
The proposedESS neutrino Super 

Beam(ESSɜSB) and its physics

case

Spåtnid Conference 2018 Tord Ekelöf, Uppsala University 1

SåtindConferegnce2018

Tord Ekelöf
Uppsala University



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 relatesthe matter-antimatter asymmetryof the

universeto neutrino properties: decaysof heavy Majorana neutrinos

generatea lepton asymmetrywhich is partly convertedto a baryon

asymmetryvia sphaleronprocesses. 
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. 

Why is there only matter and 
no antimatter in Universe?
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Non-CP terms

CP violating

atmospheric

solar

interference

Three neutrino mixing
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Neutrino Oscillations with "large" ɗ13
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more sensitivity at 2nd oscillation max.

for small ɗ13

1st oscillation 

maximum is 

better

for "large" ɗ13

1st oscillation 

maximum is 

dominated by 

atmospheric 

term CP interference
CP interference

solar

solaratmospheric

atmospheric

ɗ13=1º ɗ13=8.8º
(arXiv:1110.4583)

L/E L/E

Å1st oscillation max.: A=0.3sinŭCP

Å2nd oscillation max.: A=0.75sinŭCP

(see arXiv:1310.5992 and arXiv:0710.0554)
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http://lanl.arxiv.org/abs/1110.4583
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Values used for the above curves
sin22Ȃ13 = 0.10
sin22Ȃ12 = 0.861
sin22Ȃ23 = 0.97
æm2

12 = 7.59×10ī5eV2.
æm2

32 å æm
2

13 = 2.32×10ī3eV2

ų = 0; normal mass hierarchy.

Blue is mu neutrino, red taoneutrino,black electronneutrino



ESS proton linac
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Å The ESS will be a copious source of 

spallation neutrons.

Å 5 MW average beam power.

Å 125 MW peak power.

Å 14 Hz repetition rate (2.86 mspulse 

duration, 1015 protons).

Å Duty cycle 4%.

Å 2.0 GeV protons

o up to 3.5GeV with linacupgrades

Å >2.7x1023 p.o.t/year.



How to add a neutrino facility?
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Å The neutron program must not be affected and if 

possible synergetic modifications.

Å Linac modifications: double the rate (14Hz Ÿ 

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

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

few ɛs the 2.86 msproton pulses, affordable by 

the magnetic horn (350kA, power consumption, 

Joule effect)

Å H- source (instead of protons),

Å space charge problems to be solved.

Å ~300 MeV neutrinos.

Å Target station (studied in EUROɜ).

Å Underground detector (studied in LAGUNA).

Å Short pulses (~ɛs) will also allow DAR 

experiments (as those proposed for SNS) using 

the neutron target.
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The neutron and neutrino beams
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The EUROnu MEMPHYS 

MegatonWater Cherenkov Detector
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MEMPHYS like Cherenkov 

detector(MEgatonMass 

PHYSicsstudied by 

LAGUNA)

Å500 kt fiducial volume

(~20xSuperK)

ÅReadout: ~240k 8ò PMTs

Å30% optical coverage

(arXiv: hep-ex/0607026)



ESSɜSBɜenergy distribution
(without optimisation)
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at 100 km from 

the target and per 

year (in absence 

of oscillations)

neutrinos anti-neutrinos

Åalmost pure ɜɛ
beam

Åsmall ɜe
contamination 

which could be 

used to measure ɜe
cross-sections in a 

near detector
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Convolution (prob*xs) vs flux
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(prob*xs)(E)

dcp=0, NH

flux(E)

2.5 GeV

CC = mass*(flux*xs*prob*Ů)(E)

xsCC, wat.dat file 

(Enrique)

nue

anue

numu

anumu

E=2 GeV
L=540 km
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Neutrino spectra
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540 km (2 GeV), 10 years below ɜŰproduction, almost only QE events 

neutrinos anti-neutrinos

2 years 8 years

ŭCP=0



Systematic error sources
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1. e˄ in the beam from K and µ decays
2. Events with ̄ and ɹ production
3. µ˄ misidentified as ˄e
4. -˄nucleus cross-section uncertainty for QE, RES and DIS scattering
5. E˄ reconstructionerror dueto multi-nucleoneffects

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.



Status of T2K ŭCP search
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By 2026
By 2017



Status of NOɜA ŭCP  search
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Significance at
which the 
value of ɻ CP

is disfavored
for each of 
the four 
possible 
combinations 
of mass 
hierarchy

ÁTwo statistically degenerate best fit points in 
Normal Hierarchy :
sin2Ᵽ = . , ɻ CP= 1.48̄ , and 
sin2Ᵽ = . ,ɻ CP= 0.74̄



ESSnuSBŭCP sensitivity
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Å little dependence on mass hierarchy (not so 

long baseline),

ÅŭCPcoverage at 5 ůC.L. up to 60%,

ÅŭCPaccuracy down to 6° at 0° and 180°

(absence of CPV for these two values),

Å not yet optimized facility.



