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Abstract: The upcoming European Spallation Source (ESS) will soon provide the most

intense neutrino source in the world. We propose the Search for Hidden Neutrinos at

the ESS (SHiNESS) experiment, highlighting its unique opportunities to search for the

existence of sterile neutrinos across a wide range of scales: anomalous oscillations at short

baselines; non-unitarity mixing in the active neutrino sector; or an excess of events with

multiple leptons in the final state, produced in the decay of heavy neutrinos. The baseline

design of the detector comprises an active volume filled with 42 ton of liquid scintillator,

located 25 m far from the ESS beam target. We show that SHiNESS will be able to

considerably improve current global limits for the three cases outlined above. Although in

this work we focus on new physics in the neutrino sector, the proposed setup may also be

used to search for signals from weakly interacting particles in a broader context.
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STEFANO ROBERTO SOLETI - SHINESS: SEARCH FOR HIDDEN NEUTRINOS AT THE ESS

• The ESS will produce the most intense neutron beam in the world via nuclear spallation.

• A proton beam will impinge on a rotating target wheel made of Tungsten bricks:
• 2 GeV energy
• 14 Hz rate
• 2.8 ms long spills
•  duty factor3.92 × 10−2

The European Spallation Source

2

the world [54]. The proton beam impinges on a rotating tungsten target, producing fast,

high-energy neutrons that are slowed down by the moderator. The 5 MW design power will

deliver a total of 2.8 ⇥ 1023 protons-on-target per calendar year, assuming 5000 hours of

beam delivery. The proton beam pulse has a rate of 14 Hz with 2.8 ms long spills, giving a

duty factor of 4⇥10�2. A comparison of the ESS beam pulse with other spallation sources

is shown in figure 1.

Figure 1: ESS pulse structure in terms of neutron brightness compared to other facilities.

The total number of neutrons is proportional to the area under the curve. Adapted from

ref. [54].

Compared to the Spallation Neutron Source (SNS) in Oak Ridge, United States and

the J-PARC facility in Tokai, Japan, the ESS has a much larger duty factor. This feature,

in principle, could increase the background from steady-state processes such as cosmic

rays. However, steady-state backgrounds can be accurately characterized during the long

anti-coincident periods between beam spills [53], and the signal-to-background figure of

merit (FOM), as defined in ref. [55] and reproduced in figure 2, is comparable for the three

facilities.

Spallation sources produce both ⇡� and ⇡+ in the proton-nucleus collisions in the

target. Negative pions are e�ciently absorbed by nuclei before they can decay, while

positive ones lose energy as they propagate and finally decay at rest through:

⇡+
!µ+ + ⌫µ (2.1)

µ+
! e+ + ⌫e + ⌫̄µ.

The energy spectra produced by these processes are well known [53, 56]. The ⌫µ flux is

monochromatic with E⌫µ ⇡ 29.7 MeV, since the ⇡+ decay is a two-body process, while the

⌫e and the ⌫̄µ fluxes exhibit a Michel distribution at energies E⌫e,⌫̄µ < mµ/2 ⇡ 52.8 MeV.

The goal of SHiNESS is to compare the expected amounts of ⇡+ DAR neutrino interactions

with the measured ones.

– 4 –

• Approximately one order of magnitude 
more intense than the Spallation Neutron 
Source at Oak Ridge. 
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• Spallation sources produce an intense flux of neutrinos as a 
byproduct through  decay at rest (DAR) and subsequent 

 decay

• The energy spectra of DAR neutrinos is well known (in 
contrast with conventional neutrino beams), making 
spallation sources an excellent tool to probe for new 
physics.

π+

μ+

π+

The ESS as a neutrino source
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duty factor of 4⇥10�2. A comparison of the ESS beam pulse with other spallation sources

is shown in figure 1.

Figure 1: ESS pulse structure in terms of neutron brightness compared to other facilities.

The total number of neutrons is proportional to the area under the curve. Adapted from

ref. [54].

Compared to the Spallation Neutron Source (SNS) in Oak Ridge, United States and

the J-PARC facility in Tokai, Japan, the ESS has a much larger duty factor. This feature,

in principle, could increase the background from steady-state processes such as cosmic
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anti-coincident periods between beam spills [53], and the signal-to-background figure of
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target. Negative pions are e�ciently absorbed by nuclei before they can decay, while

positive ones lose energy as they propagate and finally decay at rest through:

⇡+
!µ+ + ⌫µ (2.1)

µ+
! e+ + ⌫e + ⌫̄µ.

The energy spectra produced by these processes are well known [53, 56]. The ⌫µ flux is

monochromatic with E⌫µ ⇡ 29.7 MeV, since the ⇡+ decay is a two-body process, while the
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Figure 2: Comparison of past (black squares) and future (red diamonds) spallation sources

relative to the SNS (blue circle), in terms of neutrino flux and signal-to-background FOM.

Adapted from ref. [55].

A simplified simulation of the beam was performed for exploratory studies regarding

the detection of coherent elastic neutrino-nucleus scattering (CE⌫NS) at the ESS. The

neutrino yield obtained by this simulation is 0.3 per proton [53], resulting in an expected

8.5 ⇥ 1022 ⇡+ DAR neutrinos per flavor per year. Figure 3 shows the neutrino flux as a

function of the energy, obtained with a Geant4 [57] simulation using the BERT-HP physics

list [58].

Apart from the monoenergetic peak at 29.7 MeV and the two Michel distributions for

the ⌫̄µ and the ⌫e components, the spectrum presents several interesting features:

• muons captured by an atom can decay in orbit, producing ⌫µ with an endpoint energy

of around 105 MeV;

• kaons produced by the beam impinging on the target can also decay and produce

monoenergetic 236 MeV ⌫µ through K+
! µ+⌫µ;

• the small amount of µ� that decay before being absorbed can produce ⌫̄e through

µ�
! e�⌫̄e⌫µ. This component represents an irreducible background for the ⌫̄e

appearance search (see section 5.1).

The COHERENT collaboration has shown that the systematic uncertainty associated

to the neutrino flux of the SNS can be constrained at the 10% level [59]. This is also

– 5 –

2

coming European Spallation Source (ESS) sited in Lund,
Sweden. The ESS will combine the world’s most power-
ful superconducting proton linac with an advanced hy-
drogen moderator, generating the most intense neutron
beams for multi-disciplinary science (Fig. 1). It will also
provide an order of magnitude increase in neutrino flux
with respect to the SNS. This will facilitate CE⌫NS mea-
surements not limited in their sensitivity to new physics
(NP) by poor signal statistics, while still employing non-
intrusive, compact (few kg) neutrino detectors, able to
operate without interference with ESS neutron activities.

FIG. 1: (Source: ESS) Neutron production from existing and
planned spallation sources. The nominal SNS power is 1 MW
at proton energy 1 GeV, with a plan to reach 2 MW by 2026.
The ESS power will be 5 MW at 2 GeV circa 2023, with
the ability to further upgrade. Di↵erences in the duration of
the protons-on-target (POT) pulse are visible in the figure.
The ESS will generate an increase in neutron brightness by a
factor 30-100 with respect to previous spallation sources, and
an order of magnitude larger neutrino yield than the SNS.

This manuscript is organized as follows. Section II de-
scribes the characteristics of the ESS as a neutrino source
for CE⌫NS, establishing a positive comparison with the
SNS in all aspects involved, while also delineating the
ESS site characterization activities that will be neces-
sary to confirm this strong potential. Section III briefly
describes a number of state-of-the-art nuclear recoil de-
tector technologies maximally able to exploit the oppor-
tunity that the ESS represents. Section IV discusses the
physics reach provided by the combination of this source
and these detectors, on a number of phenomenological
fronts probing for deviations from the Standard Model
(SM). Our conclusions are presented in Section V. Chief
among those is the unique opportunity provided by the
ESS to perform precision studies of CE⌫NS, for which
the statistics of the neutrino signal will contribute a sub-
dominant uncertainty.
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FIG. 2: Neutrino flux spectra expected from pion DAR, in
arbitrary units (a.u.), as a function of the neutrino energy in
MeV. The three components of the flux are shown separately
as indicated by the legend. The distributions have been nor-
malized to one.

