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European Spallation Source
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ESS proton linac
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• The ESS will be a copious source of 
spallation neutrons.

• 5 MW average beam power.

• 125 MW peak power.

• 14 Hz repetition rate (2.86 ms pulse 
duration, 1015 protons).

• Duty cycle 4%.

• 2.0 GeV protons

o up to 3.5 GeV with linac upgrades

• >2.7x1023 p.o.t/year.
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European Spallation Source as 

Neutrino Facility for CP 

violation discovery
(~2nd oscillation maximum)
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𝜈𝜇 → 𝜈𝑒

ҧ𝜈𝜇 → ҧ𝜈𝑒



Neutrino Oscillation probability
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"solar"

"atmospheric"

"interference"
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𝜈𝜇 → 𝜈𝑒
ҧ𝜈𝜇 → ҧ𝜈𝑒
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CP interference

solar

atmospheric

θ13=8.8º

L/E

2nd oscillation maximum

θ13=8.8º
("large" θ13)

L/E

CP=-90
CP=0
CP=+90

(arXiv:1110.4583)

more sensitivity at 2nd oscillation max.
• 1st oscillation max.: A=0.3sinδCP

• 2nd oscillation max.: A=0.75sinδCP (arXiv:1310.5992, arXiv:0710.0554)

2nd osc. max.

1st osc. max.

http://lanl.arxiv.org/abs/1110.4583


δCP and Matter-antimatter 

asymmetry magnitude

6

(Jarlskog invariant)

Theoretical models predict that if |sinδCP|≳0.7 (45°<δCP<135° or 225°<δCP<315°), 
this could be enough to explain the observed asymmetry.
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(from the already observed CP violation in the hadronic sector)

(Nucl.Phys.B774:1-52,2007, arXiv:hep-ph/0611338)

https://arxiv.org/abs/hep-ph/0611338
https://arxiv.org/abs/hep-ph/0611338
https://arxiv.org/abs/hep-ph/0611338


Having access to a powerful 

proton beam…
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What can we do with:

• 5 MW power

• 2 GeV energy

• 14 Hz repetition rate

• 1015 protons/pulse

• >2.7x1023 protons/year

p  

decay tunnel
proton 
beam

target

hadrons

hadronic collector
(focusing)

Detector

physics

p® m +n
⨂B

conventional neutrino (super) beam

at 100 km from the target, per year (in absence of oscillations)

• almost pure νμ beam

• small νe contamination 

which could be used to 

measure νe cross-sections in 

a near detector

"neutrino mode" "anti-neutrino mode"



Can we go to the 2nd oscillation maximum 

using our proton beam?
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Yes, if we place our far detector at 350- 550 km from the neutrino source.

Megaton Water Cherenkov detector

• Neutrino Oscillations

• Proton decay

• Astroparticles

• Understand the gravitational collapsing: galactic SN ν

• Supernovae "relics"

• Solar Neutrinos

• Atmospheric Neutrinos

• 560 kt fiducial volume

• Readout: ~20” PMTs

• 30% optical coverage

2x



Neutrinos in the Far Detector
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below ντ production, almost only QE events, not suffering too much by π0 background

neutrinos anti-neutrinos

5 years 5 years

δ
C

P
=

0

Rev. Mod. Phys. 84 1307



ESS modifications to 

produce a neutrino Super 

Beam
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How to add to ESS a neutrino 

facility?
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• The neutron program must not be affected and if 

possible synergetic modifications.

• Linac modifications: double the rate (14 Hz → 

28 Hz), from 4% duty cycle to 8%.

• Accumulator (C~400 m) needed to compress to 

few μs the 2.86 ms proton pulses, affordable by 

the magnetic horn (350 kA, power consumption, 

Joule effect)

• H- source (instead of protons),

• space charge problems to be solved.

• ~300 MeV neutrinos.

• Target station.

• Underground detector.

• Short pulses (~μs) will also allow DAR and 

coherent scattering experiments (as those 

proposed for SNS) using the neutron target.



Which baseline?
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• ~60% δCP coverage at 5 σ C.L.

• >75% δCP coverage at 3 σ C.L.

• systematic errors: 5%/10% (signal/backg.) 

