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Why need for future LBL experiments?

* Precise measurement of neutrino osc. parameters in laboratory conditions
(PMNS matrix, delta-m-squares) in all osc. channels

* strive towards the precision of the CKM matrix

* Some of the things we can check:
e Unitarity of PMINS
* Mass ordering (recheck)
* Consistency of oscillation channels

* These could have far-reaching consequences
* Leptogenesis in the early Universe
* Check CP, T, and CPT consistency
e Extra neutrino flavours
* Unexpected new physics
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CKM vs. PMINS measured values
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Neutrinos_
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CKM parameters

F. Takahashi et al. (Particle Data Group), to be published in Int. J.
Mod. Phys. A 41, 2630011 (2026)

B. Klicek, RBI. On behalf of ESSnuSB+

1C23 w/o SK-atm

U 3o

1C24 with SK-atm __
|U|30' -

(0.810 — 0.834
0.258 — 0.502
\0.274 — 0.512

[0.810 — 0.834
0.259 — 0.498

\0.280 — 0.512

0.532 — 0.568
0.479 — 0.680
0.486 — 0.684

0.532 — 0.568
0.514 — 0.678
0.488 — 0.659

| NUFIT 6.1 (2025) |

0.144 — 0.156 \
0.650 — 0.758
0.635 — 0.745

0.144 — 0.156 \
0.652 — 0.756
0.637 — 0.743 )

Normal Ordering (best fit) Inverted Ordering (Ax* = 5.9)
bfp +1o 3o range bfp +1o 30 range
< | sin® iz 0.3088 00067 0.2893 — 0.3295 | 0.308870000F  0.2893 — 0.3295
S | 012/° 33.7610 47 32.54 — 35.03 33.761043 32.54 — 35.03
o
ici sin? 03 047070011 0.435 — 0.584 0.5501 0 018 0.439 — 0.584
g | 623/° 43.29%025 41.27 — 49.86 47907053 4151 — 49.83
; sin? B3 0.0224810:00955  0.02064 — 0.02418 | 0.0226275:00025  0.02093 — 0.02441
T\ 0ws/° 8.621011 8.26 — 8.95 8.6510 11 8.32 — 8.99
Z | bcp/e 212426 125 — 365 274122 203 — 335
o™
= Ami;
— 2 7537500 7.236 — 7.823 75370 00! 7.236 — 7.822
1079 eV ’ '
ATngE +0.021 5-+0.020
T eyE | PROUIGGG #2450 - 42576 | 24830005 ~2.547 - ~2421
JHEP 12 (2024) 216 [arXiv:2410.05380]
and NuFIT 6.1 (2025), www.nu-fit.org. 3



http://dx.doi.org/10.1007/JHEP12(2024)216
http://arxiv.org/abs/2410.05380
http://www.nu-fit.org/
http://www.nu-fit.org/
http://www.nu-fit.org/
http://www.nu-fit.org/
https://pdg.lbl.gov/2026/html/authors_2026.html
https://pdg.lbl.gov/2026/html/authors_2026.html
https://pdg.lbl.gov/2026/html/authors_2026.html

Unitarity triangle CKM vs. PMNS

~Quarks | Neutrinos_

NuFIT 6.1 (2025)
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Unitarity triangle CK

~Quarks | Neutrinos
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Future Long-baseline accelerator neutrino experiments
(including ESSnuSB) - Beyond DUNE, HK

* What fits this description?
ESSnuSB

P20

Beta beams

Neutrino factory

Tau beams
Other ideas?

* HyperKK (proposed parallel with HK)



ESSNuUSB

A design study for a next-to-next generation experiment
to precisely measure CP violation amplitude using the
2"d neutrino oscillation maximum.