II. THE ESS AS A NEUTRINO SOURCE:
COMPARISON TO THE SNS

At spallation sources, both ⇡+ and ⇡� are produced in
proton-nucleus collisions in the target. While the result-
ing ⇡� are e�ciently absorbed by nuclei before they can
decay, the produced ⇡+ lose energy as they propagate in
the target and will eventually decay at rest (DAR) into
⇡+

! µ+⌫µ, followed in close spatial vicinity (within
⇠0.2 g/cm2) by µ+

! e+⌫e⌫̄µ. Three neutrino flavors
with essentially identical CE⌫NS cross section [35], are
therefore engendered for each ⇡+ created. Being the re-
sult of a two-body decay, the ⌫µ flux is monochromatic:
E⌫µ = (m2

⇡�m2

µ)/(2m⇡) ' 29.7 MeV, where m⇡ and mµ

refer to the pion and muon masses, respectively. Con-
versely, the ⌫e and ⌫̄µ fluxes follow a continuous distribu-
tion at energies E⌫e,⌫̄µ < mµ/2 ' 52.8 MeV. Normalized
to one, they read:

f⌫̄µ(E⌫) =
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Since the lifetime of the muon is much longer than that
of the pion, the monochromatic component is usually re-
ferred to as the prompt contribution to the flux, as op-
posed to the delayed contributions from µ+ decay. For
reference, the flux spectra is shown in Fig. 2, for the three
components separately.

Besides the obvious gain in statistics with respect to
other neutrino sources, the use of neutrinos from pion de-
cay at rest presents a clear advantage: the energy depen-
dence of the flux is well-known in this case, and there is
only room for systematic uncertainties a↵ecting its nor-
malization. This contrasts with the large uncertainties

Phys.Rept. 1023 (2023) 1-84
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the world [54]. The proton beam impinges on a rotating tungsten target, producing fast,

high-energy neutrons that are slowed down by the moderator. The 5 MW design power will

deliver a total of 2.8 ⇥ 1023 protons-on-target per calendar year, assuming 5000 hours of

beam delivery. The proton beam pulse has a rate of 14 Hz with 2.8 ms long spills, giving a

duty factor of 4⇥10�2. A comparison of the ESS beam pulse with other spallation sources

is shown in figure 1.
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The total number of neutrons is proportional to the area under the curve. Adapted from
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Compared to the Spallation Neutron Source (SNS) in Oak Ridge, United States and

the J-PARC facility in Tokai, Japan, the ESS has a much larger duty factor. This feature,

in principle, could increase the background from steady-state processes such as cosmic

rays. However, steady-state backgrounds can be accurately characterized during the long

anti-coincident periods between beam spills [53], and the signal-to-background figure of

merit (FOM), as defined in ref. [55] and reproduced in figure 2, is comparable for the three

facilities.

Spallation sources produce both ⇡� and ⇡+ in the proton-nucleus collisions in the

target. Negative pions are e�ciently absorbed by nuclei before they can decay, while

positive ones lose energy as they propagate and finally decay at rest through:
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The energy spectra produced by these processes are well known [53, 56]. The ⌫µ flux is

monochromatic with E⌫µ ⇡ 29.7 MeV, since the ⇡+ decay is a two-body process, while the
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Figure 2: Comparison of past (black squares) and future (red diamonds) spallation sources

relative to the SNS (blue circle), in terms of neutrino flux and signal-to-background FOM.

Adapted from ref. [55].

A simplified simulation of the beam was performed for exploratory studies regarding

the detection of coherent elastic neutrino-nucleus scattering (CE⌫NS) at the ESS. The

neutrino yield obtained by this simulation is 0.3 per proton [53], resulting in an expected

8.5 ⇥ 1022 ⇡+ DAR neutrinos per flavor per year. Figure 3 shows the neutrino flux as a

function of the energy, obtained with a Geant4 [57] simulation using the BERT-HP physics

list [58].

Apart from the monoenergetic peak at 29.7 MeV and the two Michel distributions for

the ⌫̄µ and the ⌫e components, the spectrum presents several interesting features:

• muons captured by an atom can decay in orbit, producing ⌫µ with an endpoint energy

of around 105 MeV;

• kaons produced by the beam impinging on the target can also decay and produce

monoenergetic 236 MeV ⌫µ through K+
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c2IJCLab, Université Paris-Saclay, CNRS/IN2P3, 91405 Orsay, France

E-mail: roberto.soleti@dipc.org

Abstract: The upcoming European Spallation Source (ESS) will soon provide the most

intense neutrino source in the world. We propose the Search for Hidden Neutrinos at

the ESS (SHiNESS) experiment, highlighting its unique opportunities to search for the

existence of sterile neutrinos across a wide range of scales: anomalous oscillations at short

baselines; non-unitarity mixing in the active neutrino sector; or an excess of events with

multiple leptons in the final state, produced in the decay of heavy neutrinos. The baseline

design of the detector comprises an active volume filled with 42 ton of liquid scintillator,

located 25 m far from the ESS beam target. We show that SHiNESS will be able to

considerably improve current global limits for the three cases outlined above. Although in

this work we focus on new physics in the neutrino sector, the proposed setup may also be

used to search for signals from weakly interacting particles in a broader context.

ArXiv ePrint: 2311.18509

1Corresponding author.

ar
X

iv
:2

31
1.

18
50

9v
3 

 [h
ep

-e
x]

  2
6 

Fe
b 

20
24

STEFANO ROBERTO SOLETI - SHINESS: SEARCH FOR HIDDEN NEUTRINOS AT THE ESS

• Searching for new physics at spallation sources is not a novel idea: LSND at LAMPF, 
KARMEN at ISIS, JSNS2 at J-PARC, etc.

• However, the exceptional intensity of the ESS beam allows to reach unprecedented 
sensitivities for several new physics scenarios:

New physics at the ESS

4
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Figure 16: Left: The SHiNESS sensitivity to neutrino oscillations in the appearance chan-

nel. The LSND allowed region is shown in light blue [12]. The thin solid line corresponds

to the expected sensitivity of the JSNS2 experiment [64]. The dashed lines correspond to

exclusion contours of the KARMEN2 [26] and NOMAD [128] experiments. Right: The

SHiNESS sensitivity to neutrino oscillations in the ⌫e disappearance channel. The re-

gion allowed by the GALLEX+SAGE+BEST combined analysis [21, 22] is shown in light

blue. The dashed lines correspond to the exclusion contours of the RENO+NEOS [136],

PROSPECT [137], and KATRIN [138] experiments. Contours labeled as ‘Wilks’ have been

obtained assuming the test statistics follows a �2 distribution with two degrees of freedom,

see text for details.

7 Summary and conclusions

The existence of neutrino masses is irrefutable, and requires the extension of the particle

content of the Standard Model (SM). Such extension may lead to additional consequences,

including an apparent non-unitary mixing matrix in the active neutrino sector, anomalous

oscillations at short-baselines, or even the decay signals of heavy neutral leptons that

interact with the visible sector through their mixing with the SM neutrinos.

The ESS provides an exceptional opportunity to carry out neutrino experiments at

the edge of the intensity frontier, and to pursue new physics signals. The facility will

provide the most intense source of ⇡+DAR neutrinos in the world, with one order of

magnitude improvement with respect to current facilities. Here we propose to carry out a

new experiment, SHiNESS, and highlight the novel opportunities it o↵ers to explore the

existence of new physics in the neutrino sector.

The experiment will be able to collect a high-statistics sample of neutrino interactions

with only two calendar years of full-power beam. The baseline detector design includes

an acrylic vessel filled with 42 ton of liquid scintillator whose light is detected by large-

area PMTs and LAPPDs. Liquid scintillators are a low-risk, proven technology with a
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nel. The LSND allowed region is shown in light blue [12]. The thin solid line corresponds

to the expected sensitivity of the JSNS2 experiment [64]. The dashed lines correspond to

exclusion contours of the KARMEN2 [26] and NOMAD [128] experiments. Right: The

SHiNESS sensitivity to neutrino oscillations in the ⌫e disappearance channel. The re-

gion allowed by the GALLEX+SAGE+BEST combined analysis [21, 22] is shown in light

blue. The dashed lines correspond to the exclusion contours of the RENO+NEOS [136],

PROSPECT [137], and KATRIN [138] experiments. Contours labeled as ‘Wilks’ have been

obtained assuming the test statistics follows a �2 distribution with two degrees of freedom,

see text for details.

7 Summary and conclusions

The existence of neutrino masses is irrefutable, and requires the extension of the particle

content of the Standard Model (SM). Such extension may lead to additional consequences,

including an apparent non-unitary mixing matrix in the active neutrino sector, anomalous

oscillations at short-baselines, or even the decay signals of heavy neutral leptons that

interact with the visible sector through their mixing with the SM neutrinos.

The ESS provides an exceptional opportunity to carry out neutrino experiments at

the edge of the intensity frontier, and to pursue new physics signals. The facility will

provide the most intense source of ⇡+DAR neutrinos in the world, with one order of

magnitude improvement with respect to current facilities. Here we propose to carry out a

new experiment, SHiNESS, and highlight the novel opportunities it o↵ers to explore the

existence of new physics in the neutrino sector.

