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ESSnuSB
(European Spallation Source neutrino Super Beam)

ESSnuSBHyperK, DUNE

A proposed 2nd generation long-baseline experiment to measurethe CP 
violationin the leptonicsectorat 2nd neutrino oscillation maximum
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(Jarlskoginvariant)

(from the already observed CP violation in the hadronic sector)

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

CɻPand Matter-Antimatter Asymmetry Magnitude

ü The observed universe is dominated by matter only!

ü The amount of Charge-Parity violation (CPV) needs to be large enough to 

explain this matter/anti-matter Asymmetry

ü CPV has been observed in the hadronic sector (in the neutral K-meson decay), 

but not confirmed yet in the leptonicsector

ü Theoretical models predict that if |sinɻ CP|ṃ0.7 (45°< CɻP<135° or 225°< CɻP<315°)

Č This could be enough to explain the observed asymmetry

ü CɻPneeds to be measured with the highest precision to decide on the Leptogenesismodels

https://arxiv.org/abs/hep-ph/0611338
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Oscillation in the

13 sector 

Oscillation in the 
12/solar sector

Oscillation in the 

23/atmospheric sector

Neutrino oscillations

ü Neutrinos do have mass and oscillate. 

ü It can be expressed as a transformation relating the flavor and mass eigenstates through a unitary matrix, the Pontencorvoς

MakiςNakagawaςSakata(PMNS) matrix. ȿʉἃ= В Ὗ ʉ ʉ bŜǳǘǊƛƴƻ ǿƛǘƘ ŘŜŦƛƴŜŘ ŦƭŀǾƻǊ ʰ Ґ ŜΣ o˃r ̱
ʉ Neutrino with defined mass mi, i = 1, 2, 3

Doesnôt influence neutrino 
flavor oscillations

Č three mixing angles, ɗ12, ɗ23 and ɗ13

Č two independent squared mass splittings, Ўά and Ўά

Č one CP-violating phase factor, ♯╒╟

¢ǿƻŀŘŘƛǘƛƻƴŀƭǇƘŀǎŜǎ
ὪέὶὓὥὮέὶὥὲὥ
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Known

Unknown/Hint!!

ü The neutrino-flavor oscillation probabilityȟὖ’ᴼ’ , 
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CP violation in neutrino oscillations

Oscillation probabilityfor neutrinos(for ɜhҦ ɜ̡) is different than the oscillation 
probability for anti-neutrinos(for ’‌Ҧ ɜ̡) in vaccum(same for oscillation in 
matter for the 2nd oscillation maximum)

neutrino flavour at production

neutrino flavour at detection

probability of oscillation
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for small ɗ13 for large ɗ13

@ 2nd oscillation max.

CP-interference 
dominates

@ 1st oscillation max.

Atm. term 
dominates

@ 2nd oscillation max.

Solar term 
dominates

@ 1st oscillation max.

CP-interference 
dominates

ɗ13 plays a significant role in 
evaluating the performance 
ǿƘŜƴ ǇƭŀƴƴƛƴƎ άŦǳǘǳǊŜέ ƭƻƴƎ 

baseline neutrino experiments

where Ӷὐḳὧέί— ίὭὲς—ίὭὲς— ίὭὲς—ὥὲὨЎḳЎά ȾςὉ. 

Eɜis the neutrino energy, L is the source-to-detector distance, 

the baseline. 

The sign of ‏ is the opposite for antineutrinos.
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Important for CPV in leptonicsector

’ᴼ’oscillation probability:

arXiv:1110.4583v2 (2012) 

Neutrino Oscillations (LeptonicCP-Violation)
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for small ɗ13 for large ɗ13

@ 1st oscillation max.

Atm. term 
dominates

@ 2nd oscillation max.

Solar term 
dominates

@ 1st oscillation max.

CP-interference 
dominates

ɗ13 found to be at higher 

values ~ 8Á

CPV is best studied at 2nd

Oscillation maximum

@ 2nd oscillation max.