CP violation in ESSnuSB
(and HyperK and DUNE)

PI/M—H/e # Pﬁuﬁﬁe

We will study v, and v, appearance in v, and v, beam, respectively

M

The plan:
1. Run with v, and look at v, appearance, then
2. Run with v, and look at v, appearance



2nd maximum
- larger sensitivity to &.p

Oscillation pattern at 1%t and 2"4 maximum

ACP — Puﬂ—we - PEM—WQ
Acp @ 2nd max

- matter doesn’t matter (L = 360 km)
R; 1st maximum
g N - smaller sensitivity to 8, —— Pyov =Py L (8 =0)
s A 3 e : :
0 1atter can mimic CP violation . = 1/2)
= -1/2, matter)
0.08 dep = 0, matter)
= -1/2)
0.06; p.= -T/2, matter)
¥ = 0, matter)
0.04

~ 2.7
Acp @ 1st max

* Does not depend on PMNS
matrix elements

* Depends only on mass
splittings

0.021}
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The European Spallation Source (ESS)

* The ESS will be a copious source of

spallation neutrons. = ﬁ e
5 MW average beam power. ‘ | ' - @) SoURce
e 125 MW peak power. Target =
* 14 Hz repetition rate (2.86 ms pulse . S — jlooa i EXEbTa” ‘

duration, 1025 protons). = = ey Ce*;tjﬁgﬁﬂg”ty
« Duty cycle 4%. s e S i .

Linac SS=s __

e 2.0 GeV kinetic energy protons
o up to 3.5 GeV with linac upgrades
>2.7x10%3 p.o.t/year.

First beam on dump in 2025.

450 mg of protons/year
at 95% speed of light!

i) ()i
@OUC@*
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Upgrades to ESS

__End of 2.5 GeV linac.

| End of 2.0 GeV linac.
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Upgrades to ESS k \

Upgrade of the accelerator -
_ 14 HZ tO 28 HZ : i End of 2,0 GeV linac.
- use H instead of protons in ESSnuSB cycles : |

- increase energy to 2.5 GeV kinetic

__End of 2.5 GeV linac.
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Upgrades to ESS k \

Upgrade of the accelerator -
_ 14 HZ tO 28 HZ : i End of 2,0 GeV linac.
- use H" instead of protons in ESSnuSB cycles : |

- increase energy to 2.5 GeV kinetic

__End of 2.5 GeV linac.
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Upgrades to ESS k \

Upgrade of the accelerator -
_ 14 HZ tO 28 HZ : i End of 2,0 GeV linac.
- use H" instead of protons in ESSnuSB cycles : |

- increase energy to 2.5 GeV kinetic

__End of 2.5 GeV linac.
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Build a near detector site

- water Cherenkov detector
¢ - fine grained scintillator

- emulsion detector

Upgrades to ESS k \

Upgrade of the accelerator —
- 14 HZ to 28 HZ : End of 2.0 GeV linac.
- use H" instead of protons in ESSnuSB cycles :

- increase energy to 2.5 GeV kinetic
. . gy A o R — = N —

| | 7
S ACCELERATOR

__End of 2.5 GeV linac.
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ESSVSB v energy distribution

(after optimisation)

Flux at 360 km (positive polarity) Flux at 360 km (negative polarity)
: :
10° = 102
. .
10_0_ o.izI 0.i4 Clos | Io.lsI — '1.|2' ' '1.i4|'§;G'\1!.6 107 o 0a
* small v, N, (105/ cm?) % N, (105/ cm?) %
contamination which at 360 km from the
. Y 520.06 97.6 15.43 4.7 target and per year
will be used to H (ingabsencg Ofy
measure v, Cross- Ve 3.67 0.67 0.10 0.03 oscillations)
sections in a near v, 9.10 1.7 305.55 94.8
detector -
Ve 0.023 0.03 1.43 0.43
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ESSVSB v energy distribution

(after optimisation)

Flux at 360 km (positive polarity) Flux at 360 km (negative polarity)
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* small v, N,, (10°/ cm?) % N, (10°/ cm?) %