The experiment will be able to collect a high-statistics sample of neutrino interactions

with only two calendar years of full-power beam. The baseline detector design includes

an acrylic vessel filled with 42 ton of liquid scintillator whose light is detected by large-

area PMTs and LAPPDs. Liquid scintillators are a low-risk, proven technology with a
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Figure 17: Constraints at 90% C.L. on the mixing of a HNL |UlN |
2 with electron (left)

and muon (right) neutrinos, for 2 years of data taking. The gray areas correspond to

existing limits from PSI [139], PIENU [140–142], TRIUMF [143], and MicroBooNE [144],

obtained from ref. [108].

solid track record in particle physics. The introduction of LAPPDs allows to separate the

Cherenkov light from the scintillation light and enables the reconstruction of topological

features. A possible alternative is represented by water-based liquid scintillators, which

have the potential to improve the background-rejection capabilities of the experiment. The

proposed detector could also operate as a neutrino flux monitor for the proposed CE⌫NS

detection experiments [53] and represents a perfect fit for the rich ESS particle physics

program [55].

We have identified a potential location for the detector at about 25 m from the beam

target (see figure 4). The detector could eventually be replicated at a di↵erent baseline in

order to further reduce flux systematic uncertainties, as done by the JSNS2 collaboration

with the JSNS2-II detector [122].

To illustrate its physics potential, we have computed the expected sensitivities for

three well-motivated examples of new physics in the neutrino sector, as outlined above:

searches for a non-unitary leptonic mixing matrix (summarized in figure 14), for anomalous

oscillations induced by a sterile neutrino at the eV scale (see figure 16), and decay signals

of heavy neutral leptons with masses above the MeV scale (shown in figure 17). In all

three cases considered, we find that the SHiNESS experiment would be able to improve

significantly over current constraints, targeting unexplored regions of the parameter space.

A notebook has also been made available online, which allows to reproduce the sensitivities

and energy spectra of the channels used for our oscillation analysis [145].

The timing of this proposal is timely and appropriate, as the ESS user program is

expected to start in 2025. The search for light sterile neutrinos has spurred a very active

physics program in several laboratories worldwide. At the same time, the renewed interest

in heavy neutral leptons at the MeV-GeV scale has triggered an intense activity in the

– 31 –

• Heavy neutral leptons



Prepared for submission to JHEP IFT-UAM/CSIC-23-150

Search for Hidden Neutrinos at the European

Spallation Source: the SHiNESS experiment

S   iNESS

S  iNESS
Stefano Roberto Soleti,

a,1
Pilar Coloma,

b
Juan Jose Gómez Cadenas,
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Figure 16: Left: The SHiNESS sensitivity to neutrino oscillations in the appearance chan-

nel. The LSND allowed region is shown in light blue [12]. The thin solid line corresponds

to the expected sensitivity of the JSNS2 experiment [64]. The dashed lines correspond to

exclusion contours of the KARMEN2 [26] and NOMAD [128] experiments. Right: The

SHiNESS sensitivity to neutrino oscillations in the ⌫e disappearance channel. The re-

gion allowed by the GALLEX+SAGE+BEST combined analysis [21, 22] is shown in light

blue. The dashed lines correspond to the exclusion contours of the RENO+NEOS [136],

PROSPECT [137], and KATRIN [138] experiments. Contours labeled as ‘Wilks’ have been

obtained assuming the test statistics follows a �2 distribution with two degrees of freedom,

see text for details.

7 Summary and conclusions

The existence of neutrino masses is irrefutable, and requires the extension of the particle

content of the Standard Model (SM). Such extension may lead to additional consequences,

including an apparent non-unitary mixing matrix in the active neutrino sector, anomalous

oscillations at short-baselines, or even the decay signals of heavy neutral leptons that

interact with the visible sector through their mixing with the SM neutrinos.

The ESS provides an exceptional opportunity to carry out neutrino experiments at

the edge of the intensity frontier, and to pursue new physics signals. The facility will

provide the most intense source of ⇡+DAR neutrinos in the world, with one order of

magnitude improvement with respect to current facilities. Here we propose to carry out a

new experiment, SHiNESS, and highlight the novel opportunities it o↵ers to explore the

existence of new physics in the neutrino sector.

The experiment will be able to collect a high-statistics sample of neutrino interactions

with only two calendar years of full-power beam. The baseline detector design includes

an acrylic vessel filled with 42 ton of liquid scintillator whose light is detected by large-

area PMTs and LAPPDs. Liquid scintillators are a low-risk, proven technology with a

– 30 –

• Light sterile neutrino (LSND/MiniBooNE anomaly, gallium anomaly)

0.02 0.04 0.06 0.08 0.10 0.12

MN [GeV]

10�9

10�8

10�7

10�6

10�5

10�4

|U
eN

|2

SHiNESS
(2 years) TRIUMF

PIENU
(2017)

PIENU(Bryman et al)

(a) Electron mixing.

0.02 0.04 0.06 0.08 0.10

MN [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

|U
µ
N
|2

SHiNESS
(2 years)

PSI

PIENU
(low µ energy)

PIENU

µBooNE

(b) Muon mixing.

Figure 17: Constraints at 90% C.L. on the mixing of a HNL |UlN |
2 with electron (left)

and muon (right) neutrinos, for 2 years of data taking. The gray areas correspond to

existing limits from PSI [139], PIENU [140–142], TRIUMF [143], and MicroBooNE [144],

obtained from ref. [108].

solid track record in particle physics. The introduction of LAPPDs allows to separate the

Cherenkov light from the scintillation light and enables the reconstruction of topological

features. A possible alternative is represented by water-based liquid scintillators, which

have the potential to improve the background-rejection capabilities of the experiment. The

proposed detector could also operate as a neutrino flux monitor for the proposed CE⌫NS

detection experiments [53] and represents a perfect fit for the rich ESS particle physics

program [55].

We have identified a potential location for the detector at about 25 m from the beam

target (see figure 4). The detector could eventually be replicated at a di↵erent baseline in

order to further reduce flux systematic uncertainties, as done by the JSNS2 collaboration

with the JSNS2-II detector [122].

To illustrate its physics potential, we have computed the expected sensitivities for

three well-motivated examples of new physics in the neutrino sector, as outlined above:

searches for a non-unitary leptonic mixing matrix (summarized in figure 14), for anomalous

oscillations induced by a sterile neutrino at the eV scale (see figure 16), and decay signals

of heavy neutral leptons with masses above the MeV scale (shown in figure 17). In all

three cases considered, we find that the SHiNESS experiment would be able to improve

significantly over current constraints, targeting unexplored regions of the parameter space.

A notebook has also been made available online, which allows to reproduce the sensitivities

and energy spectra of the channels used for our oscillation analysis [145].

The timing of this proposal is timely and appropriate, as the ESS user program is

expected to start in 2025. The search for light sterile neutrinos has spurred a very active

physics program in several laboratories worldwide. At the same time, the renewed interest

in heavy neutral leptons at the MeV-GeV scale has triggered an intense activity in the
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obtained from the averaged-out region of light sterile neutrino searches at short-baseline

neutrino experiments (see the discussion in refs. [45, 105]), using the relation

|teµ|
2 =

1

2
sin2 ✓µe . (6.3)

Our results indicate that SHiNESS can significantly improve the limits provided by KAR-

MEN [26] and NOMAD [128], indicated by the shaded regions.
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Figure 14: �2 analysis with one degree of freedom for the ⌫̄e appearance channel as a

function of the absolute value of the electron-muon triangle closure parameter teµ for 2

years (blue) and 4 years (orange) of data taking. Existing limits at 90% C.L. from the

KARMEN [26] and NOMAD [128] experiments are shown in blue and red, respectively.

6.2 Light sterile neutrinos

The search for ⌫̄e appearance at spallation sources to look for light sterile neutrinos is not

a novel concept: it has been already performed by the KARMEN experiment at the ISIS

facility [26], was proposed by the OscSNS collaboration at the SNS [129], and is currently

being carried out by the JSNS2 collaboration at J-PARC [64]. However, the ESS beam will

provide a neutrino flux around 1 order of magnitude larger than J-PARC and SNS, allowing

a competitive sensitivity in this channel with a relatively small detector (42 ton of active

mass for SHiNESS, compared to the 450 ton of OscSNS). Using eq. (3.7) and assuming

the MiniBooNE best-fit point at (sin2 2✓µe, �m2

41
) = (0.807, 0.043 eV2) [13] gives a flux-

averaged appearance probability of 0.21% at SHiNESS location. We can multiply this

probability by the number of ⌫̄e interactions expected with 100% ⌫̄µ ! ⌫̄e transmutation

of eq. (4.5), obtaining an appearance signal of Napp
⌫̄e = 304 ± 23 events/year. Signal and

background events for this channel and 2 calendar years of data taking are summarized
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• Although the ESS is a facility focused on spallation neutrons, a comprehensive particle physics program 
has been proposed.

