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3IPHC, Université de Strasbourg, CNRS/IN2P3, Strasbourg, France
4Department of Physics, School of Engineering Sciences, KTH Royal Institute of Technology, 106 91 Stockholm, Sweden

5The Oskar Klein Centre, AlbaNova University Center, Roslagstullsbacken 21, 106 91 Stockholm, Sweden
6Sofia University St. Kliment Ohridski, Faculty of Physics, 1164 Sofia, Bulgaria

7University of Milano-Bicocca and INFN Sez. di Milano-Bicocca, 20126 Milano, Italy
8Department of Physics, Lund University, P.O Box 118, 221 00 Lund, Sweden

9Department of Physics and Astronomy, FREIA Division, Uppsala University, P.O. Box 516, 751 20 Uppsala, Sweden
10Faculty of Engineering, Lund University, P.O Box 118, 221 00 Lund, Sweden

11AGH University of Krakow, al. A. Mickiewicza 30, 30-059 Krakow, Poland
12CERN, 1211 Geneva 23, Switzerland

13Institute of Nuclear and Particle Physics, NCSR Demokritos, Neapoleos 27, 15341 Agia Paraskevi, Greece
14Cockroft Institute (A36), Liverpool University, Warrington WA4 4AD, UK

15Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
16Institute for Advanced Research, Nagoya University, Nagoya 464-8601, Japan

17Center of Excellence for Advanced Materials and Sensing Devices, Ruer Bošković Institute, 10000 Zagreb, Croatia
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Abstract
ESSνSB is a design study for a next-generation long-baseline neutrino experiment that aims at the precise
measurement of the CP-violating phase, δCP, in the leptonic sector at the second oscillation maximum. The
conceptual design report published from the first phase of the project showed that after 10 years of data
taking, more than 70% of the possible δCP range will be covered with 5σ C.L. to reject the no-CP-violation
hypothesis. The expected value of δCP precision is smaller than 8◦ for all δCP values. The next phase of the
project, the ESSνSB+, aims at using the intense muon flux produced together with neutrinos to measure
the neutrino-nucleus cross-section, the dominant term of the systematic uncertainty, in the energy range
of 0.2–0.6 GeV, using a Low Energy neutrinos from STORed Muons (LEnuSTORM) and a Low Energy
Monitored Neutrino Beam (LEMNB) facilities.
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1. INTRODUCTION
Based on the tiny differences in how matter and antimatter be-
have at the scale of elementary particles, this soon after the Big
Bang, after annihilation, led to a universe dominated by matter.
In order for any theory to explain this observed baryon asym-
metry of the universe, three conditions, known as Sakharov
conditions [1], must be fulfilled: Baryon number violation, C
and CP-violation (CPV) and interactions out of thermal equi-
librium. The CPV has been already discovered in the hadron
sector in 1964, in the neutral kaon decay [2]. However, the mea-
sured matter/antimatter asymmetry is ca. 9 orders of magni-
tude larger than what can be explained by the quark CPV. Sev-
eral leptogenesis models predicts that the CPV necessary for
the generation of the baryon asymmetry is driven exclusively
by the CP-violating phase in the PMNS leptonic mixing matrix,
δCP, and thus is directly related to the CPV at the electroweak
scale in the leptonic sector (e.g., in neutrino (ν-)oscillations)
[3, 4, 5, 6]. While, CPV has not been confirmed yet in the lepton
sector [7], the value of δCP must be measured with the highest
possible precision in order to verify or falsify the proposed lep-
togenesis models and the various lepton flavors models, whose
predictions overall cover a rather broad range of δCP values.
The current generation of ν-oscillation experiments [8, 9, 10]
will determine the values of the three mixing-angle and the
two mass-splitting parameters of the PMNS matrix with high
precision. However, neither of these experiments can reach the
confidence level required to claim the CPV discovery.

The measurement of the unexpectedly high value of the
third neutrino mixing angle, θ13, by the reactor neutrino ex-
periments [11, 12] opened the possibility of discovering δCP
with intense “super”, i.e., with beam power larger than 1 MW,
neutrino beam experiments. The next generation long-baseline
experiments: the Deep Underground Neutrino Experiment
(DUNE) in the USA [13], the Tokai to Hyper-Kamiokande
(T2HK) in Japan [14], and the next-to-next generation: the Eu-
ropean Spallation Source neutrino Super Beam (ESSνSB) in Eu-
rope [15], will use these intense neutrino beams at a Mega-Watt
scale power for their measurements. While the design of the
T2HK experiment aims for measurement at the first oscillation
maximum and that of DUNE will allow it to explore a wide-
band beam that fully covers the region of the first maxima and
part of the second [16, 17], the ESSνSB will be measuring at the
second oscillation maximum.

