPERA simula-

tion framework [17]. Neutrino fluxes are determined by FLUKA [19, 20] based simulation

of the CNGS beamline [21]. Neutrino interactions in the target are generated using the

GENIE v2.8.6 generator [22, 23]. The simulated efficiency points are then fitted with an

empirical function. Since the number of hit TT/RPC planes and presence of long tracks in

neutrino events are correlated with the neutrino energy, as a result of 0µ tagging criterion,

a drop in the efficiency is expected at high energies. In 2008–2012, the OPERA detector

had collected data corresponding to 17.97× 1019 p.o.t. In total, 19505 on-time events have

been registered in the target volume. Out of them, 5868 events have a reconstructed neu-

trino interaction vertex in the first or second most probable brick and 1281 are tagged as

0µ events. The 0µ sample is further reduced to 1185 events by exclusion of not contained

ones. In this sample the number of νe candidates is 35.

The number, Nbeam, of νe candidates from CC interactions of νe and ν̄e beam compo-

nents is estimated using a data-driven approach from the number of observed events with

– 3 –
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Rjνi
(〈
ε0l
j (νi)

〉)
j = CC j = NC

i = µ 640.4 (0.029) 215.2 (0.296)

i = e 5.9 (0.078) 2.2 (0.307)

Table 1. Expected rates of neutrino and antineutrino of type i interacting by the j process

normalized to 1019 p.o.t. and 1 kt target mass. In brackets the efficiencies of νi interactions,

convoluted with the CNGS νi flux and its j-type interaction cross sections, to be reconstructed as

a 0l event.

no charged leptons, 0l, which are 0µ events not identified as νe candidates, n0l = 1185−35,

according to:

Nbeam = n0l
RCCνe

〈
ενeCC(νe)

〉∑
i=µ,e

∑
j=CC,NC

Rjνi
〈
ε0l
j (νi)

〉 , (3.1)

where
〈
ενej (νi)

〉
and

〈
ε0l
j (νi)

〉
are the efficiencies for the νi interactions (i = µ, e), convoluted

with the CNGS νi flux, φνi , and its j-type interaction cross sections, σjνi (j = CC or NC),

to be reconstructed as a νe candidate or as a 0l event, respectively, i.e.:

〈
ε
νe(0l)
j (νi)

〉
=

∫
φνiε

νe(0l)
j σjνi dE

/∫
φνiσ

j
νi dE, (3.2)

while Rjνi are the interaction rates of neutrino and antineutrino:

Rjνi =

∫
φνiσ

j
νi dE. (3.3)

The expected rates Rjνi , for 1019 p.o.t. and 1 kt target mass, and the efficiencies 〈ε0l
CC(νi)

〉
are reported in table 1. The efficiency 〈ενeCC(νe)

〉
is 0.375.

The combined systematic error from flux normalization, νe/νµ flux ratio, detection

efficiencies and cross section uncertainties is conservatively estimated as 20% and 10% for

neutrino energies below and above 10 GeV, respectively. The expected value of Nbeam

amounts to 30.7 ± 0.9 (stat.) ± 3.1 (syst.) events. The expected numbers obtained with

the above mentioned procedure are insensitive to systematic effects on the efficiencies up

to the location level being common to νe and 0l events.

Background contributions are: ντ CC interactions with τ → e decays, 0µ events with

π0 → γγ decay with prompt γ conversion, and the electron-positron pair misidentified

as an electron. The first type of background arises when the τ -lepton and its daughter

electron track cannot be distinguished. It is estimated by MC simulation assuming the

3-flavour νµ → ντ oscillation scheme and oscillation parameters from [24]. It amounts to

0.7 ± 0.2 (syst.) events.

The background due to π0 is derived from the data by counting the number of events

fulfilling the criteria for a νe candidate with a γ converting in the second or third lead plate

downstream of the interaction vertex. That number is converted into the probability to

– 4 –
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Figure 2. Reconstructed versus MC energy for νe CC events in the OPERA Target Trackers.

observe background νe candidates due to γ conversions in the first lead plate, taking into

account the radiation length [6]. We expect 0.5 ± 0.5 (stat.) such events.

Summarizing, the expected number of background events, Nbkg, amounts to 1.2 ± 0.5

(stat.) ± 0.2 (syst.), while the sum of expected events from νe and ν̄e beam components

and backgrounds is 31.9 ± 1.0 (stat.) ± 3.1 (syst.).