S . at 360 km from the
C",Illltabmmatéon which v, 520.06 97.6 15.43 4.7  targetand per year
will be usea to (in absence of
measure v, Cross- Ve 3.67 0.67 0.10 0.03 oscillations)

sections in a near v 9.10 1.7 305.55 94.8
detector -
7, 0.023 0.03 1.43 0.43
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NINJA-like water-emulsion N ear d Ete CtO 'S

detector (1 t fiducial)

Scintillation cube

Code name: VIKING h
Super-FGD like detector

(1 t fiducial)
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ESSﬂ US B ne Utr| NO ba Se ‘ | Nne Zinkgruvan mine, 360 km from the source,

partly covering 15t and 2"4 maximum




Oscillation coverage
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Oscillation coverage

Going from Zinkgruvan to Garpenberg
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ESSnuSB Far Detector

Detector Specifications

e Baseline 360 km

* Detector diameter 74.0 m (Internal)  °7
* Detector height  74.0 m (Internal)

* Depth (w.rt.) ground level : 1000

Detector Performance

* Detector efficiency for correctly
identifying neutrinos > 85%.

* Flavour misidentification
probability < 1%.

ESSnuSB Particle selection efficiency
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Expected event spectra

From the ESSnuSB CDR: https://doi.org/10.1140/epjs/s11734-022-00664-w & https://arxiv.org/abs/2203.08803
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ESSnuSB conceptual desigh report

* Most up to date evaluation
of the CPV discovery
potential

 arXiv version includes costing

ESSnuSB

Conceptual Design Report

Discovery and measurement of leptonic CP violation using an
intensive neutrino Super Beam generated with the exceptionally
powerful ESS linear accelerator
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Alekou, A., Baussan, E., Bhattacharyya, A.K. et al. “The European Spallation Source neutrino super-beam conceptual design
report”. Eur. Phys. J. Spec. Top. (2022). https://doi.org/10.1140/epjs/s11734-022-00664-w

arXiv: https://arxiv.org/abs/2203.08803 (includes costing)
B. Klicek, RBI. On behalf of ESSnuSB+
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CPV sensitivity and precision
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From the ESSnuSB CDR: https://doi.org/10.1140/epjs/s11734-022-00664-w & https://arxiv.org/abs/2203.08803
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CPV sensitivity and precision

Precision
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From the ESSnuSB CDR: https://doi.org/10.1140/epjs/s11734-022-00664-w & https://arxiv.org/abs/2203.08803
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Leptogenesis Theories K. Moffat et al., arXiv:1809.08251 (2019)

W h y p re C i S i O n O n C PV ? LO‘:\\'Arln(aGs:\:;a:cI:);egime Interlr?):ii:;(: Eaeils) f:al"glgregime

* Why not?

* Discriminate between | o
different leptogenesis and | l
different flavour models S A

Flavour Theories P.Ballett et al., JHEP12 (2014) 122
DeSiI’ed precision four different syn'llmetryforms of the ne}Jtrino mixing matrix | .

5(5) < 12° at § = 37/2

(S.T. Petcov, NPB 2024, IAS, HKUST, Hong Kong 20/02/2024)

TBM B tri-bimaximal
GR1 5 golden ratio 1/A
GR3 mmmm golden ratio 3
GR2 B golden ratio 2/B
HEX hexagonal

Post. Prob. Density

-1.5 -1 -0.5 0 0.5 1 1.5 2
cosd
B. Klicek, RBI. On behalf of ESSnuSB+
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So, we're all good?

Powerful proton gun
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So, we're all good?

Powerful proton gun + Cool target station

B. Klicek, RBI. On behalf of ESSnuSB+
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So, we're all good?

Powerful proton gun N Cool target station = Lots of neutrinos, good physics

B. Klicek, RBI. On behalf of ESSnuSB+
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So, we're all good?

Powerful proton gun + Cool target station

Not so fast
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So, we're all good?