2. THE EUROPEAN SPALLATION SOURCE
NEUTRINO SUPER BEAM

ESSνSB is a European scientific collaboration, gathering 21 in-
stitutes and universities, including CERN and ESS, from 11 EU
countries. The first phase of the project was financed through
the Horizon 2020 program for a design study and was con-
cluded in March 2022. This phase demonstrated the ability of
the use of the European Spallation Source (ESS) linac [18] to
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produce an intense neutrino beam. Several upgrades to the ESS
facility will need to be applied in order to be able to host the
neutrino facility. The pulse frequency of the ESS linac (the pro-
ton driver) will be increased from 14 Hz to 28 Hz to obtain addi-
tional acceleration cycles that will be used for neutrino produc-
tion, without affecting the neutron program. An accumulator
ring will be built to shorten the ESS pulse to about 1.2 µs. A neu-
trino production target station, composed of four identical tar-
gets enveloped by four magnetic focusing devices (horns), will
be built. The horns will be used to charge select and focus the
pions, and thus also the neutrinos resulting from their decay,
toward the near and far detectors. A near detector will be used
to monitor the neutrino beam and to measure neutrino interac-
tion cross-sections, especially electron neutrino cross-sections,
at a short baseline (250 m) from the neutrino source, while the
far detector will be used to detect the oscillated neutrino beam
at the long baseline 360 km. The results obtained from this de-
sign study were published in a comprehensive Conceptual De-
sign Report (CDR) [19]. Two baselines were proposed for the
location of the far detector: 360 km, which covers the second
and part of the first oscillation maximum, and 540 km, which
covers the second oscillation maximum only. The main physics
results obtained from this study are shown in Figure 1 and con-
cluded that the 360 km baseline offers better physics perfor-
mance of the detector compared to that at 540 km. Therefore,
the Zinkgruvan site at 360 km has been chosen to be the default
baseline of the ESSνSB experiment, while the Garpenberg site,
at 540 km, is chosen to be an alternative option. The left plot
of Figure 1 shows the experiment’s sensitivity for CP-violation
discovery as a function of δCP range of true values. It shows
that at the maximal violation, i.e., δCP ∼ ±90◦, the CPV discov-
ery sensitivity reaches ca. 12σ for the default baseline of 360 km.
The middle plot shows that ESSνSB will cover more than 70%
of the range of the true δCP values with a confidence level of
more than 5σ to reject the no-CPV hypothesis, after ca. 10 years
of data taking. The right plot shows that the expected preci-
sion on the measured value of δCP will be better than 8◦ for the
whole δCP range.

3. THE EUROPEAN SPALLATION SOURCE
NEUTRINO SUPER BEAM PLUS

The ESSνSB experiment is foreseen to be implemented in a
staged approach. The ESSνSB+ [20] is considered as the sec-
ond phase design study of the ESSνSB program; however, it
is supposed to be commissioned before the four-horn system
target station. This phase is funded by the European com-
mission Horizon-Europe programme for the period 2023–2026.
The physics motivation of this phase comes from the fact that
the data on neutrino interactions with matter at the low neu-
trino energy regime of the ESSνSB, i.e., with peak energies be-
tween 200 and 300 MeV and a flux dying of very quickly above
600 MeV, is scarce for neutrinos and almost nonexistent in the
antineutrino case [21]. On the other hand, from the point of
view of the nuclear response, this energy difference with other
experiments is highly relevant and the influence of nuclear
correlations on cross sections at these lower energies can be
expected to be significantly different. The uncertainty on the
neutrino-nucleus interaction cross-section in the water of the
water-Cherenkov far detector of the ESSνSB will be limited
foremost by systematic, rather than statistical, errors. There-
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FIGURE 1: (Left) Discovery sensitivity of the leptonic CPV of the ESSνSB experiment as a function of δCP range at the 360 km
baseline, with different assumptions for the systematic uncertainty. (Middle) The fraction of the covered δCP range for which CPV
can be discovered as a function of the significance at the main baselines, the 360 km, and at the alternative baseline, the 540 km.
(Right) The precision on δCP value as a function of the δCP range at the 360 km baseline option with different assumptions for the
systematic uncertainty.

fore, it is crucial to measure the neutrino-nucleus cross section
in the low energy range of the ESSνSB as precisely as possi-
ble for a precise determination of δCP value. The ESSνSB+ aims
at addressing the challenging task of measuring the neutrino-
nucleus cross-section using a special target station, a Low En-
ergy nuSTORM [22] (LEnuSTORM), and an ENUBET-like [23]
Low Energy Monitored Neutrino Beam (LEMNB) facilities.