• In particular, our group at DIPC is focused on the detection of coherent elastic neutrino-nucleus scattering 
(CEvNS) with three different technologies (cryogenic CsI, p-type point contact Ge, high pressure gas TPC).

• Clear synergy with a  DAR experiment: having a complementary neutrino measurement can reduce the 
flux uncertainty (which is ~10% at SNS). 

π+

Particle physics at the ESS

5

Cryogenic undoped 
CsI

p-type point contact 
Ge

high pressure gas 
TPC

A COLINA visible 
above the horizon…

ERC-Advanced grant ERC-Starting grant

 Funded detectors (thus far)

Same response… 
Different systematics

https://arxiv.org/abs/2211.10396
https://indico.cern.ch/event/1342813/contributions/5913877/attachments/2877548/5039702/Magnificent.pdf
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oscillation is also well matched to the LSND allowed region in the (3+1) light sterile

neutrino model, as shown in section 3.2.

20 m

SHiNESS

Proton beam

Figure 4: Layout of the ESS experimental areas. The proton beam direction is from

right to left. The red circle represents the proposed SHiNESS tank, drawn to scale.

2.2.2 Technology

The detection of ⇡+DAR neutrino interactions can be e�ciently performed with a de-

tector filled with liquid scintillator, which is the solution adopted by the KARMEN [62],

LSND [63], and JSNS2 [64] experiments. In this proposal, as a baseline approach, we con-

sider a 5.3 m-high stainless steel cylindrical tank with a radius of 3.3 m. The tank contains

an acrylic vessel 4 m high and with a radius of 2 m. The vessel is filled with 42 ton of

liquid scintillator loaded with gadolinium. The space between the vessel and the tank

inner surface is filled with 31 ton of unloaded liquid scintillator, which allows to precisely

determine the active volume.

We adopt 2,5-diphenyhloxazole (PPO) as the fluor and linear alkylbenzene C6H5C10�13H2(10�13)+1

(LAB) as the solvent. This cocktail is largely available, has a high light yield and a high

flash point, with a successful track record in neutrino physics [9, 65–67]. A possible alter-

native is represented by a mixture of phenyl-xylylethane (PXE) and dodecane (C12H26),

which was successfully used by the Double Chooz experiment [68, 69]. The presence of

a small concentration of gadolinium (around 0.1% in mass) greatly increases the neutron

absorption probability, given its very high neutron cross section (48800 barn) [70]. The Gd

– 7 –

Figure 6: Three-dimensional drawing of the SHiNESS detector, which comprises of a

cylindrical stainless steel tank (5.3 m high and 5.3 m wide) containing an acrylic vessel (in

blue) filled with 42 t of liquid scintillator. The light is collected by 38 Hamamatsu PMTs

R12860 (in white) and 32 Incom LAPPDs (the gray squares).

A naive centroid algorithm using only the light detected by the PMTs gives a vertex

resolution of approximately 20 cm (see figure 8b). This value can be significantly im-

proved by reconstructing the Cherenkov cone using the first hundreds of picoseconds of the

LAPPDs signals, as demonstrated by the ANNIE experiment [78].

Figure 9 shows the spatial distribution for Cherenkov and scintillation photons and

the relative charge collected by the photosensors in the SHiNESS detector for a e+e� pair

produced by a HNL decay. Isolating the Cherenkov component allows to reconstruct the

direction of the two leptons, which would not be possible using only the scintillation light.

The time discrimination between Cherenkov and scintillation light could eventually be

increased by loading the scintillator with slow fluors, as detailed in ref. [84]. Figure 10a

shows the arrival time distributions for the photons generated by a 30 MeV electron in the

SHiNESS detector, using PPO or acenaphthene, one of the slow fluor candidates. In the

latter case, the separation in time between Cherenkov and scintillation photons increases

up to few ns. After requiring a Cherenkov light detection e�ciency of 50%, the purity of the

Cherenkov selection goes from 23% in the case of PPO to 91% in the case of acenaphthene.

– 10 –

4 m

Hamamatsu 
PMT R12860

Incom 
LAPPD

• We propose a liquid scintillator tank (42 ton active 
volume) to detect neutrino interactions and HNL decays.

• Detector is placed 25 m far from the 
beam target off-axis in the backward 
direction (to suppress backgrounds).

• Light is detected by large-area 
PMTs and Incom LAPPDs, which 
allow to distinguish between 
Cherenkov and scintillation, 
enabling directionality.

https://arxiv.org/abs/2311.18509
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• The baseline designs includes a 42-ton tank filled with a LAB/
PPO cocktail, proving a good light yield (~11,000 photons/MeV) 
and a long attenuation length (14 m at 430 nm). Largely used in 
neutrino physics (SNO+, RENO, etc.)

• Gadolinium loading to enhance neutron absorption (useful for 
inverse beta decay detection). Solution adopted by Daya Bay.

• Better than 5% energy resolution for O(10 MeV) electrons. 
• Vertex resolution only with PMTs ~20 cm.
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]

Figure 7: Simulated event display of an inverse beta decay in the liquid scintillator tank,

showing the charge collected by the photosensors. The circles correspond to Hamamatsu

R12860 PMTs and the squares to Incom LAPPDs. The true trajectories correspond to the

colored segments (in red the particle tracks generated by the positron, in green the ones

generated by the neutron).
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MeV e+.
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(b) Position resolution in the x axis for a 20 MeV
e+ and a 1 MeV neutron. The x coordinate has
been reconstructed with a centroid algorithm us-
ing the scintillation light in the PMTs.

Figure 8: Energy (left) and position (right) resolution in the SHiNESS detector for a

positron and a neutron.
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Figure 8: Energy (left) and position (right) resolution in the SHiNESS detector for a

positron and a neutron.
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• Scintillation photons are abundant and allow to measure the energy of the event.
• However, they are produced ~isotropically and with a certain emission time constant, giving no 

information on the directionality.
• Cherenkov photons, on the other hand, are emitted promptly and along the direction of the 

particle, producing the typical Cherenkov rings.
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Figure 9: Spatial distribution of scintillation and Cherenkov photons (top) and the

corresponding charge collected by the photosensors placed on the side of the SHiNESS

detector (bottom) for a e+e� pair produced by a HNL decay. The red dot corresponds to

the interaction vertex.
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(a) Light emission time profile for Cherenkov
and scintillation photons.
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(b) Wavelength spectrum for Cherenkov and
scintillation photons (left axis) and QE for the
two kinds of photosensor (right axis).

Figure 10: Scintillation with PPO (light red), scintillation with acenaphthene (red),

and Cherenkov (blue) photon distributions as a function of time (left) and wavelength

(right) for a 30 MeV electron in the SHiNESS detector. Quantum e�ciency (QE) for the

Hamamatsu PMT and the Incom LAPPD are also provided.
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Figure 9: Spatial distribution of scintillation and Cherenkov photons (top) and the

corresponding charge collected by the photosensors placed on the side of the SHiNESS

detector (bottom) for a e+e� pair produced by a HNL decay. The red dot corresponds to

the interaction vertex.
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Figure 10: Scintillation with PPO (light red), scintillation with acenaphthene (red),

and Cherenkov (blue) photon distributions as a function of time (left) and wavelength

(right) for a 30 MeV electron in the SHiNESS detector. Quantum e�ciency (QE) for the

Hamamatsu PMT and the Incom LAPPD are also provided.
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Figure 7: Simulated event display of an inverse beta decay in the liquid scintillator tank,

showing the charge collected by the photosensors. The circles correspond to Hamamatsu

R12860 PMTs and the squares to Incom LAPPDs. The true trajectories correspond to the

colored segments (in red the particle tracks generated by the positron, in green the ones

generated by the neutron).
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MeV e+.
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e+ and a 1 MeV neutron. The x coordinate has
been reconstructed with a centroid algorithm us-
ing the scintillation light in the PMTs.

Figure 8: Energy (left) and position (right) resolution in the SHiNESS detector for a

positron and a neutron.
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Inverse beta decay event display
• Isolating Cherenkov photons allows to reconstruct particle direction. 
• This is achieved with the LAPPDs, providing 50 ps time resolution.
• Further discrimination could be achieved with slow flours, 

which increase the scintillation time constant, and quantum 
dots, which could shifts the UV component of the 
Cherenkov towards the visible.

https://arxiv.org/abs/2001.10825
https://arxiv.org/abs/1908.03564
https://arxiv.org/abs/1908.03564
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decay width:

�(N ! e+e�⌫µ) =
G2

F m5

N

768⇡3
|UµN |

2
�
1 � 4 sin2 ✓W + 8 sin4 ✓W

�
, (3.8)

where ✓W is the Weinberg angle.