CPV (Nucl. Phys. B 885 (2014) 127)
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accumulator 

switchyard 

near far 

WP2 WP3 WP4 WP5 WP6 

ESSνSB at the European level
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• A H2020 EU Design Study (Call INFRADEV-01-2017)

• Title of Proposal: Discovery and measurement of leptonic CP violation using an intensive 

neutrino Super Beam generated with the exceptionally powerful ESS linear accelerator

• Duration: 4 years

• Total cost: 4.7 M€

• Requested budget: 3 M€

• 15 participating institutes from

11 European countries including CERN and ESS

• 6 Work Packages

• started in 2018 and ended in 2022

ESSνSBBENE (2004-
2008)

ISS (2005-
2007)

EUROν
(2008-2012)

LAGUNA 
(2008-2010)

LAGUNA-
LBNO (2010-

2014)

COST Action 
CA15139 

(2015-2019)



ESS modifications and operation

Krakow, 19/09/2025 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 14

H- source time operation option

accumulator lattice

Switchyard

beam dump

target/horn x4

horn power supply



Detectors
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astroparticle physics program 
with the Far Detector

Near detector

electron-muon separation

75 m

Water Cherenkov



Near Detector
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Muon neutrino interaction in the SFGD 

cube with a secondary muon 

producing Cherenkov light in the near 

water Cherenkov detector.

Number of expected events per running year in the 

SFGD, as well as those entering the water 
Cherenkov detector and passing the water
Cherenkov selection criteria. Listed over the four 

charged lepton flavours and two horn polarities.



Far Detector
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7
5

 m

Hamamatsu

or MCP (NNVT)

still a lot of time before we choose

2x



Final results
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>72% after 10 years

Precision measurement

ΔδCP<8° for all values

equivalent to Neutrino Factory

5 years ν + 5 years ν
_



Comparison with current projects
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δCP and model predictions
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https://arxiv.org/abs/1410.8056

https://arxiv.org/abs/1410.7573

Test of flavour symmetry models:
Typically, the models considered have a 
reduced number of parameters, leading to 
relations between the masses and/or 
mixing angles.
Examples are the so-called sumrules, e.g.:

https://arxiv.org/abs/1410.8056
https://arxiv.org/abs/1410.7573


Final ESSνSB facility 

configuration
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near detector

target stationaccumulator

Conceptual Design Report

far detector

https://arxiv.org/abs/2206.01208

European Physical Journal Spec. Top. 231, 3779–3955 (2022). 

https://doi.org/10.1140/epjs/s11734-022-00664-w

https://arxiv.org/abs/2206.01208
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w


Further ongoing studies
(mainly cross-section measurements)
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1. Design of a racetrack storage ring for 
low energy muons produced with a 
beam from the ESS linac.

2. Design a transfer system from the 
initial collection and extraction of 
pions behind the target station, up to 
the injection point.

3. Design a transfer line from the ESSνSB 
ring-to-switchyard transfer line to the 
nuSTORM target.

4. Design an injection scheme for the 
racetrack storage ring

5. Design a Monitored Neutrino Beam 
(low energy ENUBET)

6. Optimize the performance of the 
ESSνSB accelerator complexCross-section measurements with:

• Low Energy nuSTORM: π⟶ μ⟶ e+νμ+νe

• Low Energy ENUBET: π ⟶ μ+νμ

using 1/4 of 5MW



ESSνSB+
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Research and Innovation actions

Innovation actions

Design Study

HORIZON-INFRA-2022-DEV-01

Title of Proposal: Study of the use of the ESS 

facility to accurately measure the neutrino cross-

sections for ESSνSB leptonic CP violation 

measurements and to perform sterile neutrino 

searches and astroparticle physics.

Acronym of Proposal: ESSνSB+

• 3 M€
• 4 years 

(2023-2026)

July 2022



2nd ESSνSB+ annual meeting
(Hamburg Uni, Sep. 2024)
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ESSνSB+ WP
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• cross-sections
• sterile neutrinos cross-sectionsTarget StationCivil engineering



ESSνSB+ Latest Design
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also able to host the final 4 target/horn system¼ of the total proton power

H-

Neutrino 
production target

LEnuSTORM 

Monitored ν beam 

Near Detector

Far Detector

Spallation 
target

Near Near
Detector (LEMMOND)

p

ν

p

injection

RF

extraction

coll imation

Accumulator ring



Further proposed studies
for Far Detector
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HORIZON-INFRA-2025-01-DEV-03: Consolidation of the Research Infrastructure 

landscape – Individual support for evolution, long term sustainability and emerging 

needs of pan-European research infrastructures

Title of Proposal: Design and feasibility study of the engineering of the large 

underground ESSnuSB Far Detectors for fundamental neutrino oscillation 

research with as added benefits of their use for mineral exploration and energy-

storage

Acronym of Proposal: ESSνSB-FD

Submission done just yesterday!



