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1964: CP violation in kaon decays
2025: CP violation in baryon decays
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ESSnuSB aims to seach CP violation
in the leptonic sector!




European Spallation Source

ESS neutrino Super Beam plus

The Europe Spallation Source offers the possibility to elaborate a high intensity neutrino superbeam in Europe

- * The ESS will be a copious source of spallation neutrons.

(%]
)
S | * 5MW average beam power => 10 MW
-
2« 125MW peak power.
D —_
:(, * 28 Hz repetition rate (2.86 ms pulse duration, 10%> protons).
Z | * Dutycycle 4% => Duty cycle 8%
—
* 20GeV kinetic energy protons => 2.5 GeV
g =
= *  Accumulator ring to shorten the pulses to us order for the
'g horn (Extra H- source are. needed).
% — * Target Station to convert the 5 MW proton beam into
.S neutrinos.
% * Near and Far detectors.
=
< = ESSnuSB/ESSnuSB+ projects funded by EU

and 11 European Governmental research agencies

These facilities has to be in agreement with the regulation
rules and environmental constraints in Sweden.
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About the collaboration

SD.

ESS neutrino Super Beam plus
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Experimental configuration of ESSNuSB s

Major components

¥._ Far Detector

1. Main accelerator

2. Accumulator

3. Target station

4. Near detectors

"\.__ LEnuSTORM Ring
\ MW Target Building

Common Morgue and PSU room
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Experimental configuration of ESSNUSB  semseriemin

Main accelerator
LEnuSTORM * 5 MW proton beam
. Far Detector
* 2.5 GeV proton energy
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e 2.8 ms beam pulse
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Experimental configuration of ESSNUSB  semseriemin

LEnuSTORM

Accumulator

e Shortens beam pulse to 1.2us

* Reduces atmospheric background

__LEnuSTORM Ring
MW Target Building
\\ Common Morgue and PSU room
‘N s l aprl
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Experimental configuration of ESSNuSB  smama

LEnuSTORM
¥ Far Detector

Target station

* Protons collide to create charged pions

4' * Neutrinos are generated in pion decays

‘ “\__LEnuSTORM Ring
7.

WIW Target Building

Decay channels:

‘-‘.\ Common Morgue and PSU room

\Ring to Target + +
Facilty Buildings \J transferline 71- - M VH
T o UV
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Experimental configuration of ESSNuSB  smama

Near detectors (END)

e Measure neutrino fluxes and
neutrino-nucleus cross-sections

LEnuSTORM
- Far Detector

e Located 250 m from the target
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LEnuSTORM

SD.

ESS neutrino Super Beam plus

ESSnuSB far detectors

* Neutrino detectors are placed inside
the mine in Zinkgruvan

¢ 50 m Decay Tunnel + Beam Dump

"\_  LEnuSTORM Ring
MW Target Building

\, Common Morgue and PSU room
\ Ring to Target ° -
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Baseline length:
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LEnuSTORM

A Far Detector
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Facility Buildings I|

Far detector specifics:

Two cylindrical vessels
Water Cherenkov

540 kt fiducial mass
= 1000 m underground
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ESS neutrino Super Beam plus

ESSnuSB far detectors

* Neutrino detectors are placed inside
the mine in Zinkgruvan
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Experimental configuration of ESSNuSB  smama

(2023-2026)

LEnuSTORM ‘ ‘
- Far Detector
: 1) Ao
=

................. S ESS neutrino Super Beam plus

High-precision cross-
section measurements

* LEnuSTORM: Low-Energy neutrino
. LEnuSTORM Ring frOm STORed MUOnS

\ MW Target Buildin .
.\ = « LEMNB: Low-Energy Monitored
\, Common Morgue and PSU room 5
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Upgrades to the ESS facilities

Linac Upgrade

-
Beam

1 1 kHz
4 x 800 us
— |”| ‘H
After
accumulator o 14 Hz

Injection

* Foil stripping: a widely
used method

* Laser stripping: under
development at SNS

* Direct proton injection:

under study at ESS

500
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ESS neutrino Super Beam plus

Accumulator seam |nJect|on
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Beam collimation
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Ring-to-switchyard transfer liner

Fast kicker magnets

D) QUL QUL (=28

------ ‘ beam

Lattice quadrupole magnets

Extraction septum magnet




CHVD.

