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ESSNuSB / ESSNnuSB+

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 neutrino
oscillations

Oscillation probability for neutrinos is different than
oscillation probability for anti-neutrinos in vaccum.

probability of oscillation
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neutrino flavour at production \

neutrino flavour at detection



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



Why 2"d maximum?

Large signal and small matter effects
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Neutrino oscillations (3 generations)
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Six parameters in total: Ams,, Am3,, 012,013, 023, 6cp
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Matter effects

Distortion of oscillation probabilities due to elastic scattering of neutrinos with matter

Ve c Ve, L“;m Vs Ve, U'P“ -

e ,p,n e ,p,n

Possible for v, only Possible for all flavours

* Electron neutrinos see a slightly different effective potential than muon and tau neutrinos
* This modifies the evolution of flavour states in matter
* The effect of matter on neutrino oscillations rises with neutrino energy: it’s larger at 1%
max than in 2"9 one
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Oscillation pattern
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Oscillation pattern

2nd maximum
- larger sensitivity to 6,
- matter doesn’t matter
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ESSNUSB project

How to observe the CP violation in the 2" oscillation maximum

B. Klicek, RBI. On behalf of ESSnuSB+
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The European Spallation Source (ESS)

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

e 5 MW average beam power.
e 125 MW peak power.

* 14 Hz repetition rate (2.86 ms pulse
duration, 10% protons).

e Duty cycle 4%.
e 2.0 GeV kinetic energy protons

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

First beam on target expected in 2026.

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

B. Klicek, RBI. On behalf of ESSnuSB+
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Upgrades to ESS \)
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Upgrades to ESS k \

Upgrade of the accelerator
-14 Hz to 28 Hz

- use H instead of protons in ESSnuSB cycles

- increase energy to 2.5 GeV kinetic

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

End of 2.5 GeV linac.

-

| End of 2.0 GeV linac.
|

- use H- instead of protons in ESSNuSB cycles
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Upgrades to ESS k \

Upgrade of the accelerator
-14 Hz to 28 Hz
- use H- instead of protons in ESSNuSB cycles

- increase energy to 2.5 GeV kinetic
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Upgrades to ESS k \

Upgrade of the accelerator

-14 Hz to 28 Hz

- use H- instead of protons in ESSNuSB cycles
- increase energy to 2.5 GeV kinetic
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- water Cherenkov detector
¢ - fine grained scintillator

- emulsion detector
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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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ESSVSB v energy distribution

(after optimisation)

Flux at 360 km (positive polarity)
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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)

B. Klicek, RBI. On behalf of ESSnuSB+ 20



ESSNnuSB neutrino baseline

Zinkgruvan mine, 360 km from the source
partly covernig 15t and 2" maximum
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Oscillation coverage
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ESSnuSB Far Detector

Detector Specifications ESSnuSB Particle selection efficiency
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https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w
https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w
https://link.springer.com/article/10.1140/epjs/s11734-022-00664-w

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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CPV sensitivity



ESSnuSB conceptual desigh report

* Most up to date evaluation g
of the CPV discovery ESSnuSB
Otential Conceptual Design Report

p ;&n Discovery and measurement of leptonic CP violation using an
c intensive neutrino Super Beam.generated with the exceptionally
% powerful ESS linear accelerator

GSSVi) oy
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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

aXivy https://arxiv.org/abs/2203.08803 (includes costing) .
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Effect of normalization uncertainty on CPV
measurements (more in back-upslides)
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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,
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The ESSnuSB+ project

* Having finished the conceptual design of the facility for CPV measurement,
we need to take further steps

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

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

* Explore additional physics opportunities offered by ESSnuSB with addition
of LEnuSTORM and LEMB
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Accumulator Ring

ESS linac

ESS upgrades to host the ESSnuSB+
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LEnuSTORM Far Detector
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One horn-target system