Powerful proton gun =

Not so fast
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The ESSnuSB+ project

 Start with the civil engineering and infrastructure development
* Design prototyping facilities at ESS

* Explore additional physics opportunities offered by ESSnuSB with
addition of LEnuSTORM and LEMNB

* Design facilities for precise neutrino cross-section measurement:
* low energy nuSTORM (LEnuSTORM) and monitored beam (LEMNB)

e Study non-beam physics with far detectors

* Atmospheric neutrinos, supernova neutrinos, solar neutrinos, galactic
neutrinos, geoneutrinos, proton decay ...



ESS upgrades to host the ESSnuSB+
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One horn-target system
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_ ESS linac

ESS upgrades to host the ESSnuSB+
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ESS Upgrades to Host the ESSnuSB+

mulator ring

B. Kli¢ek, RBI. On behalf of ESSnuSB+
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Possible implementation scenario

2018 2022 2026 2030
+ (7]
a o0 Qo c 2
S ol W S O O g
55| 225 | 588 83
Nal Ase S5 0<%
e B LEG | 2
QO = wn ~ S
w LD [

CDR CDR
pTDR

Env. Study — Permission

Assumes initial permission for Stage | in 2y

Tech. Design

ESS Linac Mods to 28MHz,
LEMNB, LEMMOND

Tech. Design
Stage Il

ESS Linac Mods H-, RFQ, L2A, Acc,

Tech. Design

TCC, ND, FD

Interference with ESS

_ Construction 2034-2036 2034-2038 2036-2041

© L (2y) (4y) (Sy)

> Beam commissioning (1y)

e Installation 2036-2039 2038-2041(45) 2041-2046

o (3y) (3y-7y) (FD: 5y)

2’ Switch - 2045-2046 2052-2055

(2y) (1y cool-down + 2y)
2035 2036
Operation 2039-2045 2046-2052 2055-2075

(1y comm + 5y) (2y comm + 5y) (0.5y comm + 20y)

Assumes initial permission for Stage | in 2y

CE: extraction from ESS Linac, TL, LEMNB target, LEMMOND cavern
Inst : includes ESS linac modifications to 28 Hz
Two interruptions to ESS: for CE and Linac modifications

2047 2052
°

CE: L2A, Accumulator, L2T, TCC, LEnuSTORM, ND

Inst : includes ESS linac modifications to 28 Hz + H-

Note: installation can finish earlier but needs to wait for the
completion of Stage |

Interruption to ESS to connect and commission the H- source

2054 2055 Inst : includes 2y to switch from previous stage
T 2075

2065

L2T, TCC, T2R, LEnuSTORM, ND
Stage Il

B. Klicek, RBI. On behalf of ESSnuSB+

+ Low-energy v,

CP-violation in leptonic sector precision
measurements

v, cross-section results
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Possible implementation scenario

2033
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measurement

S

CP-violation in leptonic sector precision
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o S| ﬁnis:_
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ESSnuSB EU support programmes

ESSnuSB Design Study Project

e COST Action EuroNuNet (CA15139): 2016 - 2020
> https://euronunet.in2p3.fr

* *

* *
ap *
* *

* %

EcraNoNet

» video for scientists: W Eosnuss pesansiy.
https://www.youtube.com/watch?v=PwzNzLQh-Dw - |

R

* EU-H2020 Design Study ESSvSB: 2018 - 2023 -

> https://essnusb.eu

bESS
ALY NEUTRINO
e)b S SUPER BEAM

ESSnuSB looking for the answer.

» video for general public: R esnus Looking for o
https://www.youtube.com/watch?v=gAnvftOnAlg

* EU-Horizon Europe Design Study ESSvSB+: 2023-2026 - @ Oi)q}

> o ngOi ng ESS neutrino Super Beam plus

B. Klicek, RBI. On behalf of ESSnuSB+ 34
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8 Mt instrumented
115 strings

Rt o
M P. s/ St =D
P20 (Protvino to Orca) EEL N o
<
XA
: : @
* Main purpose: mass hierarchy @
measurement @
@
* Parameters
* Long baseline: 2695 km pephmaom o
* about 8 Mt water Cherenkov detector Ol
* 450 kW beam sin“0;3 = 0.01 i i
0.08 ¢ R