In the electron mixing case, the HNL is abundantly produced both from the decay of

muons and pions. Contrary to the muon mixing case, in this case the HNL can decay both

via the neutral current and the charged current. The corresponding decay rate reads [110,

111]:

�(N ! e+e�⌫e) =
G2

F m5

N

768⇡3
|UeN |

2
�
1 + 4 sin2 ✓W + 8 sin4 ✓W

�
. (3.9)

In the limit of a very long-lived HNL of mass mN , the total number of HNL decays in

the detector can be obtained approximately as:

N
|U2

lN |
ee,i ' Ni ⇥ ✏(i)

det
(mN ) ⇥ ✏acc ⇥

1

�i

Z
dEN

d�(i ! lN)

dEN
⇥

Ldet

��c⌧N
⇥ BR(N ! ⌫ee),

(3.10)

where Ni stands for the total number of parent particles (i = µ, ⇡), f represents the

other particles produced together with the HNL (which depend on the decay channel),

d�(i ! fN)/dEN is the di↵erential production rate as a function of the HNL energy EN

(which can be found e.g. in ref. [109]), and �i is the total decay width of particle i. The

detector acceptance is defined by ✏acc and the selection e�ciency is given by ✏(i)
det

(mN ), see

figure 13. When the parent particle i is a muon the HNL production is not monochromatic,

thus ✏(i)
det

(mN ) is taken as the weighted average according to the HNL energy spectrum.

The length of the detector is Ldet, and c�⌧N is the decay length of the HNL in the lab

frame, while BR(N ! ⌫ee) is the branching ratio into the decay channel N ! ⌫ee. It

follows from eq. (3.10) that, in this limit, the result only depends on �(N ! ⌫ee), while

the dependence on the total width of the HNL e↵ectively drops out.

4 Expected number of signal events

4.1 Neutrino detection

4.1.1 Inverse beta decay

The interaction of ⌫̄e in the liquid scintillator can be detected through to observation of

the IBD process both on protons:

⌫̄e + p ! e+ + n. (4.1)

and on carbon atoms:

⌫̄e +12 C ! e+ + n +11 B. (4.2)

The experimental signature of this process is the emission of a positron followed by the

delayed neutron capture and its � emission. Figure 11 shows the time and charge distri-

bution for 104 IBD events in the SHiNESS detector, obtained with a Geant4 simulation.

– 17 –
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frame, while BR(N ! ⌫ee) is the branching ratio into the decay channel N ! ⌫ee. It

follows from eq. (3.10) that, in this limit, the result only depends on �(N ! ⌫ee), while

the dependence on the total width of the HNL e↵ectively drops out.

4 Expected number of signal events

4.1 Neutrino detection

4.1.1 Inverse beta decay

The interaction of ⌫̄e in the liquid scintillator can be detected through to observation of

the IBD process both on protons:

⌫̄e + p ! e+ + n. (4.1)

and on carbon atoms:

⌫̄e +12 C ! e+ + n +11 B. (4.2)

The experimental signature of this process is the emission of a positron followed by the

delayed neutron capture and its � emission. Figure 11 shows the time and charge distri-

bution for 104 IBD events in the SHiNESS detector, obtained with a Geant4 simulation.
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The positron generates a prompt signal, while the neutron absorption generates a delayed

signal with a characteristic exponential time constant of around 28 µs. Neutrons generate

signal in the lower end of the charge spectrum, while the positrons follow a broad Michel

distribution.
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Figure 11: Charge and time distribution for 104 IBD events in the SHiNESS detector.

The positrons produce a prompt signal with a broad charge distribution, while the neutrons

are absorbed with a characteristic time constant of around 28 µs and are concentrated at

lower energies, corresponding to the 8 MeV capture by Gd and the 2.2 MeV capture by

hydrogen.

Assuming an active mass of 42 ton of liquid scintillator and knowing the flux-averaged

cross sections we can calculate the number of inverse beta decay events we expect in case of

⌫̄e appearance. The yearly flux of ⌫̄µ from ⇡+ DAR that can oscillate into ⌫̄e at a distance

of L =25 m from the beam target is given by:

�⌫̄µ =
8.5 ⇥ 1022

4⇡L2
events/year (4.3)

=1.08 ⇥ 1015 cm�2 events/year. (4.4)

The total number of oscillated ⌫̄e events, assuming a 100% oscillation probability and a

10% systematic uncertainty, is given by the sum of the interactions on the proton and

carbon targets:

N IBD

⌫̄e = (NH · �
⌫̄µ
⌫̄ep!e+n+ (4.5)

NC · �
⌫̄µ
⌫̄12
e C!e+n11B

) · �⌫̄µ · ✏det

=(1.48 ± 0.15) ⇥ 105 events/year,

where:

• NH = 2.76 ⇥ 1030 is the number of hydrogen targets;
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• NC = 1.70 ⇥ 1030 is the number of carbon targets;

• �
⌫̄µ
⌫̄ep!e+n = 93.5⇥10�42 cm2 is the ⌫̄µ flux-averaged cross section for the IBD process

on proton [26, 112];

• �
⌫̄µ
⌫̄12
e C!e+n11B

= 8.5 ⇥ 10�42 cm2 is the ⌫̄µ flux-averaged cross section for the IBD

process on carbon [26, 113];

• ✏det = 0.5 is the assumed SHiNESS detector e�ciency.

4.1.2 Charged-current interaction

The ⌫e can interact on carbon via the charged-current channel:

⌫e +12 C !
12Ngs + e� (4.6)
12Ngs !

12 C + e+ + ⌫e.

The experimental signature of this process is the emission of the electron and the subsequent
12Ngs beta decay in delayed coincidence [114]. The scattered electron has a maximum

kinetic energy Ee� of 35.5 MeV due to the Q value of 17.3 MeV. The recoil energy of

the 12Ngs nucleus is negligible, so E⌫e = Ee� + 17.3 MeV [115]. The positron has a

maximum kinetic energy of 16.3 MeV and the decay has a lifetime of 15.9 ms [116], which is

significantly longer than the beam spill. Thus, in order to reduce the amount of steady-state

backgrounds, we apply a timing cut of 2 beam spills (7.6 ms), which has an e�ciency ✏time =

30%. Figure 12 shows the time distribution of the 12Ngs �+-decay for two consecutive beam

spills.

The yearly �⌫e flux from ⇡+ DAR is the same as the �⌫̄µ one of eq. (4.3), given the

production process of eq. (2.1). The number of ⌫e yearly charged-current interactions in

the detector with an energy larger than 17.3 MeV, assuming a 10% systematic uncertainty,

is then given by:

NCC

⌫e =NC · �⌫12
e C!e�12Ngs

· �⌫e(E⌫e > 17.3 MeV) · ✏det · ✏time (4.7)

=(2.19 ± 0.22) ⇥ 103 events/year,

where �⌫12
e C!e�12Ngs

= 8.9 ⇥ 10�42 cm2 is the flux-averaged cross section as calculated in

ref. [117]. Both the KARMEN [82] and the LSND experiment [115] found this calculation

in good agreement with the data.

4.1.3 Neutral-current interaction

All the three neutrino types ⌫̄µ, ⌫µ and ⌫e can interact with the carbon atom through the

neutral current (NC) channel and the subsequent emission of 15.11 MeV �:

12C + ⌫ !
12C⇤ + ⌫ (4.8)
12C⇤

!
12 C + �.

The flux-averaged cross sections for ⌫e and ⌫̄µ and for the monoenergetic ⌫µ were cal-

culated in ref. [118] as �
⌫e,⌫̄µ
12C⌫!12C⇤⌫ = 10.5⇥10�42 cm2 and �

⌫µ
12C⌫!12C⇤⌫ = 2.8⇥10�42 cm2,

– 19 –

• NC = 1.70 ⇥ 1030 is the number of carbon targets;

• �
⌫̄µ
⌫̄ep!e+n = 93.5⇥10�42 cm2 is the ⌫̄µ flux-averaged cross section for the IBD process

on proton [26, 112];

• �
⌫̄µ
⌫̄12
e C!e+n11B

= 8.5 ⇥ 10�42 cm2 is the ⌫̄µ flux-averaged cross section for the IBD

process on carbon [26, 113];

• ✏det = 0.5 is the assumed SHiNESS detector e�ciency.

4.1.2 Charged-current interaction

The ⌫e can interact on carbon via the charged-current channel:

⌫e +12 C !
12Ngs + e� (4.6)
12Ngs !