31



ESS upgrades to host the ESSnuSB+

ESS linac
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ESS Upgrades to Host the ESSnuSB+

mulator ring
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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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Possible implementation scenario

2018 2022 2026 2030
+ (7]
a o0 Qo c 2
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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
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+ Low-energy v,

CP-violation in leptonic sector precision
measurements

v, cross-section results
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Possible implementation scenario
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CDR CDR 2035
pTDR

Env. Study — Permission

Assumes initial permission for Stage | in 2y

Tech. Design

ESS Linac Mods to 28MHz,
LEMNB, LEMMOND

Interference with ESS

Construction 2034-2036 2034-2038 2036-2041
L (2y) (4y) (5y)
Beam commissioning (1y)
Installation 2036-2039 2038-2041(45) 2041-2046
(3y) (3y-7y) (FD: 5y)
Switch - 2045-2046 2052-2055
(2y) (1y cool-down + 2y)
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

Tech. Design
Stage Il

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

L2T, TCC, T2R, LEnuSTORM, ND
Stage Il
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Tech. Design

TCC, ND, FD

c Low-energy v, v, cross-section results

CP-violation in leptonic sector precision
measurements

I .

CE: L2A, Accumxulator, L2T, TCC, LEnuSTORM, ND
Inst : includes ESS linac modifications to 28 Hz + H-

Note: installation) can finis i i
completion of Stage |
Interruption to EBS to con

Inst : includes 2y to switch from previous stage

2075

2054 2055

2065
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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
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A Co-funded by TS

Sl the European Union ejb S In,
R ESS neutrino Super Beam plus

Conclusions

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

» 2" maximum makes the measurement resilient to systematic errors and matter effects
* We predict that in 10 years of data taking ESSnuSB will be able to

* reach 5 o over 71% of 6., range

* reach &, resolution of less than 8°

e determine neutrino mass hierarchy

e Construction could commence in the 2030’s (next-to-next generation experiment)

* ESS linac will be most powerful proton accelerator in the world
* can be used to generate a neutrino beam intense enough to go to 2" maximum
* neutron user programme will start in 2026, decision on neutrino programme pending

 Large far detectors can also be used for rich astroparticle physics programme
* The ESSnuSB Design Study has been supported by EU-Horizon 2020 during the period 2018-2022.
* The ESSnuSB+ project is supported by EU-Horizon Europe for the period 2023-2026

B. Klicek, RBI. On behalf of ESShuSB+ 38
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ESS neutrino Super Beam plus

| Collaboration annual
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ESS neutrino Super Beam plus

Thank you for your attention

B. Klicek, RBI. On behalf of ESSnuSB+



Effect of 0, Oon oscillations in vacuum

D L =360 km

Probability
T“r ™
<
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0.06| \
0.04j / \ /_ \\\

W T~
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E, / GeV

Thanks to my student L. Hali¢ for patiently making plots specifically for this talk!
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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

42



Why 2nd maximum?

(summary)

The good
Vacuum CPV signal 2.7 times larger than at 1%t max.

Fake CPV signal from matter effects very small.

You in principle get less statistics because you have to either:

The bad
* Move 3x further than 1st maximum - flux 9x smaller
* Reduce energy 3x — cross-section at least 3x smaller
The optimal * Depends on the systematic error and beam intensity

e 3x signal at 2nd osc. maximum is less obscured by systematics, but we
probably have less statistics (measured appearance events).
* If the signal at 2nd maximum is not obscured by larger statistical error,
then 2nd maximum is better - Intense beam is needed
* With no systematic error, first maximum is at least slightly better
* more statistics, even though the CPV effect is smaller.




