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ESSnuSB

A design study for an experiment to
measure CP violation at 2nd neutrino
oscillation maximum.
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CPnolationnin cheutrino
oscillations

Oscillation probability for neutrinos is different than
oscillation probability for antneutrinos in vaccum.

probability of oscillation

N\
Pl/a—H//@ # Pia—ﬁ/@

neutrino flavour at production \

neutrino flavour at detection



CPnolationin ESSnuSB

Pl/uél/e # PEM%FQ

We will studya, and3_ appearance irs, and3, beam, respectively

The plan:
1. Run with3, and look aB,appearance, then
2. Run with3, and look a3, appearance



Why 29 maximum?

Large signal and small matter effects



Neutrino oscillations
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Neutrinoflavourcan @
effectively change between '
Its creation and interaction.




Neutrino oscillations

Ve) V1)
) | = U | |v2)
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flavour eigenstate  mixing matrix =~ mass eigenstates

lv;) has a mass m;

» U, is called the PMNS (PontecorMaki-NakagaweSakata) matrix
» U,; must be unitary for probability conservation

» for ngenerations oheutrinosit is an x n complex matrix

» here we focus on standard 3 neutrino generations



Neutrino oscillations (3 generations)
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Neutrino oscillations
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CP violation In vacuum

Provy = 0ag — 4y Re (A3 ) sin®
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CP violation

PI/a—H/B # Pfa—>f/3

T violation

PI/Q—HJ[-} # PI/ﬁ—H/a

CPT symmetry

Pya—>y — PU — TV,
B B

All three equations can be proven using the formula above.
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Jarlskognvariant

Im (A%’B ) = +. <« Definition ofJarlskognvariant

Imaginary part ob is constant up to a sign forall 1 and’Q 'Qelse it is zero
AGKAA A& | aYS|I| adgekeatio?rieutrinamodelh 2t | G A 2 Y

Jarlskognvariant in standard
3-gen PMNS parametrization

J = 812€12513C13523C23C13 Sin 0cp

A J= 0 if any of the mixing angles is 0 or“ g, orf  is O or*
A in that case there is no CP violation

A0 D T8t mssuming current PDG central values [t @GAZ2ElUAZ2ZYy al 2Y LJ
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Sij = sin Qij

Cij = COS Qij

2 2

1] T

CP violation IlESSnuSB Am = m? —m!

IA;?‘f = U,UajUsiU},
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ESSnuSBP violation

Ami, L . Ami,L . AmZ, L

P, . — B, 5 =4J (sin %5 — sin %5 — sin %
Ami, L . Am3,L . Am3 L

— —16J sin W sin i sin w

J = S$12€12513C13523C23C13 Sin OCp

)

To have CP violation we must have Tt
but also3-a Tt--> all three masses must be different
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Effect oft -.pon oscillations in vacuum
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Thanks to my student L. | ffol patiently making plots specifically for this talk!
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CP violation IESSnuSB
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A Does not depend o4 i.e.
PMNS matrix elements

A Depends only on mass
splittings
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Matter effects

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

Ve & VeyVp, Vr Ve, Vy, Vr

e ,p,n e ,p,n

Possible for only Possible for allavours

A Elastic neutrino scattering can proceed through:
A NC interactions for aflavourmass eigenstates
A CC interactions with electrons for electron neutrinos

A Thereforeelectron neutrinos see a slightly different effective potential than muon and tau neutrinos
A This modifies the evolution dfavourstates in matter



Matter effects

AEor uniform matter density these effects can be included by replacing
Gl Odzdzy 28aO0AffFGA2Y LI N YSUSNAR 6.

A—o — o037 ©°70)0andzad © 30 (O
Athe effective parameters now depend on energy

2.( 2
P{™,, =0.3—4) Re ((m A° (E)) o AMGE) L > I (<m)A@5 ) o AMZSEE) L

1>7 1>7

AFor nonuniform densities it requires numerical calculation of
probabillities



Matter effects

Probability
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Matter effects

Probability
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2nd maximum
- larger sensitivity 10 p

Matter effectgl -y disw R2sayoi vidasn
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2nd maximum
- larger sensitivity 10 p

Matter effectgl -y disw R2sayoi vidasn
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Why 2ndrmaximum?