Target station

Hot Cell Beam dump Granular Target Concept
= * Target made of 3 mm titanium

Power Supply Unit

* 16 modules (350 kA, 1.3 pus)
Located above the switchyard
Outside of radioactive part of Facility

* Ableto manlpula'\te/r(.epalr h;.adronlc collector : ) 2 spheres cooled by transverse helium
*  Work under Radioactive Environment ¥ ‘ £ gas cooling

Morgue

To Store radioactive _

large strip-lines for
and other co

aight: 3,2m

Proton Beam
(Ep=2.5 GeV, 14 Hz)
4x1.25 MW

Hadronic Collector

—_— S =

(a) The four-horn system.



ESSnuSB near detectors (END)

Scintillation cube

Composition:

onte e * NINJA-like emulsion detector (Viking) to measure
final-state topology and cross-sections

* Magnetized Super Fine-Grained Detector (SFGD)
to measure neutrino cross-sections

 Water Cherenkov detector to measure event
rates for flux normalization




ESSnuSB far detectors (FD) CHVD.

Detector design:

 Two identical Water Cherenkov
d etecto rS With 540 kt m a SS ; _....; » 2 s _.: ; " v v vy ...,;....;“;.;i...;._z.__:ii.x.-z."é.‘.:'.t....x‘...x.‘.:.‘mx._.:;

* Equivalent to 20 x Hyper-K

* Readout: 2 x 38k 20” PMTs,
~30% optical coverage

Performance:

* Detector efficiency > 85%

* Flavor misidentification < 1%

Location: 1000 m of rock overburden



Scientific goals

ESSnuSB aims to measure
the leptonic CP phase near

the 2nd oscillation maximum

Probability

0.1}
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ESS neutrino Super Beam plus
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S C i e nt i fi C go a | S ESS neutrino Super Beam plus

Hro _) Ve Py, 5, P\ v, {E'CP— 0)
) | P, (5cp—0 matter)

Probability

ESSnuSB aims to measure
the leptonic CP phase near

—— P, _, (Bgp=-12)

\r"—)\"

e P_ (50p= -w/2, matter) .
: (BCP-:.O matter)

the 2nd oscillation maximum 11 0 N e

Yy =V

0.02 11

1st oscillation maximum:
= Smaller sensitivity to dcp
= Matter effects can mimic CP violation
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S C i e nt i fi C go a | S ESS neutrino Super Beam plus

PV =V v—nr

. {ap_m

0.1

Probability

— . (8 P.. m‘2] .
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ESSnuSB aims to measure 208l !
the leptonic CP phase near i

—— P, _, (Bgp=-12)
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e P_ (50p= -w/2, matter) .
: (BCP-:.O matler)

the 2nd oscillation maximum P |

Yy =V

0.04,

0.02 {1

2nd oscillation maximum:

= Larger sensitivity to d¢cp
=  Matter effects insignificant 1st oscillation maximum:
= Smaller sensitivity to dcp
= Matter effects can mimic CP violation
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Scientific goals
—_— 1%
2004 ___ 59 N l
Sensitivity to CP violation: | T % ormalization
. [ 25%

* CP violation can be confirmed
for > 70% of 6cp values at 50 CL

* This is made possible by access |

to the 2nd oscillation maximum ™ 1004
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Scientific goals

Sensitivity Ocp value:

* Ocp can be measured by at
least 9° resolution at 1o CL

* Based on a conservative syste-
matic uncertainty assumption,
may be subject to improve

 Complementarity from
atmospheric neutrinos

S,

ESS neutrino Super Beam plus

20.0

17.5 4

15.0 -

[Normalization 5%]

Uncorrelated
bin-to-bin

— 1%
-== 5%
—:= 10%

- 25%

[ Zinkgruvan}
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Atmospheric neutrinos

Atmospheric neutrinos are produced in cosmic-
ray interactions inside the Earth’s atmosphere

~

~

True mass ordering:
B normal
EZ2 inverted
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L
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o
o

o
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T N B R R RE IR B R R R Excellent sensitivity to physics that
Exposure in years Exposure in years o
B B benefit from strong matter effects

A Monte Carlo study has been carried out for ESSnuSB FD:
ESSnuSB collaboration (J. Aguilar et al.), JHEP 10 (2024) 187
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Solar neutrinos |

]
%
1] LS

43 pp [£ 0.6 %]

'Be [+ 7 %]

wido, PP [£ 1.2 %]

ESSnuSB could help to resolve some of the
guestions on neutrinos emited by the Sun:

Flux [em™ s MeV!

. A,
......

g [+ 14 %)

..............

