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The ESS Neutrino Super-Beam (ESSnuSB) is a proposed long-baseline neutrino oscillation
experiment, performed with a high-intensity neutrino beam, to be developed as an extension to
the European Spallation Source proton linac currently under construction in Lund, Sweden. The
neutrinos would be detected with the near and far detectors of the experiment, the former within
several hundred meters of the neutrino production point and the latter within several hundred
kilometers. The far detector will consist of a megaton-scale water-Cherenkov detector, and the
near detector will consist of a kiloton-scale water-Cherenkov detector in combination with a finegrained tracking detector and an emulsion detector. The purpose of the near detector is to constrain
the flux of the neutrino beam as well as to extract the electron-neutrino interaction cross-section
in water, which requires high-performance energy reconstruction and particle flavor identification
techniques. These measurements are crucial for the neutrino oscillation measurements that will
be conducted using the far detector.
Year 2021 sees the finalization of the conceptual design of the near detector after a thorough
evaluation of the performance of a number of different design options, and a characterization of
the neutrino reconstruction and flavor identification performances. In this talk we report on these
studies.
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1. Introduction

2. The ESSnuSB experiment and near detector
The ESS neutrino super-beam experiment is a proposed long-baseline neutrino oscillation experiment, conducted using a high-intensity beam of neutrinos produced at the European Spallation
Source (ESS) in Lund, Sweden, and detected in a water-Cherenkov detector 360–540 km downstream of the source. The purpose of the ESSnuSB experiment is to measure the oscillation rates of
muon-neutrinos into electron-neutrinos as well as muon-antineutrinos into electron-antineutrinos,
and subsequently derive the value of the leptonic CP-violation parameter, 𝛿CP .
In order to produce the high-intensity neutrino beam, several adjustments to the ESS facility
are required, including an upgrade of the ESS proton linac to achieve the dedicated delivery of
a 5 MW intensity 𝐻 − ion beam with 2.5 GeV kinetic energy and 14 Hz repetition rate. The ions
would be stripped of all electrons and injected into a dedicated accumulator ring where the pulses
are compressed to 1.1 µs in length. Four target stations receive the compressed proton bunches for
collisions with a titanium bead target, thus producing a particle shower predominantly populated
by charged pions. The pions are sign-selected and collimated using magnetic horns, and directed
into the decay tunnel where they decay to muons and muon-neutrinos. The muons are then stopped
by the beam-dump at the end of the decay tunnel, while the neutrino beam propagates towards
the detectors. A small population of electron-neutrinos is also produced from muon decays into
electrons. Selecting positive (negative) pions produces a beam of muon-(anti)neutrinos.
The majority of the beam neutrinos have energies between 200 and 700 MeV, with maximum
intensity at 400 MeV. The beam first arrives at the near detector (ND), 250 m from the production
point, and later at the far detector, 360–540 km away. The far detector is currently modeled as a
540 kt water-Cherenkov detector situated at a depth of 1 km in the Swedish bedrock.
The purposes of the near detector are to measure the total neutrino flux of ∼ 107 events per
running-year (200 d, equivalent to 2.16 × 1023 protons-on-target), and to measure the interaction
cross-section for electron-(anti)neutrinos incident on nuclei in water, 𝜎𝜈𝑒 𝑁 . The latter is essential
for the appearance-measurement of electron-(anti)neutrinos in the far detector. The ND will consist
of two main components: a fine-grained plastic-scintillator tracking detector and a cylindrical waterCherenkov detector. The tracking detector is based on the Hyper-Kamiokande Super-FGD [5], and
will consist of 106 plastic scintillator cubes arranged in a (1.4 × 1.4 × 0.5) m3 block. The water2
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A possible explanation for the apparent asymmetry in the matter-antimatter abundances in the
Universe is a simultaneous violation of the Charge and Parity symmetries (CP) in the leptonic
sector. Recent measurements by the T2K experiment, making use of the Super-Kamiokande
detector, indicate a non-zero value of the leptonic CP violation, quantified by the CP violating
phase 𝛿CP [1]. In order to precisely measure the leptonic CP violation a new generation of
long baseline water-Cherenkov detector -based neutrino experiments is proposed, including the
European Spallation Source neutrino Super Beam (ESSnuSB) [2, 3] and the Hyper-Kamiokande
experiment [4]. These experiments will also be sensitive to explore additional open questions in
modern fundamental physics, such as the ordering of the neutrino mass eigenstates, proton decay,
and the detection of various astrophysically produced neutrinos.
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Cherenkov detector tank will have a length of 11 m and a radius of 4.7 m, and have its central axis
aligned with the neutrino beam direction. The inner-surface fiducial coverage will be 30 % using
3.5 inch diameter PMTs. The possibility of including a third component, based on the nuclear
emulsion detector used in the Ninja experiment [6], is under investigation.
Negligible oscillation occurs before the neutrino beam arrives at the ND, yielding a beam of
> 99.5 % muon-neutrinos with the remainder dominated by electron-neutrinos. The low fraction of
𝜈𝑒 presents a challenge for measuring 𝜎𝜈𝑒 𝑁 , which requires an efficient 𝜈𝑒 event selection strategy.

