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ESSNUSB/ESSNUSB+: NEUTRINO OSCILLATION AT SECOND 
MAXIMUM

ESSnuSB/ESSnuSB+ is a design study for a 
next-to-next generation neutrino oscillation 
experiment which aims at the precise 
measurement of the CP violation in the 
leptonic sector looking at neutrino 
oscillation at the 2nd atmospheric oscillation 
maximum.
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Most of the possible values 
for the mixing matrix phase 

are allowed by current 
measurements, especially in 

Normal Ordering 



OSCILLATION PHYSICS AT THE SECOND MAXIMUM

How to measure the phase?
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Electron neutrino appearance 
̅𝐽 ≡ 𝑐𝑜𝑠𝜃!"𝑠𝑖𝑛2𝜃!#𝑠𝑖𝑛2𝜃#"𝑠𝑖𝑛2𝜃!"

Atmospheric oscillations, 
leading term

Solar subleading term Interference term, 
depends on the phase!

CP   VIOLATION

We want to look at both electron neutrino and antineutrino appearance starting with two different fluxes:

Muon neutrinos and Muon antineutrinos

(𝛿 → −𝛿)
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OSCILLATION PHYSICS AT THE SECOND MAXIMUM

Why 2° maximum?

At the second 
oscillation 
maximum the 
interference 
term is large!

arXiv:1110.4583v2 (2012) 

arXiv:1310.5992

In electron neutrino appearance,



THE ESSNUSB PROJECT (2018-2022)
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ESS PROTON ACCELERATOR

•The ESS will be a copious source of 
spallation neutrons. 

•5 MW average proton beam power. 

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

•Duty cycle 4%. 

•2.0 GeV kinetic energy protons 

•o up to 3.5 GeV with linac upgrades 
•>2.7x1023 p.o.t/year. 

Under construction in Lund, Sweden

First beam on 

target expected in 

2026. 

From such a powerful 
accelerator,  we can 
produce an intense 

neutrino beam!

The European 
Spallation 

Source neutrino 
Super Beam 

(ESSνSB)
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UPGRADE OF THE ESS SITE

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 
2.86 ms to ≈ 1 μs

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
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NEUTRINO PRODUCTION: TARGET STATION AND ND

Proton Beam 
(Ep=2.5 GeV, 14 Hz) 

4 x 1.25 MW

Hadronic Collector: Target + Horns

Beam dump

Decay tunnel

Neutrino 
beam
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NINJA-like water-
emulsion detector

Super-FGD like
detector

Near Water 
Cherenkov 
detector (0.77
kt fiducial)



THE FAR DETECTOR

75 
m

First and second oscillation maxima 
covered at 360 km baseline!

Design
• Water Cherenkov detector
• 2 x 270 kt fiducial volume 

(~20xSuperK)
• Readout: 2 x 38k 20” PMTs
è 40% optical coverage

75 m

75 m
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Ø Almost pure νμ beam

Ø Small νe contamination -> νe
cross-sections at the ND



THE PHYSICS AT ESSNUSB
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CP  VIOLATION 

72% CP coverage at 5 σ
With 5% systematic uncertainty, up to 

12.5 σ for maximum CPV!

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

https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w


CP VIOLATION

CP precision always under 7.5° for 5% sys Precision optimized in a balanced run 
(5+5 yrs) 12



WHY DO WE NEED THIS PRECISION?

In the precision era for the oscillation measurements, precision is mandatory to probe theories which might explain
matter-antimattery asymmetry in the Universe (leptogenesis) and the flavor structure of the SM 

𝛿 will need an uncertainty below 12° à only ESSnuSB might reach such value!
(S.T. Petcov, NPB 2024, IAS, HKUST, Hong Kong 20/02/2024)
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WHAT ABOUT BSM? THE SCALAR NSI CASE

Non-standard four-fermion interactions between neutrino and matter mediated by heavy scalar particles

Matter density
Mediator mass

Couplings

Neutrino oscillation probabilities 
are modified! 