* Bi-magic baseline -
* hierarchy measurement independent s 0-06
of Ocp A 0.04 | /

Lol from 2019 0.02
https://arxiv.org/abs/1902.06083

* now on indefinite hold

B. Klicek, RBI. On behalf of ESSnuSB+ 35
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Beta beams

* Accelerate beta emitting nuclei

* Pure and narrow spectrum on v, or v,
* Possible to observe v, — v, and maybe
V, — V; appearance

* Main technical difficulty is intensity

 Difficult to produce isotopes at a sufficient
rate

* On hold since early 2010’s

B. Klicek, RBI. On behalf of ESShuSB+

RCS

EURISOL scenario at CERN
https://doi.org/10.1016/j.nuclphysbps.2012.09.037
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Neutrino factory

* Accelerate muons and put them in a storage ring
 nuSTORM just stores the muons, SBL only

* Controlled and intense source of v, and v, (or v,
and v, )

Main technical difficulties
* accelerating muons
* magnetized far detector

Proposed sites: CERN, RAL, Fermilab, ..

Progress slowed down at the beginning of 2010s

* Large 6,3 made CPV (and other) measurements accessible
to conventional beams

* Interesting new possibilities:
* nu factory at ESS (backup slide)
* Low energy nuSTORM could be a step forward
* nu factory at Fermilab with DUNE as far detectors
* https://arxiv.org/abs/2407.02572

B. Klicek, RBI. On behalf of ESShuSB+

Neutrino Beam

Proton Driver:
o— Linac option
Ring option

Muon Decay
Ring

755 m

Buncher
Phase Rotation

(=7]
B £
o
| .
(=]
kO - _
@ e

Linac to 0.9 GeV 0.9-3.6 GeV RLA
@—o:)

C: 3.6-12.6 GeV'RLA Z

12.6-25 GeV FFAG

: i
NeutrinoBeam . .:)
i ——t

_4__+_H_,,_._(_'_H__,‘_._.._|—l—-i—-+""'_4

Muon Decay Ring IDS-NF Baseline 2010/2.0

Generic nu fact design from 2011
https://arxiv.org/abs/1112.2853

37


https://arxiv.org/abs/2407.02572
https://arxiv.org/abs/1112.2853

Tau neutrino beams?

* Produced by shooting protons on thick target and sweep/stop anything other than D
* about 3% neutrinos are v,

Beam Dump Sweeping Magnets Passive Shielding Target Area — w ) .
L I l _____________ - Q\%\&\\\”¢" 727 proton _-=:__ D S %
R e A I = N\Nﬂi N §\ ﬁ"" ) J‘j,—. ~ -
\%\ W 2 \
‘ ) ~H mm , X
40m l .
DONUT beamline https://arxiv.org/abs/0711.0728 https://arxiv.org/abs/1906.03487

e currently only SBL (DONUT, SHiP)

e DsTau (NA65): a running experiment at CERN to measure v; production
* To reduce systematics for past and future v, experiments

* Maybe LBL in future?

* Perhaps via oscillations?

B. Klicek, RBI. On behalf of ESShuSB+ 38
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| D PN Co-funded by /f\'—w
o SR the European Union ejb S N
. ESS neutrino Super Beam plus
Conclusions

* Long baseline neutrino experiments let us study neutrino oscillations in
detail in laboratory conditions (we control both source and detector)

* After next generation of neutrino experiments we expect to have a good estimation
of all oscillation parameters

* However, we need precise measurements and cross-checks using different osc.
channels: new physics can hide in the details!