In order to develop a reliable scheme for electron-neutrino event selection a two-step process was
adopted: (1) distinguishing electron events from muon events, and (2) distinguishing electronneutrino events from muon-neutrino events.

3.1 Distinguishing electrons from muons
In the first step, samples of electron and muon events were simulated in a model of the waterCherenkov component of the ND using the WCSim software [7], a Geant4 based [8–10] waterCherenkov detector simulator. The simulated charged-particle events were homogeneously and
isotropically distributed in the detector tank, and uniformly distributed in kinetic energy up to
1 GeV. The events were reconstructed using the fiTQun software [11, 12], developed by the HyperKamiokande collaboration. Several selection criteria were determined to reduce the number
of misreconstructed and misidentified events, with an emphasis on the muon events that were
mistakenly identified as electron events.
Sub-Cherenkov cut Rejecting muon events below the Cherenkov threshold
Reconstruction quality cut Rejecting events with poor reconstruction conditions, indicated by a
low registered brightness and a reconstructed vertex position close to the detector tank wall
Cherenkov-ring resolution cut Rejecting events that are too close to the tank wall in the reconstructed propagation direction of the lepton
Vertex-reconstruction discrepancy cut Rejecting events with a large difference in vertex position
and direction between the electron and muon reconstruction hypotheses
The final selection efficiency is 46.3 % for electron events, with a 1.6 % misidentification rate,
and 43.3 % for muon events with a 0.3 % misidentification rate.

3.2 Distinguishing electron-neutrinos from muon-neutrinos
In the second step a sample of neutrino interaction vertices were simulated using the Genie neutrino
interaction generator [13–15], and were weighted to the unoscillated expected neutrino flux. The
neutrino vertices were homogeneously distributed in the detector tank, using the WCSim software,
with the neutrino direction aligned with the neutrino beam axis. The numbers of expected neutrino
interactions in the detector per 200 d running-year are shown in Table 3.1 along with the expected
3
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3. Electron-neutrino selection
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number of triggering events. The events were again reconstructed using the fiTQun software, and
the selection criteria developed in the previous step were applied.
Two additional criteria were developed to address event-features that are relevant in the selection
of electron-neutrino events, but inaccessible in pure charged-lepton events.
Pion-like cut Rejecting events that are identified as electrons but have a high pion likelihood
Multi-subevent cut Rejecting electron-like events with multiple identified subevents

𝐸𝜈 =

2 − 𝑚 2 + 2𝑚 𝐸
𝑚 2𝐹 − 𝑚 IB
𝐵 𝑙
𝑙

(3.1)

2 (𝑚 𝐵 − 𝐸 𝑙 + 𝑝 𝑙 cos 𝜃 𝑙 )