.
e
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.t
-
.

 Observation of hep neutrinos: e -
Neutrino Energy [MeV]
3 4 + .
He+p—" He+e" +v, 10°
- \(@‘\\ o -
. . ] 3 1000 e\'\((‘ — B8
* Discrimination from ® B background = &
. w10
* Expected events: 370 neutrinos / day 4
0.100
" 8 10 12 14 ‘Il16 18

E," (MeV)



SD.

Solar neutrinos _

~— 10"
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ESSnuSB could help to resolve some of the PR e R B )
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* Observation of hep neutrinos:

3 4 +
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\\\'b‘\\ S
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* Discrimination from ® B background * b o
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* Expected events: 370 neutrinos / day 4 %
0.100\\\
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S O | a r n e u t rl n O S ESS neutrino Super Beam plus
— 10"
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* Observation of hep neutrinos:
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Supernova neutrinos

 When a massive star collapses into a supernova, it emits an immensely large
number of neutrinos

* With its large fiducial mass, ESSnuSB far detectors could help to determine
the correct flux model for supernova neutrinos

;\l—-x ><1|09| T 1 LENLEL I Ilj? T[T rrrJprrr1 3000 L LENLEL I L '(;Ta'rf:hl'n|gl L L B L L ]

Events per model: g 2.0 —— Livermore —| E —— No Smearing :

-~ | v e GKVM 2500__ ...... 10% -

% ———Garching - === 15% .

~ 2 2000f .

148,686 88,528 51,068 < L0 - N

g 1.0 0(‘\ - <2 1500 W0 -

£ A 2 - \'\‘6\ ]

- E W S 1000f AN =

Detection channel: 05 :

— : 3 500 .

Ve tp—oNn+te 200 > E | N
T e e e MR R o XA X A 1

E (GeV) L (GeV)
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Next stage 2027-2030: Detailed design study of the Far Detector

Curren call: 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 study of the ESSnuSB Far Detector infrastructure for fundamental neutrino oscillation research with
additional benefits of their use for geological exploration and other uses

Acronym of Proposal: ESSnuSB-FD Submitted to EU-INFRADEYV 18 September 2025

Coordinator: David Saiang, Lulea Technical University, Sweden
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WP Title Lead Lead Person-  Start End
Participant#  Participant ~ Months  Month Month )
w

Short Name plus
Management 1 LTU 72 1 48
ESSnuSB-FD site 1 LTU 91 1 48
characterization
ESSnuSB-FD civil 7 CRD 79 1 48
infrastructure design
ESSnuSB Sustainability, 3 UuoO 46 1 48
decommissioning and post-
closure
The ESSnuSB-FD detector 15 AUTH 212 1 48

water tanks, photosensors,

electronics, data acquisition

and computing

Use of the ESSnuSB 6 ESS 46 1 48
infrastructure for other

applications
TOTAL 546
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Conclusions

* ESSnuSB aims to measure the leptonic CP phase by observing neutrino
oscillations at the 2nd oscillation maximum

* The first phase (3M€ granted) of the ESSnuSB conceptual design study (2018-
2022) was successfully concluded with focus on long-baseline neutrino program

* The second phase (3M€ granted) is currently on-going (2023-2026) and focuses
on high-precision cross-section measurements

* A third phase (4M€ requested) has been proposed (2027-2030) and it shall focus
on the design of the far detector facilities in Zinkgruvan

e ESSnuSB is currently planned to begin construction around 2032 and start data
taking around 2040
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P rOtO n d rive r | ayo Ut ESS neutrino Super Beam plus
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ESSnuSB in the global context
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ESS neutrino Super Beam plus
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Neutrino fluxes at 100 km distance (SSVS]D@

ESS neutrino Super Beam plus
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ESS Linac before and after upgrades

Nominal Linac ESSvSB Linac

Units

Species

Energy

Current

Average beam power
Linac length
Macro pulse length
Protons per pulse
Sub-pulse length
Repetition rate
Beam duty cycle
Total losses

p pand H™
2.0 2.5
62.5 62.550 (p)/(H)
5 10
352.2 ~423

2.86 >2.86 (p)/2.9 (H)
1015 8.3-10'%(p)/ 8.9 - 10™(H")
N/A ~0.65

14 281

4 8
<1 <1

NOMINAL ESS ESSnuSB
PARAMETERS upgrade

GeV
mA
MW

ms

ms
Hz
%
W/m

SD.

ESS neutrino Super Beam plus
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