» Several proposed ideas for LBL experiments after HyperK and DUNE
e ESSnuSB, P20, Beta beams, Neutrino factory

* ESSnuSB is currently the most active, practical and feasible

* Allows very precise leptonic CP violation measurement at the second oscillation
maximum

B. Klicek, RBI. On behalf of ESShuSB+ 39
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Possible scenario of new physics hiding in the details.
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Precision comparison with current projects

6""‘\ 3 0 B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_
N | Normal analysis DUNE |
o 0. unconstr. BN 336 kt-MW-yrs n
o [~ 624 kt-MW- _]
© 25¢ I 1104 kt—MW}j;Srs =
- T2HK
O i ]
v 15 -
y G [ _
L 10F -
O - -
(= Zinkgruvan (360 km) Normal Ordering -
0 B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | | ] ] ] | ] ] ] ] | I_
0 | 2 3 4 5 6
M. Dracos, IPHC-IN2P3/CNRS, 80p (rad') 41
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Optimization for precision
Supposing that value of & is roughly known at ESSnuSB time

Precision for different neutrino (antineutrino) run times Optimal precision for known 6,
‘ 20.0
20.0 i —10+ —— Zinkgruvan
v(ts) = ‘ (9)y 175 - —— Garpenberg
17.5 - — 1. (tr?) - 2(8) Y o
— 1,(tz) =3(7) vy
. — t,(ts) = 4(6) y 15.0 1
15.0 — 4 (ts) =5() ¥
— 1 (f-u) = (](1) ¥ 12.5 1
12:5 — (ty) =703) y ~
2 0o el U-r/) = 8(2) y E 10.0
[,é—' — tp(tp‘) = 0(1) ¥ 4‘_
4
5.0 1
2.5
2.5 - [N()I'maliza‘ri()n 5%]
[N()I'malizati()n 5%] [Zinkgruvanj 0.0 :
0.0 - . r - N - - ' 150 100 50 0 50 100 150
~150 ~100 ~50 0 50 100 150 .
) 6(%)

From the ESSnuSB CDR: https://doi.org/10.1140/epjs/s11734-022-00664-w & https://arxiv.org/abs/2203.08803

B. Klicek, RBI. On behalf of ESSnuSB+ 42
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ESSnuSB in the international context — CPV discovery

—_ 1%
007 oos 5%

- 10% Normalization

HEK 10 years (270122 POT 13 v¥)

17549 .... aRle - L
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— |4- = Almospherics (Unknown MO}
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S
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ESSnuSB March 2022 with 5%
normalization error
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DUNE Snowmass March 2022

Hyper-Kamiokande Snowmass March 2022
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> [ ]
ESSvSB and (R&D) synergies
proton driver Dedicated series of workshops is organized
3 https://indico.cern.ch/event/849674/
@
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https://indico.cern.ch/event/849674/

Crazy ideas

e Put a neutrino detector in a geostationary orbit (A.L.)

* Long baseline tagged beam (L.M.)

e Use LHC in FCC era to produce high-energy neutrino beam
* Make a tau neutrino beam



B. Klicek, RBI. On behalf of ESYR2+ ! WP3

ESSvSB+ at the European level

A Horizon Europe Design Study (Call HORIZON-INFRA-2022-DEV-01)

Title of Proposal: Study of the use of the ESS facility to accurately measure the neutrino
cross-sections for ESSnuSB leptonic CP violation measurements and to perform sterile
neutrino searches and astroparticle physics

Duration: 4 years

Total cost: S M€

Requested budget: 3 M€

20 participating institutes, including CERN and ESS
6 Work Packages

Approved August 2022

civil engineering
+mining

1 ,Target hadrons /" : |
0 | =l | : ;
o [~ : B
: E hadronic collector E ‘ i
| (focusing) : Detectors+Physics |
| | WP5 i WP6

46



Neutrino beam production

- - - — =
T + Vlu T =W + Vi
Hot Cell
* Able to manipulate/repair hadronic collector Morgue Beam dump
*  Work under Radioactive Environment To Store radioactive wastes Neutrino Beam
Power Supply Unit
- 16 modules (350 kA, 1.3 pis) = | =
*  Located above the switchyard ] ! L3 I T
* Outside of radioactive part of \' “‘ \‘ | |{ Hﬂ
Facility oo _g T