12 C + e+ + ⌫e.

The experimental signature of this process is the emission of the electron and the subsequent
12Ngs beta decay in delayed coincidence [114]. The scattered electron has a maximum

kinetic energy Ee� of 35.5 MeV due to the Q value of 17.3 MeV. The recoil energy of

the 12Ngs nucleus is negligible, so E⌫e = Ee� + 17.3 MeV [115]. The positron has a

maximum kinetic energy of 16.3 MeV and the decay has a lifetime of 15.9 ms [116], which is

significantly longer than the beam spill. Thus, in order to reduce the amount of steady-state

backgrounds, we apply a timing cut of 2 beam spills (7.6 ms), which has an e�ciency ✏time =

30%. Figure 12 shows the time distribution of the 12Ngs �+-decay for two consecutive beam

spills.

The yearly �⌫e flux from ⇡+ DAR is the same as the �⌫̄µ one of eq. (4.3), given the

production process of eq. (2.1). The number of ⌫e yearly charged-current interactions in

the detector with an energy larger than 17.3 MeV, assuming a 10% systematic uncertainty,

is then given by:

NCC

⌫e =NC · �⌫12
e C!e�12Ngs

· �⌫e(E⌫e > 17.3 MeV) · ✏det · ✏time (4.7)

=(2.19 ± 0.22) ⇥ 103 events/year,

where �⌫12
e C!e�12Ngs

= 8.9 ⇥ 10�42 cm2 is the flux-averaged cross section as calculated in

ref. [117]. Both the KARMEN [82] and the LSND experiment [115] found this calculation

in good agreement with the data.

4.1.3 Neutral-current interaction

All the three neutrino types ⌫̄µ, ⌫µ and ⌫e can interact with the carbon atom through the

neutral current (NC) channel and the subsequent emission of 15.11 MeV �:

12C + ⌫ !
12C⇤ + ⌫ (4.8)
12C⇤

!
12 C + �.

The flux-averaged cross sections for ⌫e and ⌫̄µ and for the monoenergetic ⌫µ were cal-

culated in ref. [118] as �
⌫e,⌫̄µ
12C⌫!12C⇤⌫ = 10.5⇥10�42 cm2 and �

⌫µ
12C⌫!12C⇤⌫ = 2.8⇥10�42 cm2,

– 19 –

• NC = 1.70 ⇥ 1030 is the number of carbon targets;

• �
⌫̄µ
⌫̄ep!e+n = 93.5⇥10�42 cm2 is the ⌫̄µ flux-averaged cross section for the IBD process

on proton [26, 112];

• �
⌫̄µ
⌫̄12
e C!e+n11B

= 8.5 ⇥ 10�42 cm2 is the ⌫̄µ flux-averaged cross section for the IBD

process on carbon [26, 113];

• ✏det = 0.5 is the assumed SHiNESS detector e�ciency.

4.1.2 Charged-current interaction

The ⌫e can interact on carbon via the charged-current channel:

⌫e +12 C !
12Ngs + e� (4.6)
12Ngs !

12 C + e+ + ⌫e.

The experimental signature of this process is the emission of the electron and the subsequent
12Ngs beta decay in delayed coincidence [114]. The scattered electron has a maximum

kinetic energy Ee� of 35.5 MeV due to the Q value of 17.3 MeV. The recoil energy of

the 12Ngs nucleus is negligible, so E⌫e = Ee� + 17.3 MeV [115]. The positron has a

maximum kinetic energy of 16.3 MeV and the decay has a lifetime of 15.9 ms [116], which is

significantly longer than the beam spill. Thus, in order to reduce the amount of steady-state

backgrounds, we apply a timing cut of 2 beam spills (7.6 ms), which has an e�ciency ✏time =

30%. Figure 12 shows the time distribution of the 12Ngs �+-decay for two consecutive beam

spills.

The yearly �⌫e flux from ⇡+ DAR is the same as the �⌫̄µ one of eq. (4.3), given the

production process of eq. (2.1). The number of ⌫e yearly charged-current interactions in

the detector with an energy larger than 17.3 MeV, assuming a 10% systematic uncertainty,

is then given by:

NCC

⌫e =NC · �⌫12
e C!e�12Ngs

· �⌫e(E⌫e > 17.3 MeV) · ✏det · ✏time (4.7)

=(2.19 ± 0.22) ⇥ 103 events/year,

where �⌫12
e C!e�12Ngs

= 8.9 ⇥ 10�42 cm2 is the flux-averaged cross section as calculated in

ref. [117]. Both the KARMEN [82] and the LSND experiment [115] found this calculation

in good agreement with the data.

4.1.3 Neutral-current interaction

All the three neutrino types ⌫̄µ, ⌫µ and ⌫e can interact with the carbon atom through the

neutral current (NC) channel and the subsequent emission of 15.11 MeV �:

12C + ⌫ !
12C⇤ + ⌫ (4.8)
12C⇤

!
12 C + �.

The flux-averaged cross sections for ⌫e and ⌫̄µ and for the monoenergetic ⌫µ were cal-

culated in ref. [118] as �
⌫e,⌫̄µ
12C⌫!12C⇤⌫ = 10.5⇥10�42 cm2 and �

⌫µ
12C⌫!12C⇤⌫ = 2.8⇥10�42 cm2,

– 19 –

0 20 40 60 80 100 120 140

Time [ms]

0.0

0.5

1.0

1.5

2.0

N
.
ev

en
ts

/
sp

ill
/

m
s

⇥10�10

12Ng.s. �+ decay

Signal time window

Beam spill

Figure 12: Time distribution of ⌫e +12 C ! e� +12 Ng.s. events (solid blue line) for two

consecutive beam spills. The beam-spill time window is shown in light red and the ⌫e

disappearance signal time window is defined by the dashed black lines. The fraction of

events inside the signal time window is 30%.

respectively. Both cross sections were measured by the KARMEN experiment and found

in good agreement with the calculation [119, 120]. Given the large beam spill of the ESS,

it is not possible to distinguish between ⌫µ, produced by prompt ⇡+ decay (⌧ = 26 ns),

and ⌫e and ⌫̄µ, produced by slower µ+ decay (⌧ = 2.2 µs). Thus, we consider a total cross

section for the entire flux �12C⌫!12C⇤⌫ = 13.3 ⇥ 10�42 cm2.

The total number of neutral current ⇡+ DAR neutrino interactions on carbon, assuming

a 10% systematic uncertainty, is then given by:

NNC

⌫ =NC · �12C⌫!12C⇤⌫ · �⌫ · ✏det (4.9)

=(7.33 ± 0.73) ⇥ 104 events/year, ,

where �⌫ = 3.24 ⇥ 1015 cm�2 events/year is the sum of the ⌫e, ⌫µ, and ⌫̄µ fluxes.

4.2 Decays of Heavy Neutral Leptons

As outlined in section 3.3, the main signal expected at SHiNESS from a HNL with mass

below the pion mass is an excess of events with an electron positron pair in the final

state (plus a neutrino, which of course exists the detector unobserved). The expected

number of signal events can be estimated inserting the values for SHiNESS into eq. (3.10),

for su�ciently low values of the mixing (so that the approximation of a very long-lived
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Neutrino mixing matrix

11

• Neutrino oscillations generally assume a unitary 3 × 3 lepton mixing matrix U (using e.g. the 
PMNS parametrization).

obtained from the averaged-out region of light sterile neutrino searches at short-baseline

neutrino experiments (see the discussion in refs. [45, 105]), using the relation

|teµ|
2 =

1

2
sin2 ✓µe . (6.3)

Our results indicate that SHiNESS can significantly improve the limits provided by KAR-

MEN [26] and NOMAD [128], indicated by the shaded regions.
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Figure 14: �2 analysis with one degree of freedom for the ⌫̄e appearance channel as a

function of the absolute value of the electron-muon triangle closure parameter teµ for 2

years (blue) and 4 years (orange) of data taking. Existing limits at 90% C.L. from the

KARMEN [26] and NOMAD [128] experiments are shown in blue and red, respectively.

6.2 Light sterile neutrinos

The search for ⌫̄e appearance at spallation sources to look for light sterile neutrinos is not

a novel concept: it has been already performed by the KARMEN experiment at the ISIS

facility [26], was proposed by the OscSNS collaboration at the SNS [129], and is currently

being carried out by the JSNS2 collaboration at J-PARC [64]. However, the ESS beam will

provide a neutrino flux around 1 order of magnitude larger than J-PARC and SNS, allowing

a competitive sensitivity in this channel with a relatively small detector (42 ton of active

mass for SHiNESS, compared to the 450 ton of OscSNS). Using eq. (3.7) and assuming

the MiniBooNE best-fit point at (sin2 2✓µe, �m2

41
) = (0.807, 0.043 eV2) [13] gives a flux-

averaged appearance probability of 0.21% at SHiNESS location. We can multiply this

probability by the number of ⌫̄e interactions expected with 100% ⌫̄µ ! ⌫̄e transmutation

of eq. (4.5), obtaining an appearance signal of Napp
⌫̄e = 304 ± 23 events/year. Signal and

background events for this channel and 2 calendar years of data taking are summarized
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• The unitarity of the matrix, however, only holds in a 
limited amount of neutrino mass models. 