4 Energy reconstruction

The longitudinal and transverse development of e.m. showers are well parametrised both

for homogeneous and sampling calorimeters [25–27], hence the energy shape analysis can be

used to improve the electron energy reconstruction. The e.m. shower shape parametrisation

together with the knowledge of the interaction vertex position and of the direction of the

electron, obtained from the emulsion data, are the basis of the method applied in this

analysis, as detailed in [28]. In this approach, the TT signals from e.m. shower, initiated by

the electron at the interaction vertex, and the hadronic shower are separated. The hadronic

shower energy is estimated by the calorimetric measurement in the TT. The electron energy

is assessed by the shape analysis of the e.m. shower profiles. The reconstructed energy of

νe CC events versus their true energy is shown in figure 2. The accuracy of the energy

reconstruction of νe CC events can be parametrized as:

∆E

E
= 0.18 +

0.55√
E(GeV)

(4.1)

which is improved with respect to previous analysis [6].

– 5 –
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5 Neutrino oscillation analysis

5.1 The 3 neutrino flavour mixing model

The neutrino oscillation phenomenon can lead to a non null difference, nosc, between the

number of observed νe candidates, nobs, and that expected from the beam contamination,

Nbeam and from background, Nbkg, i.e.

nosc = nobs −Nbeam −Nbkg. (5.1)

On the other end, assuming only contributions from νµ(ν̄µ) → νe(ν̄e) oscillations the ex-

pected value of νe candidates from oscillations, Nosc, is:

Nosc = k ·
∫
φνµPµeσνeενedE, (5.2)

where k is the averaged number of nuclei over the data taking period, Pµe is the oscillation

probability, ενe and σνe are the νe detection efficiency and cross section, respectively, φνµ is

the νµ integrated flux and E is the neutrino energy. The average appearance probability,

〈Pµe〉, can be derived as:

〈Pµe〉 =
nosc

k ·
∫
φνµσνeενedE

. (5.3)

An optimal interval on neutrino energy, 0–40 GeV, was introduced in order to maximize the

sensitivity on the average appearance probability. 〈Pµe〉 is model-independent, and energy

interval defined above can be used for any oscillation analysis of the OPERA data not based

on the energy shape analysis. The 90% C.L. upper limit, obtained using the Feldman and

Cousins method (F&C) [29], is 〈Pµe〉 < 3.5× 10−3 for neutrino energies 0 < Eν < 40 GeV.

A similar result, 〈Pµe〉 < 3.7× 10−3, is obtained using the Bayesian technique [30].

Constraints on the oscillation parameters are derived within the framework of the 3

neutrino flavour oscillation model. The expected number of νe candidates (N exp
3ν ) depends

on the disappearance of νe (ν̄e) beam contamination and on νe (ν̄e) appearance from νµ
(ν̄µ) beam components. Both these contributions are taken into account. The oscillation

probabilities are evaluated from:

P (να → νβ) =δαβ − 4
∑
i>j

(UαiUβiUαjUβj) sin2

(
1.27 ∆m2

ij

(
eV2/c4

) L(km)

E(GeV)

)
. (5.4)

Using the standard parametrization of the mixing matrix U , the values of θ13, θ23,

δCP and ∆m2
ij from [24], the expected number of νe candidates, including 1.2 background

events, is N exp
3ν = 34.3 ± 1.0 (stat.) ± 3.4 (syst.). Matter effects are taken into account,

more details are given in section 5.2. N exp
3ν is consistent with 35 observed νe candidate

events. Figure 3(a) shows the energy distributions of observed events, of the expectation

from νe and ν̄e beam components, assuming no oscillations, and of background events (π0

and τ → e). In figure 3(b) the energy distribution of observed events is compared with

the expectation from νe(ν̄e)→ νe(ν̄e) and νµ(ν̄µ)→ νe(ν̄e) oscillations channels, and from

background components. The background components, π0 and τ → e, are assumed to be

unaffected by oscillations. In the optimized neutrino energy range (0–40 GeV), the 90%

C.L. upper limit on sin2 2θ13 is 0.43.

– 6 –
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(a) (b)

Figure 3. The reconstructed energy distributions of the observed νe candidates, the expected

background and beam νe and ν̄e components: (a) assuming no oscillations; (b) in case of 3 neutrino

flavour mixing with the parameters from [24].