Pions decay in-flight here

Proton Beam

(Ep=2.5 GeV, 14 Hz)
4x1.25 MW
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Effect of energy calibration uncertainty on
CPV measurements

Sensitivity Precision
20.0
— 1% — — 1%
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From the ESSnuSB CDR:
B. Klicek, RBI. On behalf of ESSnuSB+

https://doi.org/10.1140/epjs/s11734-022-00664-w & https://arxiv.org/abs/2203.08803
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Effect of bin-to-bin uncorrelated uncertainty

on CPV measurements
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From the ESSnuSB CDR: https://doi.org/10.1140/epjs/s11734-022-00664-w & https://arxiv.org/abs/2203.08803
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Hierarchy and octant determination

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

Hi h 10 y of data taking
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ESSvSB at the European level

* X %

* *

. A H2020 EU Design Study (Call INFRADEV-01-2017) o
* 4 %

 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 EUROV LAGUNA
(2008-2012) (2008-2010)
* Total cost: 4.7 M€
ISS (2005-
2007)

* 15 participating institutes from CoST Action
11 European countries including CERN and ESS IR

* 6 Work Packages
far L’

Detectors physics

WP5 WP6

LAGUNA-
LBNO (2010-
2014)

* Requested budget: 3 M€

e Approved end of August 2017
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Hot Cell

* Able to manipulate/repair hadronic collector Morgue Beam dump
*  Work under Radioactive Environment To Store radioactive wastes

Granular Target Concept
* Target made of 3 mm titanium spheres
cooled by transverse helium gas cooling

Power Supply Unit
* 16 modules (350 kA) a‘ ons
* Located above the switchyard : | :
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Site 2 is considered as best considering access to main
transport infrastructure and located in an area less
disturbed by mining activities
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Channel L = 540 km L = 360 km
Signal Vy — Ve (Uy — V) 272.22 (63.75) | 578.62 (101.18)

v, — vy, (0, = 1) 31.01 (3.73) 67.23 (11.51)
Background | v, — ve (Ve — 1) 67.49 (7.31) 151.12 (16.66)

v, NC (v, NC) 18.57 (2.10) 41.78 (4.73)

Uy — Ve (v — 1e) 1.08 (3.08) 1.94 (6.47)

Table 1: Signal and major background events for the appearance channel corresponding to positive
(negative) polarity per year for dcp = 0°.

Channel L = 540 km L = 360 km
Signal v, = vy, (V= 1y) 4419.69 (733.31) | 7619.16 (1602.02)

Ve — Ve (Ve — Ug) 7.77 (0.02) 17.08 (0.05)
Background | v, NC (v, NC) 69.23 (8.24) 155.77 (18.54)

Vy — Ve (D — Ve) 14.68 (0.06) 61.30 (0.17)

Uy — vy (Vy — vy) 12.35 (41.00) 21.39 (72.59)

Table 2: Signal and major background events for the disappearance channel corresponding to positive

(negative) polarity per year for dcp = 0°.
B. Klicek, R



Sij = sin Qij

CP violation in ESSnuSB cij = cosby
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ESSnuSB Implementation Approach

Staged Implementation

* Proton beam from ESS linac, up to 2.86 ms pulses, long-pulses up to 10'# protons/pulse,
* ~300kW target station, pion capture using conventional magnets, instrumented decay tunnel

* Beam to near detector LEMMOND at ~40-50 m from the target

Stage 1

LEMNB

* H source, and transfer line to accumulator
e Accumulator ring, 1.25 MW target station, horn for pion capture, transfer line

and injection to LENuSTORM ring
S sl * LENUSTORM ring, beam to near detector LEMMOND at ~10-15 m from ring, and

to END at 290 m from target

Stage 2

* H source, and transfer line to accumulator
e Accumulator ring, 5SMW target station, horn for pion capture
e Decay tunnel, beam to END at 290 m from target and FD

Stage 3

ESSnuSB CPV LBL
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