• In general, in the presence of n additional neutrinos, 
the mass Lagrangian in the extended neutrino sector 
is diagonalized by a (n + 3) × (n + 3) mixing matrix.

• SHiNESS is expected to be sensitive to the closure 
of the unitarity triangle in the eμ sector, by 
comparing the measured number of IBD events and 
the expected one. 

•
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Figure 16: Left: The SHiNESS sensitivity to neutrino oscillations in the appearance chan-

nel. The LSND allowed region is shown in light blue [12]. The thin solid line corresponds

to the expected sensitivity of the JSNS2 experiment [64]. The dashed lines correspond to

exclusion contours of the KARMEN2 [26] and NOMAD [128] experiments. Right: The

SHiNESS sensitivity to neutrino oscillations in the ⌫e disappearance channel. The re-

gion allowed by the GALLEX+SAGE+BEST combined analysis [21, 22] is shown in light

blue. The dashed lines correspond to the exclusion contours of the RENO+NEOS [136],

PROSPECT [137], and KATRIN [138] experiments. Contours labeled as ‘Wilks’ have been

obtained assuming the test statistics follows a �2 distribution with two degrees of freedom,

see text for details.

7 Summary and conclusions

The existence of neutrino masses is irrefutable, and requires the extension of the particle

content of the Standard Model (SM). Such extension may lead to additional consequences,

including an apparent non-unitary mixing matrix in the active neutrino sector, anomalous

oscillations at short-baselines, or even the decay signals of heavy neutral leptons that

interact with the visible sector through their mixing with the SM neutrinos.

The ESS provides an exceptional opportunity to carry out neutrino experiments at

the edge of the intensity frontier, and to pursue new physics signals. The facility will

provide the most intense source of ⇡+DAR neutrinos in the world, with one order of

magnitude improvement with respect to current facilities. Here we propose to carry out a

new experiment, SHiNESS, and highlight the novel opportunities it o↵ers to explore the

existence of new physics in the neutrino sector.

The experiment will be able to collect a high-statistics sample of neutrino interactions

with only two calendar years of full-power beam. The baseline detector design includes

an acrylic vessel filled with 42 ton of liquid scintillator whose light is detected by large-

area PMTs and LAPPDs. Liquid scintillators are a low-risk, proven technology with a
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Figure 15: Left: Reconstructed energy spectrum for IBD candidate events. The filled

light blue, blue, and green histograms correspond to the cosmic-ray background, the ac-

cidental background, and the ⌫̄e beam component, respectively. The solid green line cor-

responds to the full spectrum in the presence of ⌫̄e appearance, assuming the MiniBooNE

best-fit point (sin2 2✓µe, �m2

41
) = (0.807, 0.043 eV2) [13]. Right: Reconstructed energy

spectrum for ⌫e CC candidate events. The filled light blue, blue, and red histograms

correspond to the cosmic-ray background, the accidental background, and the ⌫e beam

component in the absence of oscillation, respectively. The solid red line corresponds to the

full spectrum in the presence of ⌫e disappearance, assuming the GALLEX+SAGE+BEST

best-fit point with Bahcall cross sections [130] (sin2 2✓ee, �m2

41
) = (0.35, 1.3 eV2) [22].

Channel

(sin2 2✓, �m2

41
)

Signal Background

⌫̄e app.

(0.807, 0.043 eV2)
608 ± 66 ⌫̄e beam 508 ± 129

Cosmic rays 196 ± 14

Accidental 259 ± 31

Total 963 ± 133

⌫e disapp.

(0.35, 1.3 eV2)
1159 ± 326 Unoscillated ⌫e 3211 ± 326

Cosmic rays 372 ± 19

Accidental 62 ± 10

Total 3645 ± 327

Table 3: Signal and background events for the ⌫̄e appearance and ⌫e disappearance chan-

nels for 2 calendar year of exposure (10000 hours) at full beam power. In the case of ⌫e

disappearance, the signal corresponds to the deficit of events. The (sin2 2✓, �m2

41
) val-

ues correspond to the MiniBooNE best fit point [13] for the ⌫̄e appearance and to the

GALLEX+SAGE+BEST best fit point [22] with the Bahcall cross sections [130] for the

⌫e disappearance. The uncertainties include a 10% systematic on the normalization and a

25% on the ⌫̄e beam component.
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• The MiniBooNE and LSND experiments observed an excess of electron (anti)neutrino interactions, which 
could be compatible with the existence of a light sterile neutrino (~1 eV2).

• SHiNESS can definitely rule out this scenario through the IBD channel.

• Main background is the  intrinsic beam component (which comes with a large uncertainty).ν̄e
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• GALLEX, SAGE and BEST experiments observed a deficit of electron neutrino events when exposed to 
radioactive sources.

• Also in this case, a possible explanation could be the presence of a light sterile neutrino.
• SHiNESS can also definitely exclude the parameter space for this anomaly using the CC channel.

10�3 10�2 10�1 100

sin2 2�µe

10�2

10�1

100

101

102
�

m
2 41

[e
V

2 ]
�̄µ ! �̄e (2 years)

SHiNESS 5� CL (Wilks)

SHiNESS 90% CL (Wilks)

JSNS2 5� CL (Wilks, 2 years)

KARMEN2 90% C.L.
(⌫̄e app.)

NOMAD 90% C.L.
(⌫e app.)

LSND 99% CL (allowed)

10�2 10�1 100

sin2 2�ee

10�1

100

101

�
m

2 41
[e

V
2 ]

�e ! �s (2 years)
SHiNESS 5� CL (Wilks)

SHiNESS 90% CL (Wilks)

GALLEX+SAGE+BEST
95% CL (allowed)

RENO+NEOS 95% CL

PROSPECT 95% CL

KATRIN 95% CL

10�3 10�2 10�1 100

sin2 2�µe

10�2

10�1

100

101

102

�
m

2 41
[e

V
2 ]

�̄µ ! �̄e (2 years)
SHiNESS 5� CL (Wilks)

SHiNESS 90% CL (Wilks)

JSNS2 5� CL (Wilks, 2 years)

KARMEN2 90% C.L.
(⌫̄e app.)

NOMAD 90% C.L.
(⌫e app.)

LSND 99% CL (allowed)

10�2 10�1 100

sin2 2�ee

10�1

100

101

�
m

2 41
[e

V
2 ]

�e ! �s (2 years)
SHiNESS 5� CL (Wilks)

SHiNESS 90% CL (Wilks)

GALLEX+SAGE+BEST
95% CL (allowed)

RENO+NEOS 95% CL

PROSPECT 95% CL

KATRIN 95% CL

Figure 16: Left: The SHiNESS sensitivity to neutrino oscillations in the appearance chan-

nel. The LSND allowed region is shown in light blue [12]. The thin solid line corresponds

to the expected sensitivity of the JSNS2 experiment [64]. The dashed lines correspond to

exclusion contours of the KARMEN2 [26] and NOMAD [128] experiments. Right: The

SHiNESS sensitivity to neutrino oscillations in the ⌫e disappearance channel. The re-

gion allowed by the GALLEX+SAGE+BEST combined analysis [21, 22] is shown in light

blue. The dashed lines correspond to the exclusion contours of the RENO+NEOS [136],

PROSPECT [137], and KATRIN [138] experiments. Contours labeled as ‘Wilks’ have been

obtained assuming the test statistics follows a �2 distribution with two degrees of freedom,

see text for details.

7 Summary and conclusions

The existence of neutrino masses is irrefutable, and requires the extension of the particle

content of the Standard Model (SM). Such extension may lead to additional consequences,

including an apparent non-unitary mixing matrix in the active neutrino sector, anomalous

oscillations at short-baselines, or even the decay signals of heavy neutral leptons that

interact with the visible sector through their mixing with the SM neutrinos.

The ESS provides an exceptional opportunity to carry out neutrino experiments at

the edge of the intensity frontier, and to pursue new physics signals. The facility will

provide the most intense source of ⇡+DAR neutrinos in the world, with one order of

magnitude improvement with respect to current facilities. Here we propose to carry out a

new experiment, SHiNESS, and highlight the novel opportunities it o↵ers to explore the

existence of new physics in the neutrino sector.