Figure 2 shows a layout of the ESS site with proposed posi-
tions of the LEnuSTORM racetrack ring, the LEMNB, the near
detector complex and the dedicated target stations.

3.1. The Target Station
The ESSνSB+ target station will follow the design concept de-
veloped for the ESSνSB target station. While this latter consists
of four target-horn assemblies with each assembly receiving
1.25 MW proton beam power, to make a total beam power on
all targets equal to 5 MW, the ESSνSB+ target station will adopt
a single target-horn system and will be designed for 1.25 MW
proton beam power. The new target will adopt the packed bed
concept composed of titanium spheres cooled by helium flow
as the startup design of the ESSνSB+ target station. The pi-
ons produced in the secondary hadron beam will be extracted
and directed toward the LEnuSTORM decay ring and/or the
LEMNB decay tunnel.

To design the pion extraction, deflection, and focusing sys-
tem, the target station will be equipped with magnetic systems,
downstream of the target-horn assembly, which will rely on the
use of conventional dipoles, which will bend the beam in hori-
zontal and/or vertical planes. Moreover, sets of components for
magnetic focusing, quadruples, placed upstream of- or down-
stream of- the extraction system will guide the extracted pion
beam so that its transverse envelope is kept to a minimum
as it propagates through the beam transport line. To obtain a
well-focused dense flux of the pion beam, the horn geometry
and/or structure will be optimized. The optimized horn geom-
etry plays a crucial role in the design of the dipole which would
then deflect the beam to the LEnuSTORM ring and the LEMNB
tunnel.

3.2. The Low Energy nuSTORM (LEnuSTORM)
As discussed in the previous section, the secondary pion beam
will be deflected toward the LEnuSTORM. The pions will then

enter a “racetrack” muon storage ring via a transfer-line at
the end of the extraction system, where they will decay, in the
straight section of the LEnuSTORM ring, to muons. A bend at
the end of the straight section will be designed to kinematically
select muons to keep them in the ring, while the undecayed pi-
ons will be dumped into a beam dump. The muons circulating
in the ring will then decay to neutrinos via µ+ → e+ + νe + νµ

(or its charged conjugate version for the π−/µ− mode). The
LEnuSTORM ring will be designed to deliver a well-defined
equal amount of muon- and electron-neutrino beams, which
will be used for the cross-section measurements and for the
sterile neutrino searches. It is worth noting that an additional
source of muon-neutrinos will come from the pions that de-
cay in the first straight section of the ring, through the process
π+ → µ+ + νµ (or its charged conjugate version for π− mode
of operation). These muon-neutrinos are of the opposite sign to
those produced in the main LEnuSTORM beam. The prelimi-
nary physics simulations have shown that this contribution can
be filtered out, if needed, in the analysis stage using timing in-
formation.

3.3. The Low Energy Monitored Neutrino Beam (LEMNB)
The LEMNB working principle depends on tagging (monitor-
ing) the pions and muons associated with the neutrinos that
have been produced in the decay of these mesons, in an in-
strumented decay tunnel. The decay tunnel walls will be in-
strumented by an iron-scintillator calorimeter, which will be
used to reconstruct the energy and the direction of the charged
muons from pion decays and electrons from the muon decays
[15]. As the LEMNB technique favours long pulses to avoid
pile-up, which is not accepted by the ESSνSB and LEnuSTORM,
a bypass line between the accumulator ring and the LENMB
tunnel will be added. This will require a static, rather than mag-
netic horn, focusing approach (since the horn will not be able
to withstand long high-current pulses). The LEMNB and the
LEnuSTORM will point their neutrino beam to the same near
detector.

3.4. The ESSνSB+ Detectors
The ESSνSB near detector will be used as a far detector of
LEnuSTORM. An additional detector, the Low Energy Neutri-
nos from Stored Muons and Monitored beam Detector (LEM-
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FIGURE 2: A CAD drawing of the conceptual layout of the ESS site with the proposed LEnuSTORM ring, the LEMNB, the near
detector complex, and the target stations.