Neutrino beam production

7r+—>,u++yu

Hot Cell

* Able to manipulate/repair hadronic collector
*  Work under Radioactive Environment

T —u +U,

Morgue

To Store radioactive wastes

Beam dump

Neutrino Beam

Flux at 360 km (positive polarity)

Power Supply Unit
* 16 modules (350 kA, 1.3 us)

LT

/

* Located above the switchyard gl 3 ‘\ H
* Outside of radioactive part of \g “‘ J L
Facility ol AN

Pions decay in-flight here

Proton Beam

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

B. Klicek, RBI. On behalf of ESSnuSB+ a4
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Effect of energy calibration uncertainty on

CPV measurements

Sensitivity
— 1% .
2004 —en 5y Energy [Normahzatlon 5%]
—-= 10% calibration
1759 «aus 25%
15.0
12.5 o
Pate X
/ “
10.0 ,;*(
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,//
%
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50— e AL 2 f —
2.5
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[Normalization 5%]

Precision
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Energy === 5%
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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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Effect of bin-to-bin uncorrelated uncertainty
on CPV measurements

Sensitivity 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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Hierarchy and octant determination

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

Hi h 10 y of data taking
8 1 I I ' I I | | I IIeIr?rICI y| | I 1 I | ] 1 I 180 OCtant(L= 60 km)
B —_— =540 km a _I LI I Lk L I LI I I LI I LI 1L I— ]_U ]
= NH, IH under analysis — 360km 4 I — 2 |
i - 1201 .

6_ — B i

Ve
/

C
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60l _
oL - I ]
i —120 —
: : — : 11 1 1 I 131 1 l I L1 1 1 I 1 J 11 I 1141 1 I L1 1 1 i
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Precision for Amg, vs 0.,

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

Precision(L=360 km),
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* Plot ranges are approximately
current limit on parameters
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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

near
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' decay tunnel

linac

5 accumulator i‘rar‘g;T T E— b y
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i hadronic collector mw — 3! +V
| (focusing)
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WP3 WP4
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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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Neutrino oscillations

Flavour state evolution

Relativistic space-time translation operator

-

|
)\

[

\

‘Va;t =T xr = E> — e_i(ET_f’\E) Vot =0,0 = 6>

|

\

Neutrino quantum state at
distance L and after time T

Free particle energy operator

Néﬁ{rino quantum state at creation

\
\
N\
\

Free particle momentum operator

For mass eigenstates: o —{(ET—pL) ‘Vz> _

—

And finally: Vot = T, T
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Neutrino oscillations

Oscillation probability in vacuum

Oscillation probability:

2
By = |<u@ Vit =T, 7 = L>|
Assuming:
L parallel to p; - neutrino travels in the direction of its momentum
T=L/B~L |
~— F > i
N 2
Ams; =m; —m;
One gets the final relation: A%ﬁ = UUoiUsiUp,
Am?. L Am?2. L
. 9 i . i
Pa—>5:5a5—4;Re(A%B)sm 4EJ :I:Q;jhn(}1;);,-’8)81r12—EJ

B. Klicek, RBI. On behalf of ESSnuSB+



PMNS matrix parametrization (Dirac neutrino)

Standard parametrization used in modern literature:

1 0 0 C13 0 813€—i5cp C12
U=10 C23 S923 0 1 0 —S192
0 —sS23 23 —s13€%r () C13 0

S$12

C12
0

1

3)

* Analogue to Euler matrices used for 3D rotations

Sij = sin Qij

Cij = COS Qij

* This is not the most general unitary matrix parametrization —

a 3x3 unitary matrix has 6 phases

* 5 phases can be canceled by rephasing charged lepton

and neutrino fields

* Asingle leftover phase is always present in the middle factor




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 : | :

OUTLET 4
4

* Qutside of radioactive part of ‘ | . .“
Facility e B

hight: 3.2m

0.100 (m)

Proton Beam

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

Before Optimization
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0
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Horn parametrisation Optimisation based on Genetic Algorithm Figure of Merit based on 6, Fraction of 8,
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nkgruvan mine

Zinkgruvan
D Reserves Kadskoga. @ Orebro
[_] Resources Vianern
. copet »‘\sl\arsund!o

| Mined out

New shaft

Cylinderical caverns N

Location of shaft

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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ESSnuSB in the international context — CPV discovery