CP-interference 
dominates

Neutrino Oscillations (LeptonicCP-Violation)

arXiv:1110.4583v2 (2012) 
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’ᴼ’oscillation probability:
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1st maximum

2nd maximum

Å Does not depend on J, i.e. 
PMNS matrix elements

Å Depends only on mass 
splittings

Neutrino Oscillations (LeptonicCP-Violation)
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The European Spallation Source (ESS) layout

üThe ESS facility is under construction in Lund, 

Sweden

üThe most powerful proton linear accelerator ever 

built, with beam kinetic energy of 2 GeV and power 

of 5 MW

ü¢ƘŜ ǿƻǊƭŘΩǎ Ƴƻǎǘ ǇƻǿŜǊŦǳƭ ƴŜǳǘǊƻƴ ǎƻǳǊŎŜ 

(ca. 40x1015 n·cm-2·s-1)

Linac

Central Utility
Building

Target
Monolith Exp. Hall

E01

Oct. 2021

Lund
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A H2020EU Design Study (Call INFRADEV-01-2017)

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

Super Beam generated with the exceptionally powerful ESS linear accelerator

ü Duration: 4 years

ü Total cost: 4.7 Mú

ü Requested budget: 3 Mú

ü 15 participating institutes from

11 European countries including CERN and ESS

ü 6 Work Packages

ü Approved end of August 2017

ESS˄SBBENE (2004-
2008)

ISS (2005-
2007)

EURO˄
(2008-2012)

LAGUNA 
(2008-2010)

LAGUNA-
LBNO (2010-

2014)

COST Action 
CA15139 

(2015-2019)

ESSvSBat the European Level



05/11/2023 T. Tolba, BSM2023, Hurgada 11

The European Spallation Source neutrino Super Beam (ESSS˄B)

April 2019April 2019

ü It will benefit from the powerful proton beamof the ESSLINAC to produce 

intense neutrino beam.

ü Aims at searching and measuring, with precision, for CP-violation in the 

ƭŜǇǘƻƴƛŎ ǎŜŎǘƻǊΣ ŀǘ рˋ ǎƛƎƴƛŦƛŎŀƴŎŜ ƭŜǾŜƭ ƛƴ ƳƻǊŜ ǘƘŀƴ 70% of the leptonic 

Dirac CP violating phase range, 

ü The neutrino source-to-detector distance, the baseline, is set at the 

second oscillation maximum.

Linac
Upgrade

Accumulator Target Station
Detector 

Performance

Physics
Reach

A schematic overview of the 

main work packages (WP) 

within the ESSɜSBproject 
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Upgrade of the accelerator
- 14 Hz to 28 Hz
- use H- instead of protons in 
ESSnuSB cycles

- increase energy to 2.5 GeV 
kinetic

Build an accumulator ring
- shorten ESS pulses from 
нΦус Ƴǎ ǘƻ Ғ м ɛs

Build a neutrino target station
- 4 identical targets and horns
- need switchyard

Build a near detector site
- water Cherenkov detector
- fine grained scintillator
- emulsion detector

Upgrades to the ESS site
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Hot Cell
Å Able to manipulate/repair hadronic collector
Å Work under Radioactive Environment

Power Supply Unit
Å 16 modules  (350 kA, 1.3 ms)
Å Located above the switchyard
Å Outside of radioactive part of Facility Morgue

To Store radioactive 
wastes

Beam dump

HadronicCollector

GranularTargetConcept
Å Target made of 3 mm titanium

spherescooledby transversehelium
gascooling

Horn
Shape optimized with genetic algorithm 

Magnetic field (350 kA; 1.3 mspulse)

Proton Beam 
(Ep=2.5 GeV, 14 Hz) 

4 x 1.25 MW

4-horn/target 
system

To produce ○˃(○Ⱨ) beam and to withstand the energy deposition from the 5 MWproton beam on the4-horn/target system

ESSvSBTarget Station Facility
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NINJA-like water-emulsion 
detector (1 tfiducial)

Super-FGD like detector (1 t fiducial)

Near Water Cherenkov 
detector (0.77kt fiducial)

b˄eam

ESSvSBNear Detector

Á Baseline ~ 250 m

ÁWater-Emulsion neutrino detector 

for flux and cross sections 

measurements.