5.2 Analysis in the 3+1 neutrino mixing model

The excess of νe and ν̄e reported by the LSND [7], MiniBooNE [8], reactor [9] and radio-

chemical [10, 11] experiments may be interpreted as due to the presence of light, O(1 eV/c2),

sterile neutrinos. OPERA can test the hypothesis of the presence of a sterile neutrino by

comparing the observed νe energy spectrum with that predicted from the 3+1 neutrino mix-

ing model. The event energy spectrum is divided in N = 6 bins, as shown in figure 3(a);

ni is the number of observed events in the i-th bin. The expected number of events in

each bin, µi, is evaluated using GLoBES [34, 35]. Detector effects are taken into account

by smearing matrices calculated by MC simulation. The contributions from four neutrino

oscillation channels are taken into account, namely νe(ν̄e) → νe(ν̄e) and νµ(ν̄µ) → νe(ν̄e).

The backgrounds arising from π0 and τ → e, defined in section 3, are considered inde-

pendent of the 3+1 mixing model parameters. Two corrective and independent factors, kj
(j = 1, 2), are introduced to take into account the overall systematic uncertainties, σj , on

the intrinsic νe and ν̄e beam components, on the νe detection efficiency and on νe and ν̄e
cross sections. The expected number of events is

µi = µ0
i (1 + kj) where

{
j = 1, if i = 1

j = 2, otherwise
. (5.5)

µ0
i is the expected number of events estimated using the nominal fluxes, cross-sections and

detection efficiencies. As already stated, the systematic uncertainties, σj , are conservatively

estimated as 20% for the first energy bin (E ≤ 10 GeV) and 10% for E > 10 GeV. The

– 7 –
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profile likelihood ratio was used as test statistic, with the likelihood defined as:

− 2 lnL = −2

N∑
i

(ni lnµi −Nµi) +

2∑
j=1

k2
j

σ2
j

+

(
∆m2

31 − ∆̂m2
31

)2

σ2
∆m2

31

. (5.6)

The last term is a penalty term accounting for the current knowledge on ∆m2
31 [24], ∆̂m2

31

and σ2
∆m2

31
are the best fit value and the 1σ uncertainty, respectively. The parameters

of interest are the squared mass difference ∆m2
41 and the effective mixing sin2 2θµe =

4|Ue4|2|Uµ4|2. It is worth noting that this definition of the effective mixing allows a direct

comparison of this analysis with short-baseline results. The non-zero value of ∆m2
21 is taken

into account as well as matter effects assuming a constant Earth crust density estimated

with the PREM [36, 37] onion shell model. All other oscillation parameters are treated as

nuisance parameters and profiled out. The result is restricted to positive ∆m2
41 values since

negative values are disfavoured by results on the sum of neutrino masses from cosmological

surveys [38]. The resulting 90% C.L. exclusion region is shown in figure 4. An upper

limit on sin2(2θµe) = 0.021 is set for ∆m2
41 > 0.1 eV2. Moreover, OPERA contributes to

limit the effective mixing for low ∆m2
41 and excludes ∆m2

41 & 4 × 10−3 eV2 for maximal

mixing. It must be stressed that, for small ∆m2
41 values, OPERA is the only experiment

having collected data in appearance mode. MINOS and Daya Bay/Bugey-3 have obtained

a more stringent exclusion limit in a combined analysis of their disappearance results on,

respectively, an accelerator νµ beam and reactors ν̄e fluxes.

6 Conclusions

The full OPERA data sample collected during the 2008–2012 CNGS beam runs is used

to search for νe candidates. Compared to the previous search [6], results reported here

are based on a larger statistics and improved νe CC energy resolution. Model indepen-

dent results are reported to allow testing different oscillation hypotheses. The results are

compatible with the no-oscillation hypothesis as well as with the 3 neutrino flavour one.

In the latter case, a 90% C.L. upper limit sin2(2θ13) < 0.43 is set. For the first time,

in this paper, the results are also analysed in a 3+1 model to test the hypothesis of the

existence of a sterile neutrino as suggested by several experiments. A 90% C.L. upper limit

sin2(2θµe) = 0.021 for ∆m2
41 & 0.1 eV2 is set, thus excluding a sizable part of the region

hinted by LSND and MiniBooNE experiments. OPERA is the only appearance experiment

excluding neutrino mass difference down to 4 × 10−3 eV2.
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