Further proposed studies
for Far Detector
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Work Packages
WP1 Management LTU, UU,

WP2 Site Characterization LTU, ZIN/BOL, UNISTRA, KTH, AUTH, RBI

WP3 Engineering design of ESSnuSB-FD Infrastructure CRD, LTU, ZIN/BOL, ESS, RWTH

WP4 Sustainability, decommissioning and post-closure OU, LTU, CRD, ZIN/BOL

WP5 The ESSnuSB-FD detector water tanks, photosensors, 
electronics, data acquisition and computing UU, UNISTRA, NCSRD, AUTH, HOU, RWTH, LU, UI, RBI

WP6 Use of the ESSnuSB infrastructure for other applications ESS CERN  UU KTH UIB



Possible ESSνSB schedule
(2nd generation neutrino Super Beam) 
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Phase Stage I Stage II Stage III

Construction 2034-2036
(2y)

2034-2038
(4y)

2036-2041
(5y)

Installation 2036-2039
(3y)

2038-2041(45)
(3y-7y)

2041-2046
(FD: 5y)

Switch - 2045-2046
(2y)

2052-2055
(1y cool-down + 2y)

Operation 2039-2045

(1y comm + 5y)

2046-2052

(2y comm + 5y)

2055-2075

(0.5y comm + 20y)
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2033

Env. Study – Permission
Assumes initial permission for Stage I in 2y

2035

Tech. Design
ESS Linac Mods to 28MHz, 
LEMNB, LEMMOND

2036

CE Inst

2039

Physics

2045

Tech. Design
ESS Linac Mods H-, RFQ, L2A, Acc,  
L2T, TCC, T2R, LEnuSTORM, ND CE

2038

Inst

2052

Physics

Tech. Design
TCC, ND, FD CE-FD

Inst - FD

2041 2046

Phys

2054

Inst 

2055

Physics

2075

Stage I

Stage II

Stage III

CE: extraction from ESS Linac, TL, LEMNB target, LEMMOND 
cavern
Inst : includes ESS linac modifications to 28 Hz
Two interruptions to ESS: for CE and Linac modifications

CE: L2A, Accumulator, L2T, TCC, LEnuSTORM, ND
Inst : includes ESS linac modifications to 28 Hz + H-
Note: installation can finish earlier but needs to wait for the 
completion of Stage I
Interruption to ESS to connect and commission the H- source

Inst : includes 2y to switch from previous stage 

Interference with ESS

Beam commissioning (1y)

2047

Assumes initial permission for Stage I in 2y

Low-energy νμ νe cross-section results

CP-violation in leptonic sector precision 
measurements

2065



Conclusion
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• The ESS proton linac is about to become the most powerful linac in 

the world. 

• ESS can also become a neutrino facility (ESSνSB ) with enough 

protons to go to the 2nd oscillation maximum and increase significantly 

the CPV sensitivity and make precise measurement of δCP.

• CPV: 5 σ could be reached over 70% of δCP range by ESSνSB with 

large physics potential with less than 8° precision.

• Conceptual Design Report published including costing on arXiv.

• Rich muon program for future ESS upgrades.

• New studies for intermediate stages are under way.

• New proposal just submitted for the Far Water Cherenkov detector



Backup
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Physics Performance
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After many Optimisations
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• New Magriation Matrices for the far detector
• Genetic Algorithm for Target Station optimisation

WC detector

horn optimisation

(using T2K-like reconstruction algorithm)νe reconstruction efficiency

"old"

"new"



Supporting institutions of 

ESSνSB
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• COST Action EuroNuNet (CA15139): ended March 2020

• https://euronunet.in2p3.fr

• video for scientists: 
https://www.youtube.com/watch?v=PwzNzLQh-Dw

• EU-H2020 Design Study ESSνSB: 2018-2022

• https://essnusb.eu

• video for general public: 
https://www.youtube.com/watch?v=qAnvft0nAlg

• EU-Horizon Europe Design Study ESSνSB+: 2023-2026

• ongoing

https://euronunet.in2p3.fr/
https://euronunet.in2p3.fr/
https://www.youtube.com/watch?v=PwzNzLQh-Dw
https://www.youtube.com/watch?v=PwzNzLQh-Dw
https://www.youtube.com/watch?v=PwzNzLQh-Dw
https://essnusb.eu/
https://essnusb.eu/
https://www.youtube.com/watch?v=qAnvft0nAlg
https://www.youtube.com/watch?v=PwzNzLQh-Dw
https://www.youtube.com/watch?v=qAnvft0nAlg


muons at the 
level of the 
beam dump
(per proton)

y 
(c

m
)

x (cm)
4.2x1020 μ/year
(16.3x1020 for 4 m2)

4.1x1020 μ/year

Muons at the level of the beam dump
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2.7x1023 p.o.t/year

muons/proton

<Eμ>~0.5 GeV
<Lμ>~3 km

10-3

• input beam for future 6D  cooling 
experiments,

• low energy nuSTORM,

• Neutrino Factory,

• Muon Collider.

more than 4x1020 μ/year from ESS 
compared to 1014 μ used by all 
experiments up to now (1018 μ for 
COMET in the future).



ESSνSB and (R&D) synergies
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