Á A 1t Super Fine-grained (SFGD) 

Scintillator Tracker inside a magnetic 

field for cross-section 

measurements.

Á A 0.5 ktάŦƛŘǳŎƛŀƭ ǾƻƭǳƳŜέ Water 

Cherenkov detector, for event rate 

measurements, flux normalization 

and event reconstruction.
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ESSvSBFar Detector

Á Baseline 360km (Zinkgruvanmine, Sweden)
Á Total Length (external): 86.00m
Á Total Width (external): 86.00m
Á Height (external) : 97.52m
Á Depth (w.r.t.) ground level : 1000.00m
Á Detector Radius 73.60m (Internal)-78.00

m (external)

Design

ÅMemphis-like Water 

Cherenkov detector

Å2 x 270 kt fiducial volume 

(~20xSuperK)

ÅReadout: 2 x 38k 20ò PMTs

Č 40% optical coverage
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ESSvSBFar Detector site

Zinkgruvanmine

Site 2 in Zinkgruvanmine is considered as best 
considering access to main transport infrastructure and 
located in an area less disturbed by mining activities

Lund

Zinkgruvan
(360 km)

Garpenberg
(540 km) Zinkgruvan

Depth1500 m
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Neutrino flux at 100 km from the target per year
(in absence of oscillations)

ü Almost pure ˄˃beam

ü Small ˄e contamination which could be 
used to measure ˄e cross-sections in 
the near detector

Positive polarity (v mode) Negative polarity (○mode)

“ ᴼ ‘ ’ “ ᴼ ‘ Ӷ’

(Positive polarity) (Negative polarity)

p+ p-

p- p-

(After focussing) 

(After focussing)

(At target level)

(At target level)

ESSvSBNeutrino Beam
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72%  ɻ CP  coverage @ 5 ̀:
11 years (540 km)
8 years (360 km)

Sensitivity for ɻCP= ± /̄2:
11 ̀ (540 km)
13 ̀ (360 km)

High precision of ɻCPmeasurement

A. Alekouet alΦΣ άUpdated physics performance of the 
ESSnuSBexperimentέ Eu. Phys. J. C 81, (2021) 1130

72%

50%

5 ů

ESSvSBPhysics Reach

https://doi.org/10.1140/epjc/s10052-021-09845-8
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near detector

target stationaccumulator

Conceptual Design Report

far detector

Eur. Phys. J. ST. 231 (21), (2022) 3779

ESSvSBphase-I has been concluded in March 2022

ESSvSBFinal Facility Configuration

https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w
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Muon Decay Rin g Neutrino Beam
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+Decay At Rest and Coherent scat.
(with short pulses)

nuSTORM

ESSɜSB Future Opportunities
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Elastic

Quasi-Elastic (QE)

Resonant (RES)

Deep inelastic (DIS)

Missing measurements 
at the ESSȆSB region: 

below 500 MeV

ü The influence on ɻCPof the systematic errors will be close to three times smaller as compared to other experiments

ü Even so, it is of vital importance to measure the neutrino cross-sections in this energy range as precisely as possible for 
precise measurements of the ɻCP, especially since data on neutrino cross-sections in the neutrino energy range of 9{{˄{., 
0.2-0.6 GeV, is currently very scarce

neutrinos

antineutrinos
From eV to EeV: Neutrino cross sections 

across energy scales, Rev. Mod. Phys. 84, 

1307 ïPublished 24 September 2012

ESSɜSBΧ{ȅǎǘŜƳŀǘƛŎ Uncertainities
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1