Systematic errors and 

exposure
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(courtesy P. Coloma)

High potentiality

5% systematic error



DUNE and HK ŭCP sensitivity
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DUNE

10 years at 1 MW

ÅDUNE: 1-3% ɜe signal normalisation uncertainty

ÅFor CP, important to keep uncertainty at ᴇ2%

DUNE

10 years exposure



Systematic errors
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Systematicuncertaintiesin long-baselineneutrino oscillationsfor large ̒ мо
Pilar Coloma, Patrick Huber, Joachim Kopp, andWalter Winter
Phys. Rev. D 87, 033004 ςPublished11 February2013



ŭCP accuracy performance
(USA snowmassprocess, P. Coloma)
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for systematic errors see (7.5%/15% for ESSnuSB):

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

Å arXiv:1310.4340 [hep-ex] Neutrino " snowmass" group conclusions

"default" column



Comparisons under the 

assumption of 5% systematic

error and 10 years of data taking 

for ESSnuSB, Hyper-K and DUNE
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The sensitivity of the neutrino energy distribution to ųCP
Hyper -K first maximum LBNE/DUNE first maximum ESSnuSB second maximum

Relative difference in counts at maximum between ųCP = 3Ù/2 and Ù/2 :

430/275  = 1.6          150/100 = 1.5    105/22 = 4.8 

Hyper-K

E
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Hyper-K
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Muons of average energy 

~0.5 GeV at the level of the 

beam dump (per proton)

Future further option form a

ESS neutrino and muon facility

ESS proton 
driver

p

decay

nmor ǹm

m Decay
channel or ringFront 

end

Cooling

Storage 
ring

RCS
acceleration

Collider
ring

RLA
acceleration

Neutrons to ESS

Protons dump

m Test Facility

Short

Baseline

Detector

Long

Baseline

Detector

Short

Baseline

Detector

Long

Baseline

Detector

m+or m- nm + ̀ ne

ne + ̀ nm

Muon Collider

nuSTORM

Neutrino 

Factory

ESSnuSB

Accumulator

+˃ -˃
Ÿ Ŷ

more than 4x1020 /˃year from ESSS compared 
to 1014 u˃sed by all experiments up to now 
(1018 f˃or COMET in the future).

2.7x1023 p.o.t/year



x (cm)

muonsat the 
level of the 
beam dump
(per proton)

y
(c

m
)

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

4.1x1020 /˃year

Muons at the level of the 

beam dump
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2.7x1023 p.o.t/year

muons/proton

<E˃>~0.46 GeV
<L˃ >~2.9 km

10-3

Å input beam for future 6D m cooling 
experiments (for muon collider),

Ågood to measure neutrino x-sections (˄˃Σ ˄e) 
around 200-300 MeV using a near detector,

Å low energy nuSTORM,

ÅNeutrino Factory,

ÅMuon Collider.



The MEMPHYS 
Detector to be
located down in the
Garpenberg Mine
Distance from ESS Lund 540 km

Depth 1232 m

Truck access tunnels

Recently a new ore -hoist shaft 
was taken into operation,
leaving the old Garpenberg Norra
shaft free for other uses

S

D

n / 

20

12

Granite drill cores
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The MEMPHYS WC Detector
underground detector physics

ÅProton decay

ÅSuperNovaneutrinos

ÅSupernovae "relics"

ÅSolar Neutrinos

ÅAtmospheric Neutrinos

ÅNeutrino Oscillations

Å500 kt fiducial volume (~20xSuperK)

ÅReadout: ~240k 8ò PMTs

Å30% optical coverage(arXiv : hep-ex/0607026)
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Proton Decay
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ESSnuSB-MEMPHYS sensitivities
proton decay

(arXiv: hep-ex/0607026)
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Supernova

29
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3030 Beacom@NU2012

Distant galaxiesNearby galaxiesMilky way

Distance scale and expΩd 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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ESSɜSB organization and 

plans
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EU COST Action for networking approved in 

Spring 2016 for 2016-2019

ÅEuroNuNet : Combining forces for a novel European facility for neutrino-antineutrino 

symmetry violation discovery(http://www.cost.eu/COST_Actions/ca/CA15139)

ÅMajor goals of EuroNuNet:

Å to aggregate the community of neutrino 

physics in Europe to study the ESSɜSB 

concept in a spirit of inclusiveness,

Å to impact the priority list of High Energy 

Physics policy makers and of funding 

agencies to this new approach to the 

experimental discovery of leptonicCP 

violation.

Å 13 participating countries (network still 

growing).

http://www.cost.eu/COST_Actions/ca/CA15139


15 European Countries + 

Turkey members of EuroNuNet
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