The experiment will be able to collect a high-statistics sample of neutrino interactions

with only two calendar years of full-power beam. The baseline detector design includes

an acrylic vessel filled with 42 ton of liquid scintillator whose light is detected by large-

area PMTs and LAPPDs. Liquid scintillators are a low-risk, proven technology with a
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Figure 15: Left: Reconstructed energy spectrum for IBD candidate events. The filled

light blue, blue, and green histograms correspond to the cosmic-ray background, the ac-

cidental background, and the ⌫̄e beam component, respectively. The solid green line cor-

responds to the full spectrum in the presence of ⌫̄e appearance, assuming the MiniBooNE

best-fit point (sin2 2✓µe, �m2

41
) = (0.807, 0.043 eV2) [13]. Right: Reconstructed energy

spectrum for ⌫e CC candidate events. The filled light blue, blue, and red histograms

correspond to the cosmic-ray background, the accidental background, and the ⌫e beam

component in the absence of oscillation, respectively. The solid red line corresponds to the

full spectrum in the presence of ⌫e disappearance, assuming the GALLEX+SAGE+BEST

best-fit point with Bahcall cross sections [130] (sin2 2✓ee, �m2

41
) = (0.35, 1.3 eV2) [22].

Channel

(sin2 2✓, �m2

41
)

Signal Background

⌫̄e app.

(0.807, 0.043 eV2)
608 ± 66 ⌫̄e beam 508 ± 129

Cosmic rays 196 ± 14

Accidental 259 ± 31

Total 963 ± 133

⌫e disapp.

(0.35, 1.3 eV2)
1159 ± 326 Unoscillated ⌫e 3211 ± 326

Cosmic rays 372 ± 19

Accidental 62 ± 10

Total 3645 ± 327

Table 3: Signal and background events for the ⌫̄e appearance and ⌫e disappearance chan-

nels for 2 calendar year of exposure (10000 hours) at full beam power. In the case of ⌫e

disappearance, the signal corresponds to the deficit of events. The (sin2 2✓, �m2

41
) val-

ues correspond to the MiniBooNE best fit point [13] for the ⌫̄e appearance and to the

GALLEX+SAGE+BEST best fit point [22] with the Bahcall cross sections [130] for the

⌫e disappearance. The uncertainties include a 10% systematic on the normalization and a

25% on the ⌫̄e beam component.
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• The detector can be used also to search for long-lived particles produced near the beam target. 
• We explored the sensitivity for heavy neutral leptons (HNLs), but other scenarios are being 

investigated (e.g. axion-like particles, ALPs).
• For HNLs, two possible cases are possible: 

• Electron mixing, with the HNL being produced from the decay of muons and pions: 

decay width:

�(N ! e+e�⌫µ) =
G2

F m5

N

768⇡3
|UµN |

2
�
1 � 4 sin2 ✓W + 8 sin4 ✓W

�
, (3.8)

where ✓W is the Weinberg angle.

In the electron mixing case, the HNL is abundantly produced both from the decay of

muons and pions. Contrary to the muon mixing case, in this case the HNL can decay both

via the neutral current and the charged current. The corresponding decay rate reads [110,

111]:

�(N ! e+e�⌫e) =
G2

F m5

N

768⇡3
|UeN |

2
�
1 + 4 sin2 ✓W + 8 sin4 ✓W

�
. (3.9)

In the limit of a very long-lived HNL of mass mN , the total number of HNL decays in

the detector can be obtained approximately as:

N
|U2

lN |
ee,i ' Ni ⇥ ✏(i)

det
(mN ) ⇥ ✏acc ⇥

1

�i

Z
dEN

d�(i ! lN)

dEN
⇥

Ldet

��c⌧N
⇥ BR(N ! ⌫ee),

(3.10)

where Ni stands for the total number of parent particles (i = µ, ⇡), f represents the

other particles produced together with the HNL (which depend on the decay channel),

d�(i ! fN)/dEN is the di↵erential production rate as a function of the HNL energy EN

(which can be found e.g. in ref. [109]), and �i is the total decay width of particle i. The

detector acceptance is defined by ✏acc and the selection e�ciency is given by ✏(i)
det

(mN ), see

figure 13. When the parent particle i is a muon the HNL production is not monochromatic,

thus ✏(i)
det

(mN ) is taken as the weighted average according to the HNL energy spectrum.

The length of the detector is Ldet, and c�⌧N is the decay length of the HNL in the lab

frame, while BR(N ! ⌫ee) is the branching ratio into the decay channel N ! ⌫ee. It

follows from eq. (3.10) that, in this limit, the result only depends on �(N ! ⌫ee), while

the dependence on the total width of the HNL e↵ectively drops out.

4 Expected number of signal events

4.1 Neutrino detection

4.1.1 Inverse beta decay

The interaction of ⌫̄e in the liquid scintillator can be detected through to observation of

the IBD process both on protons:

⌫̄e + p ! e+ + n. (4.1)

and on carbon atoms:

⌫̄e +12 C ! e+ + n +11 B. (4.2)

The experimental signature of this process is the emission of a positron followed by the

delayed neutron capture and its � emission. Figure 11 shows the time and charge distri-

bution for 104 IBD events in the SHiNESS detector, obtained with a Geant4 simulation.
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• Muon mixing, with the HNL being produced from the decay of muons and, for 
, from pions:mN < mπ − mμ
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(which can be found e.g. in ref. [109]), and �i is the total decay width of particle i. The

detector acceptance is defined by ✏acc and the selection e�ciency is given by ✏(i)
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(mN ), see

figure 13. When the parent particle i is a muon the HNL production is not monochromatic,

thus ✏(i)
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(mN ) is taken as the weighted average according to the HNL energy spectrum.

The length of the detector is Ldet, and c�⌧N is the decay length of the HNL in the lab
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follows from eq. (3.10) that, in this limit, the result only depends on �(N ! ⌫ee), while

the dependence on the total width of the HNL e↵ectively drops out.
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The interaction of ⌫̄e in the liquid scintillator can be detected through to observation of

the IBD process both on protons:

⌫̄e + p ! e+ + n. (4.1)

and on carbon atoms:

⌫̄e +12 C ! e+ + n +11 B. (4.2)

The experimental signature of this process is the emission of a positron followed by the

delayed neutron capture and its � emission. Figure 11 shows the time and charge distri-

bution for 104 IBD events in the SHiNESS detector, obtained with a Geant4 simulation.
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• The  can be detected in the liquid scintillator tank by looking for compatible energy 
depositions and Cherenkov cones.

• Analogous studies have been conducted for other DAR experiments (e.g. LSND, JSNS2), but 
the directionality capabilities of SHiNESS, enabled by the LAPPDs, allow to reach world-
leading sensitivities in the 10-100 MeV mass range.
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Figure 17: Constraints at 90% C.L. on the mixing of a HNL |UlN |
2 with electron (left)

and muon (right) neutrinos, for 2 years of data taking. The gray areas correspond to

existing limits from PSI [139], PIENU [140–142], TRIUMF [143], and MicroBooNE [144],

obtained from ref. [108].

solid track record in particle physics. The introduction of LAPPDs allows to separate the

Cherenkov light from the scintillation light and enables the reconstruction of topological

features. A possible alternative is represented by water-based liquid scintillators, which

have the potential to improve the background-rejection capabilities of the experiment. The

proposed detector could also operate as a neutrino flux monitor for the proposed CE⌫NS

detection experiments [53] and represents a perfect fit for the rich ESS particle physics

program [55].

We have identified a potential location for the detector at about 25 m from the beam

target (see figure 4). The detector could eventually be replicated at a di↵erent baseline in

order to further reduce flux systematic uncertainties, as done by the JSNS2 collaboration

with the JSNS2-II detector [122].

To illustrate its physics potential, we have computed the expected sensitivities for

three well-motivated examples of new physics in the neutrino sector, as outlined above:

searches for a non-unitary leptonic mixing matrix (summarized in figure 14), for anomalous

oscillations induced by a sterile neutrino at the eV scale (see figure 16), and decay signals

of heavy neutral leptons with masses above the MeV scale (shown in figure 17). In all

three cases considered, we find that the SHiNESS experiment would be able to improve

significantly over current constraints, targeting unexplored regions of the parameter space.

A notebook has also been made available online, which allows to reproduce the sensitivities

and energy spectra of the channels used for our oscillation analysis [145].

The timing of this proposal is timely and appropriate, as the ESS user program is

expected to start in 2025. The search for light sterile neutrinos has spurred a very active

physics program in several laboratories worldwide. At the same time, the renewed interest

in heavy neutral leptons at the MeV-GeV scale has triggered an intense activity in the
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• SHiNESS is a relatively cheap and small-scale experiment using 
proven technologies.

• It will exploit the intense flux of well-characterized DAR 
neutrinos produced as a byproduct of the spallation beam at the 
ESS.

• It does not require any update to the current ESS beam (no need 
for ESS Neutrino Super Beam).

• It has the potential to set world-leading sensitivities for several new 
physics scenarios: light sterile neutrinos, neutrino mixing 
unitarity, heavy neutral leptons have been explored. 

• Interested in collaborating? Contact me! 

π+

mailto:roberto.soleti@dipc.org?subject=SHiNESS