—_ 1%
007 oos 5%

- 10% Normalization

HEK 10 years (270122 POT 13 v¥)

17549 .... aRle - L
e I [ = Beam(Known MQ)
15, 4 1 e Beam (Unknown MO)
— |4- = Almospherics (Unknown MO}
125 Al Systomatics | swnrs g b —— Combined (Known MO)
j- e Y ' SR - Combined (Unknown MO)
<] | sin“20,, = 0.088 + 0.003 : . 7] C
e L_0.4 < sin%0,, < 0.6 — s A— = r
10:0 ; . 5 I
E. 5 F
[ o B
n I 6
~ O
w 4
S
.E b _
T T T T ; : PP P PR ISP PRI PP PRI PP PR 0 I SR AR A .
150 100 n 0 50 100 150 1 —0.8-0.6-0.4-0.2 co 0.2 0.4 0.6 0.8 1 =) -1 0 l 2 ]
d(%)

ESSnuSB March 2022 with 5%
normalization error

B. Klicek, RBI. On behalf of ESSnuSB+
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Hyper-Kamiokande Snowmass March 2022
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ESSNuUSB in the international context — CPV resolution
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Table 5.5: The number of expected ' events per running year, per level of the analysis, per flavour and interaction type, and per each horn polarity.

Positive polarity
v CCH> v CCp™ 7 CCp” #7CCu™ v NCp™ ve NCp™® v, NCu? 7 NC u'?
All interactions ~ 5.19x 107 288 x10* 143 x 10° 19.7 229x10° 144x10° 844x10* 159
Trigger 5.13x 107 271x10* 1.42x10° 18.1  198x10° 1.36x10* 6150 10.2
Sub-Cherenkov criterion ~ 3.10x 107  2.00x 10*  1.06 x 10° 126 540x10* 678 179 0.2
Reconstruction quality criteria ~ 2.59x 107 1.43x10*  9.29 x 10* 8.7 2.69x10 407 111 0.1
Cherenkov-ring resolution criterion ~ 2.12x 107  1.03x 10*  7.69 x 10* 63 2.11x10° 327 93.6 0.1
Pion-like criteria ~ 2.12x 107 1.03x10*  7.69 x 10* 63 211x10* 327 93.6 0.1
Multi-subevent criterion  2.10x 107  1.03x 10*  7.69 x 10* 63 2.11x10° 326 93.4 0.1

Negative polarity
1 CERY v, CCu® €8y 9,CCaY v;NEH" wNCE® 9,NCu® §,NCi>
All interactions  5.17 x 10° 179  8.36 x 10° 2610 2.62x 10° 983  5.05x10°  2.08 x 10*
Trigger  5.10x 10° 168  8.31x10° 2400 220 x 10* 86.9  3.46x10° 1410
Sub-Cherenkov criterion 3.12x 10° 125 5.55 % 10° 1690 799 49 5490 334
Reconstruction quality criteria ~ 2.65 X 10° 89.0 4.71x10° 1170 456 31 3050 15.7
Cherenkov-ring resolution criterion ~ 2.17 x 10° 65.5 3.87x10° 806 372 25 2720 12.8
Pion-like criteria ~ 2.17 x 10° 65.5 3.87x10° 806 372 2.5 2720 12.8
Multi-subevent criterion ~ 2.13 x 10° 65.5 3.86x10° 806 371 25 2720 12.8
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Table 5.4: The number of expected ¢'® events per running year, per level of the analysis, per flavour and interaction type, and per each horn polarity.