Here, 𝑚 𝐹 represents the final state mass of the nucleon, 𝑚 IB = 𝑚 𝐼 − 𝐸 𝐵 represents the bound
state energy of the target nucleon, with 𝑚 𝐼 as the initial state free nucleon mass and 𝐸 𝐵 as the
binding energy. For the purposes of this analysis, the nucleon mass is assumed as the proton mass,
and 𝐸 𝐵 is approximated as the 16 O binding energy of 27 MeV. The subscript 𝑙 represents the final
state charged lepton, and thus 𝑚 𝑙 , 𝐸 𝑙 , 𝑝 𝑙 and 𝜃 𝑙 respectively represent its mass, energy, absolute
momentum and angle relative the neutrino beam axis.
Selection level
Total interactions
Trigger
Total interactions
Trigger

𝜈𝜇
7.25 × 107
3.81 × 107
6.88 × 105
3.48 × 105

𝜈¯ 𝜇
1.89 × 105
9.09 × 104
1.39 × 107
6.84 × 106

𝜈𝑒
3.57 × 105
5.61 × 104
4740
645

𝜈¯𝑒
833
93.5
4.12 × 104
5040

Horn polarization
Positive
Negative

Table 3.1: The number of expected neutrino interactions for each neutrino flavor as well as the expected
number of event triggers. Shown for both positive and negative polarization of the focusing horn.

Selection level
Trigger
Charged-lepton cuts
Neutrino cuts
Trigger
Charged-lepton cuts
Neutrino cuts

𝜈 𝜇 (𝑒 ID )
1.09 × 107
5.72 × 105
1.50 × 104
1.08 × 105
6720
123

𝜈𝑒 (𝑒 ID )
5.26 × 104
2.29 × 104
1.10 × 104
605
259
123

𝜈¯ 𝜇 (𝑒 ID )
2.66 × 104
1430
41.1
1.87 × 106
5.12 × 104
1930

𝜈¯𝑒 (𝑒 ID )
88.2
35.8
32.7
4740
2120
1860

Horn polarization
Positive

Negative

Table 3.2: The number of electron-identified events (𝑒 ID ) at each selection level for the four considered
neutrino species. Shown for both positive and negative polarization of the focusing horn.

4
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The number of electron-identified events that remain at each selection level are shown in
Table 3.2 for the four considered neutrino species. This event selection reduces the muon-neutrino
event rate in the electron-like sample to a similar level as the electron-neutrino rate, for each focusing
horn polarity. For the positive and negative horn polarities the signal-to-background ratios are 0.73
and 0.97, respectively.
In order to properly measure the interaction cross-section for electron-neutrinos incident on
nucleons in water, 𝜎𝜈𝑒 𝑁 , the neutrino energy must be reliably calculated. Assuming a quasi-elastic
charged-current interaction, the neutrino energy 𝐸 𝜈 is calculated using the following formula:
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𝜈𝜇

𝜈𝑒

The electron- and muon-neutrino event distributions are shown in Figure 3.1 over the true
and reconstructed neutrino energies, 𝐸 𝜈MC and 𝐸 𝜈reco respectively, after the full event selection.
The difference between the true and reconstructed energies is distributed with root-mean-square
values of 115 MeV (101 MeV) for muon-neutrinos and 212 MeV (138 MeV) for electron-neutrinos
for positive (negative) horn polarity.

4. Summary
The ESSnuSB long-baseline experiment is proposed to measure the leptonic CP violation with unprecedented precision through the measurement of neutrino oscillations in a high-intensity and lowenergy neutrino beam. The neutrinos will be detected by interactions in the megaton-scale waterCherenkov far detector, as well as the near detector system. The kiloton-scale water-Cherenkov near
detector will be an essential tool for measuring the electron-neutrino interaction cross-section with
nucleons, for which the low 𝜈𝑒 fraction in the neutrino beam requires a dedicated event selection.
In this talk we have presented the current 𝜈𝑒 event selection strategy, where the electron-neutrino
contribution was enhanced from < 2 ‰ at the trigger level to ∼ 50 % at the final selection level.
This selection still accepts a substantial fraction of triggered electron-neutrino events, 20 % (35 %)
for positive (negative) horn polarity, and demonstrates a good performance for neutrino energy
reconstruction. This will enable the measurement of the neutrino-nucleon interaction cross-section.
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Figure 3.1: Event distributions over the true and reconstructed neutrino energies per running-year with
positive horn polarity, after the full event selection. Left: electron-neutrino events. Right: muon-neutrino
events.
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