MOND), will be added to the experiment’s detector complex.
LEMMOND will be dedicated to obtaining a precise measure-
ment of neutrino interaction cross sections on the water to be
used in the ESSνSB experiment for the high-precision measure-
ment of the CP violating phase. It will also serve as the near
detector in the short baseline setup of the ESSνSB+ along with
the near detectors complex of the ESSνSB long baseline project.
It will be located downstream of the Low Energy Stored muons
racetrack and the end of the decay tunnel of the Monitored
Neutrino beam. It should be movable to be in the beam direc-
tion once each of the above facilities is operational.

4. CONCLUSION
The first phase of the ESSνSB design study has been success-
fully concluded, and a comprehensive conceptual design re-
port has been published. The results reported in the CDR
demonstrated the unprecedented physics potential of the ex-
periment. The second phase of the ESSνSB program, ESSνSB+,
has started and is focusing on including facilities for high pre-
cision neutrino cross-section measurements at low neutrino en-
ergy based on the build-up of a Low Energy Monitored Neu-
trino Beam and Low Energy nuSTORM as the first stages in the
ESSnuSB programme. This phase will include a program ded-
icated to performing civil engineering conceptual studies and
exploring the additional physics possibilities of the proposed
infrastructure.

CONFLICTS OF INTEREST
The authors declare that there are no conflicts of interest re-
garding the publication of this paper.

ACKNOWLEDGMENTS
This work is funded by the European Union. Views and opin-
ions expressed are however those of the author(s) only and do
not necessarily reflect those of the European Union. Neither
the European Union nor the granting authority can be held re-
sponsible for them. We acknowledge further support provided
by the following research funding agencies: Centre National
de la Recherche Scientifique, France; Deutsche Forschungs-
gemeinschaft, Projektnummer 423761110 and the Excellence
Strategy of the Federal Government and the Länder, Ger-
many; Ministry of Science and Education of Republic of Croa-
tia grant No. KK.01.1.1.01.0001; the European Union’s Hori-
zon 2020 research and innovation programme under the Marie
Skłodowska -Curie grant agreement No 860881-HIDDeN; the
European Union NextGenerationEU, through the National Re-
covery and Resilience Plan of the Republic of Bulgaria, project
No. BG-RRP-2.004-0008-C01.

References
[1] A. Sakharov, JETP Lett. 5, 24 (1967).
[2] R. Aaij et al., Phys. Rev. Lett. 122, 211803 (2019).
[3] A. S. Joshipura et al., JHEP08, 029 (2001).
[4] S. Pascoli, S. T. Petcov, and A. Riotto, Phys. Rev. D75,

083511 (2007).
[5] S. Pascoli, S. T. Petcov, and A. Riotto, Nucl. Phys. B774, 1

(2007).
[6] K. Moffat, S. Pascoli, and J. Turner, JHEP03, 034 (2019).
[7] K. Abe et al., Nature 580, 339 (2020).
[8] K. Abe et al., Eur. Phys. J. C. Part Fields, 83, 782 (2023).
[9] M. A. Acero et al., Phys. Rev. Lett. 123, 151803 (2019).

[10] A. Abusleme, arXiv:2104.02565 (2021).

4



Letters in High Energy Physics LHEP-517, 2024

[11] F. An et al., Phys.Rev.Lett. 108, 171803 (2012).
[12] K. Abe et al., Phys.Rev.Lett. 107, 041801 (2011).
[13] B. Abi et al., J. Instrum. 15, T08008 (2020).
[14] K. Abe et al., arXiv:1805.04163, (2018).
[15] A. Alekou et al., Universe 9, 347 (2023).
[16] J. Rout, S. Shafaq, M. Bishai, and P. Mehta, Phys.Rev. D103,

116003 (2021).
[17] M. Ghosh, S. Goswami, and S. K. Raut, Eur. Phys. J. C76,

114 (2016).
[18] https://essnusb.eu/
[19] A. Alekou et al., Eur. Phys. J. Spec. Top. 231, 3779 (2022).
[20] T. Tolba et al., JACoW IPAC2023, 911 (2023).
[21] J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84, 1307

(2012).
[22] L. A. Ruso et al., arXiv:2203.07545, in Proc. of the Snow-

mass 2021 (2022).
[23] A. Longhin and F. Terranova, arXiv:2203.08319, in Proc. of

the Snowmass 2021 (2022).

5