2

5

6

3&4

1. Design a transfer line from the ESS˄SB accumulator ring to the target

2. Design a special target facility that depends on one horn-target system

3. Design a pionextraction and deflection system

4. Design an injection scheme for the extracted pionsto the racetrack 

storage ring,  where the pionswill decay to muons

5. Designa storage ring for the low energy nuSTROM(for cross section 

measurements and sterile neutrino searches) 

6. Design a Monitored Neutrino Beam (low energy ENUBET for cross 

section measurements)

7. Optimize the performance ƻŦ ǘƘŜ 9{{˄{. detectors

Cross-section measurements with:

Å Low Energy nuSTORM: ́ ɛ e + ɜɛ+ ɜe

Å Low Energy ENUBET: ˊ ɛ+ ɜɛ

Upcoming Studies
(mainly cross-section measurements)
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Research and Innovation actions

Innovation actions

Design Study

HORIZON-INFRA-2022-DEV-01

The European Spallation Source neutrino Super Beam plus

And the EU decision arrived earlier 
ǘƘŀƴ ŜȄǇŜŎǘŜŘΧ нсκлтκнлнн

о aϵ
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Å cross-sections
Å sterile neutrinos

Å cross-sections

"High Energy" nuSTORM

build a "Low Energy" version

"High Energy" ENUBET

The European Spallation Source neutrino Super Beam plus
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ESSand ESSvSBand ESSvSB+ site layout

LEnuSTORM Racetrack
Accumulator Ring

R2T

ESSnuSBTarget (5MW) 

(4 horn)

Near Detector

Transfer Line

50 m Decay Tunnels+Proton Dumps

nuSTORM near Detectors

ESS Accelerator

ESSnuSB+ Target (1.25 MW)

Facility Buildings
CommonMorgue and PSU room
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Conclusion and Outlook

Å The ESS proton linacwill be soon the most powerful linacin the world, something which cannot be ignored. 

Å9{{ Ŏŀƴ ŀƭǎƻ ōŜŎƻƳŜ ŀ ƴŜǳǘǊƛƴƻ ŦŀŎƛƭƛǘȅ ό9{{˄{. ύ ǿƛǘƘ ŜƴƻǳƎƘ ǇǊƻǘƻƴǎ ǘƻ Ǝƻ ǘƻ ǘƘŜ нnd oscillation maximum and increase 

significantly the CPV sensitivity and precise measurement of CɻP.

Å/t±Υ р ˋ ŎƻǳƭŘ ōŜ ǊŜŀŎƘŜŘ ƻǾŜǊ тл҈ ƻŦ CɻPǊŀƴƎŜ ōȅ 9{{˄{. ǿƛǘƘ ƭŀǊƎŜ ǇƘȅǎƛŎǎ ǇƻǘŜƴǘƛŀƭ ǿƛǘƘ ƭŜǎǎ ǘƘŀƴ уÁprecision.

Å The European Spallation Source will be ready by 2025, upgrade decisions by this moment.

Å Conceptual Design Report published.

Å Rich muon program for future ESS upgrades.

Å New applicationnow accepted by EU: ESSnuSB+ already started!
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Spare slides



05/11/2023 T. Tolba, BSM2023, Hurgada 29

Matter effects

2nd maximum
- larger sensitivity to ɻCP

-ƳŀǘǘŜǊ ŘƻŜǎƴΩǘ ƳŀǘǘŜǊ

1st maximum
- smaller sensitivity to ɻCP

- matter can mimic CP violation
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Already after 5 years very competitive performance

DUNE HyperK

Performance Comparison with Other Experiments 
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Effect of normalization uncertainty
Future Opportunities

PrecisionSensitivity

ESSnuSB

Å ɗ12 = 33.44°

Å ɗ13 = 8.57°

Å ɗ23 = 49.2°

Å ȹm2
21 = 7.42e-5

Å ȹm2
31 = +2.52e-3

Å 2nd osc. max.

Å 507 ktons far detector


