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A few mile-stones
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Neutrino oscillations constitutes the most recent experimental indication of physics 

beyond the Standard Model
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Three neutrino mixing
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The Sakharov conditions (necessary but not sufficient) 

to explain the Baryon Asymmetry of the Universe (BAU):

1. At least one B-number violating process.

2. C- and CP-violation

3. Interactions outside of thermal equilibrium

Grand Unified Theories can fulfill the Sakharov conditions. However, in 

each m3 of the Universe there are on average ca 109 photons, one proton 

and no antiproton. The CP violation measured in the quark sector is far 

too small (by a factor 109) to explain this 109 photon to baryon ratio. 

Now, neutrino CP-violation, so far not observed, may very well be large 

enough to permit an explanation of BAU through the leptogenesis

mechanism which relates the matter-antimatter asymmetry of the

universe to neutrino properties: decays of heavy Majorana neutrinos

generate a lepton asymmetry which is partly converted to a baryon

asymmetry via sphaleron processes. 
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. 

Why is there only matter and 
no antimatter in Universe?
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Current long baseline 

experiments
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The T2K SuperK-Kamiokande Detector
38 m diameter, 42 m hight

22.5 kton fiducial water volume
11 000 photmultplier tubes
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810 km



The NOvA Detector
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Proposed future long baseline 

experiments
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1. Hyper-Kamiokande



The Hyper-Kamiokande Detector
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Diameter 74 (39) m
Hight 60 (42) m
Fiducial mass 187( 22.5) ton
(Super-K figures in 
Parenthesis)
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Hyper-Kamiokande
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2. 

1300 km
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3. ESSnuSB
based on the use of the world-uniquely high power ESS 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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Neutrons and neutrinos from the ESS linac
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The EUROnu MEMPHYS 

MegatonWater Cherenkov Detector
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MEMPHYS like Cherenkov 

detector(MEgaton Mass 

PHYSics studied by 

LAGUNA)

• 500 kt fiducial volume

with two units

• Readout: ~240k 8” PMTs

• 30% optical coverage

(arXiv: hep-ex/0607026)



The high power of the 
ESS linac makes it 
possible to generate a 
neutrino beam intense 
enough to place the far 
detector at the second 
oscillation maximum 
where the CP signal is 3 
times higher than at the 
first. With the 
ESSnuSB neutrino 
energy this implies a 
distance of ca 500 km. 
The 1000 m deep 
Garpenberg mine is 
located 540 km from 
ESS.

Kongsberg

L=480, D=1200m
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The sensitivity of the neutrino energy distribution to δCP
Hyper-K first maximum LBNE/DUNE first maximum ESSnuSB second maximum

Relative difference in counts at maximum between δCP = 3π/2 and π/2 :

430/275  = 1.6          150/100 = 1.5    105/22 = 4.8 
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ESS: L=360 km

ESS: L=540 km IH
NH

E=2.5 GeV
5% sys.
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Performance of the three future experiments for CP discovery

The performance appears to be on the same level for the three experiments.
The performance depends on what the specific backgrounds are and what level 
of systematic errors that are assumed in the simulations.



Systematic error sources
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1. νe in the beam from K and µ decays
2. Events with π ͦand γ production
3. νµ misidentified as νe

4. ν-nucleus cross-section uncertainty for QE, RES and DIS scattering
5. Eν reconstruction error due to multi-nucleon effects

Super-K has achieved a systematic error level of 5-6% after ca 10 
years of operation using a by now very sophisticated Near Detector.



I would like to use this 

occasion to make a personal 

invitation to African physicists 

to join the Europe based 

ESSnuSB project
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EU Design Study for ESSnuSB

approved by EU in December 2017 

for 2018-2021
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• 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

ESSνSBBENE (2004-
2008)

ISS (2005-
2007)

EUROν
(2008-2012)

LAGUNA 
(2008-2010)

LAGUNA-
LBNO (2010-

2014)

COST Action 
CA15139 

(2015-2019)



Design Study ESSνSB

(2018-2021)

2018-06-28
APC in Windhoek, Namibia                               Tord 

Ekelöf, Uppsala University
33

ESSνSB has already started 

engaging postdocs.

Very supportive letter from ESS 

director

partners: IHEP, BNL, SCK•CEN, SNS, PSI, RAL



Concluding remarks
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• Neutrino oscillations constitute the most recent experimental 

indication of physics beyond the Standard Model

• Leptonic CP violation discovery and measurement appears as 

achievable with the new generation of proposed long baseline 

experiment and would shed light on one of the outstanding 

problems of fundamental physics: why is there matter in Universe 

– and not just light.

• The proposals for the these complementary long baseline 

experiments should therefore be pursued with highest priority.

• There are a number of other outstanding questions in neutrino 

physics – neutrino mass ordering, sterile neutrinos, neutrino 

absolute mass scale, Majorana neutrinos, heavy ”see-saw”partners

of the light neutrinos, what can we learn from cosmic neutrinos –

that it was regretfully not possible to review within this brief 

presentation.



A few backup slides on other 

important problems that will 

be studied with the proposed 

long baseline experiments
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Proton Decay
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ESSnuSB-MEMPHYS sensitivities
proton decay

(arXiv: hep-ex/0607026)
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Supernova
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3939 Beacom@NU2012

Distant galaxiesNearby galaxiesMilky way

Distance scale and exp’d rate
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ESSnuSB-MEMPHYS sensitivities
Supernova explosion and relics

For 10 kpc: ~105 events
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Diffuse Supernova Neutrinos

(10 years,  440 kt)
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