Positive polarity

v, CC P v, CC P v, CC eP ¥, CC P v, NC P v, NC P v, NC el 7, NC P
All interactions  1.50x 10" 533 x10°  4.28 x 10* 382 244x107 1.65x10°  7.87 x 10* 142
Trigger 1.50x 107  533x10° 428 x 10* 382 244x107  1.65x10°  7.87 x 10 142
Sub-Cherenkov criterion ~ 2.57x 10° 514 x 10°  1.00 x 10* 359 8.93x 10° 8570 3060 3.7
Reconstruction quality criteria ~ 2.11 x 10°  4.69 x 10° 8380 327 7.62x10° 7360 2630 3.2
Cherenkov-ring resolution criterion ~ 6.22x 10°  3.70 x 10° 2190 256 6.55% 10° 6390 2200 2.7
Pion-like criteria ~ 9.63x 10*  3.32x 10° 209 234 7.19x 10* 718 313 0.3
Multi-subevent criterion ~ 3.95x 10*  3.22 x 10° 80.9 234 7.09x10* 691 307 0.3

Negative polarity
v, CCe™® ¥ CC8™ ¥, CCe” .. CCe™ v, NC IP v, NC I v, NC eIP 7, NC P
All interactions  1.66 x 10° 3260 249x10° 529x 10  2.68 x 10° 1070  4.61x10° 193 x 10°*
Trigger  1.66 x 10° 3260  249x10°  529x10°  2.68x10° 1070  4.61x10° 193 x10*
Sub-Cherenkov criterion ~ 2.87 x 10* 3140 431x10°  509x%10* 9860 532 122%10° 574
Reconstruction quality criteria  2.39 x 10* 2860 3.49x10°  4.66x10* 8500 458 1.06x 10° 492
Cherenkov-ring resolution criterion 8000 2260  6.89x 10*  3.66 x 10* 7330 39.7  8.95x 10* 426
Pion-like criteria 1180 2020 9640  3.34x10* 940 45 1.14x10* 43.7
Multi-subevent criterion 394 1950 5400  3.33x 10 918 43  1.13x10* 434
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Table 5.13: Expected number of neutrino interactions in 538 kt FD fiducial volume at a distance of 360 km (Zinkgruvan mine) in 200 days (one
effective year). Shown for positive (negative) horn polarity.

Channel Non oscillated Sep =0 Scp = (;?glllated Scp = —)2
vy — v, 22630.4(231.0) 10508.7 (101.6) 10 430.6 (5.8) 10 430.6 (100.9)
vy —=ve  0(0) 768.3 (8.6) 543.8 (5.8) 1159.9 (12.8)
Ve = Ve  190.2(1.2) 177.9 (1.1) 177.9 (1.1) 177.9 (1.1)

cc Yeowu 000 53(3.3x1072) 7.3 (4.5%x107%) 39(24x1072)
Vy =V, 62.4(3640.3) 26.0 (1 896.8) 26.0 (1 898.9) 26.0 (1 898.9)
Vu—7e  0(0) 2.6(116.1) 3.5 (164.0) 1.4 (56.8)
Ve o Ve 13x1071(185) 1.3x107' (17.5) 1.3x 107" (17.5) 1.2x 107" (17.5)
Ve = vy 0(0) 301077 (4.0x 107" 1.5x 1077 2.1 x 107" 4.1x107 (5.6x107")
Vi 16 015.1 (179.3)
Ve 103.7 (0.7)

NE Vi 55.2 (3 265.5)
Ve 1 x 107! (13.6)
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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, RBI. On behalf of ESSnuSB+



CP violation in vacuum

Am? L Am? ;L
P, v :5a5—4ZRe (A%-B) sin? 4E :I:QZIm (Aaﬁ) sin ——— 4E
1> 1>
CP violation T violation CPT symmetry
Pl/a_H/B # Pﬁa_)ﬁﬁ Pl/a—>1/)(-j # PI/’Q—)IJQ PL’Q—H/ﬁ — Uﬁ—)?a

All three equations can be proven using the formula above.

CP violation “amplitude”:

(¥

Am?2. L
) sin — -2~

Pya—n/g - 1/ —V3 —4ZIm(
1>
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