WHAT ABOUT BSM? THE SCALAR NSI CASE

ESSnuSB constraints on scalar NSI parameters

CP violation precision unaffected except for 
specific (very big and already excluded) values of 
etas for which standard oscillation are suppressed

PRD109, (2024) 115010



WHAT ABOUT BSM? THE DECOHERENCE CASE

Coherence in different neutrino mass eigenstates may get lost because, for instance, of interaction of neutrinos with the 
environment

Dissipator à Probability dumping

We choose one particular form

with



WHAT ABOUT BSM? THE DECOHERENCE CASE

ESSnuSB constraints on decoherence parameters

CP violation precision unaffected for 
reasonable values of the decoherence 

parameters
Allowed Allowed

arXiv:2404.17559, accepted in JHEP



THE FUTURE: ESSNUSB+
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THE LOW ENERGY NEUTRINO CROSS SECTION

Lack of neutrino cross section measurements in the low 
energy region fundamental for ESSnuSB!

From eV to EeV: Neutrino cross 
sections across energy scales, 
Rev. Mod. Phys. 84, 1307 –
Published 24 September 2012

Even though the effect of systematics for the CP violation 
measurement is much less in ESSnuSB is crucial to obtain new precise 
results in this direction
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ESSNUSB+

Low Energy nuSTORM (LEnuSTORM)

Monitored Beam (LEMNB)

New Near Detector

Gd doping for WC 
detectorsESSnuSB ND
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Cross-section measurements with:

• Low Energy nuSTORM: π⟶ μ⟶ e + νμ + νe
• Low Energy ENUBET: π⟶ μ + νμ

+ Non beam physics at FD



ESSNUSB+

Research and 
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+
Approved! 26/07/2022

3 M €,  4 YEARS
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CONCLUSIONS

•ESSnuSB is a next-to-next generation neutrino oscillation experiment which aims to precisely measure CP 
violation looking at neutrino oscillations at the 2nd oscillation maximum

• This baseline choice allows to have a measurement less affected by systematic errors and matter effects 

•The accelerator complex will be based at the ESS, the most powerful proton accelerator in the world

• We predict that in 10 years of data taking ESSnuSB will be able to reach a 70% coverage for the CP violating 
phase and a precision of less than 8°

•The large far detectors can also be used for rich BSM studies

•The ESSnuSB Design Study has been supported by EU-Horizon 2020 during the period 2018-2022 and the 
ESSnuSB+ Project which started in 2023 has further enriched the great physics program of the experiment
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THANK YOU FOR YOUR ATTENTION
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THANK YOU FOR YOUR ATTENTION
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BACKUP
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SYSTEMATICS

Phys. Rev. D 87  (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]]
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COMPARISON WITH LBL
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COMPARISON WITH LBL

arXiv:2211.10620
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https://arxiv.org/abs/2211.10620


EVENTS
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EVENTS
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EFFICIENCY
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FLUXES
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FLUXES
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FLUXES

Events at 360 km w/o oscillations
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BSM: NSI
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BSM: STERILE
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BSM: NU
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NEUTRINO INTERACTIONS

ν ν

e e

ν l

n n

ν ν

π0

n n

ν l

n hadrons

Elastic

Quasi-Elastic (QE)

Resonant (RES)

Deep inelastic (DIS)
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COMPARISON WITH NEXT-GEN LBL

arXiv:2211.10620

The same coverage might 
be reached only by 
DUNE+T2HKK (also, next-
to-next gen proposed 
upgrade of T2HK) for LO 
values of th23 
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https://arxiv.org/abs/2211.10620


COMPARISON WITH NEXT-GEN LBL

Great 
improvement 
with respect to 
DUNE and 
T2HK!!
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OSCILLATION PHYSICS AT THE SECOND MAXIMUM

What about matter effects?

Change sign for antineutrinos, 
like the CP-violating phase

FAKE CP VIOLATION

First maximum, matter and 
CP phase have the same effect 

Second maximum, the 
matter effects are not 

important, 
pure phase determination
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OSCILLATION BEYOND CPV

From: DOI:10.1140/epjc/s10052-021-09845-8, arXiv:2107.07585 42



THE EVENT SPECTRA AT 360 KM

Initial flux
At FD w oscillation
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WHAT ABOUT BSM?

Light sterile neutrino
[JHEP03(2020)026] 

Neutrino invisible decay
[JHEP 05 (2021), 133]

Scalar NSI
[PRD109, (2024) 115010]

Quantum Decoherence 
[arXiv:2404.17559]



ESSNUSB+

Cross-sections and steriles

Non Beam physics:
-Atmospheric
-Supernovae
-…
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