(summarny)

The good _ _
Vacuum CPV signal 2.7 times larger tharfahax.

Fake CPV signal from matter effects very small.

You get less statistics because you have to either:

The bad .
AMove 3x further than 1st maximurflux 9x smaller

AReduce energy 3xcrosssection at least 3x smaller

The optimal A Depends on the systematic error and beam intensity

A 3x signal at 2nd osc. maximum is less obscured by systematics, but we ha

less statistics (measured appearance events).
Alf the signal at 2nd maximum is not obscured by larger statistical error,

then 2nd maximumnis better - Intense beam is needed
AWith no systematic error, first maximum is better
Amore statistics, even though the effectssaller

/e




ESSnuSioject

How to observe the CP violation in the& @scillation maximum
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Neutrino beam production

+ + - - =
S Vs R Y T —u +U,
Hot Cell
A Able to manipulate/repair hadronic collector Morgue Beam dump
A Work under Radioactive Environment To Store radioactive wastes Neutrino Beam

Flux at 360 km (positive polarity)

Power Supply Unit

A 16 modules (350 kA, 1r8)

A Located above the switchyard

A Outside of radioactive part of
Facility

LI

Pionsdecay inflight here

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




Canwe go to 2nd maximum?

Averyintense proton linac Is in construction
near Lund, Sweden.
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ESSprotorinac
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A

75 keV 3.6 MeV 90 MeV 216 MeV 571 MeV womMev  SPAce for energy
upgrades

The ESS will be a copious source of

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

5 MW average beam power.
125 MW peak power.

14 Hz repetition rate (2.86spulse
duration, 1G° protons).

Duty cycle 4%.
2.0GeVkinetic energyprotons

0 up to 3.5GeV withlinacupgrades
>2.7x1G% p.o.t/year.

Firstbeam on target expectean 2024.
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Upgrades to ES

INSTRUMENT HALLS

NEUTRON TARGET STATION

End of 2.5 GeV linac.

| End of 2.0 GeV linac.
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T
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Seea I Y I RIRfar more details
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https://indico.cern.ch/event/1143420/

Upgrades to ESKS\

Upgrade of the accelerator
-14 Hz to 28 Hz

- use Hinstead of protons in ESSNuSB cyc,es
- increase energy to 2.5 GeV Kkinetic

A\

\

End of 2.5 GeV linac.

End of 2.0 GeV linac.

%
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7
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EXIT

/ EMERGENCY

EXIT

R110000 o /

67000

' NEUTRINO
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TRAM DEPOT

LOGISTICS CENTER

Seea |

Y | fRlRfar more details

EMERGENCY
EXIT

H o=
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https://indico.cern.ch/event/1143420/

End of 2.5 GeV linac.

-

Upgrades to E$§\

Upgrade of the accelerator
_ 14 HZ tO 28 HZ | i End of 2.0 GeV linac.
- use Hinstead of protons in ESSNuSB cyc!es |

- increase energy to 2.5 GeV Kkinetic

@
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Seea | Y I RlRfar more details



https://indico.cern.ch/event/1143420/

End of 2.5 GeV linac.

-

Upgrades to E$§\

Upgrade of the accelerator
. 14 HZ to 28 HZ | i End of 2.0 GeV linac.
- use Hinstead of protons in ESSNuSB cyc!es |

- increase energy to 2.5 GeV Kkinetic
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’ I
/B 7/ H o=
Build an accumulator ring 4 \
-aK2NISsy 9{{ Lz as&sa .F L€ Build a neutrino target station i
S - 4 identical targets and horns [
= 0 NEUTRINO

- need switchyard

TARGEY'STATIO

A\

TRAM DEPOT

Seea I Y I RIRfar more details



https://indico.cern.ch/event/1143420/

Build a near detector site

- water Cherenkov detector
¢ - fine grained scintillator

- emulsion detector

End of 2.5 GeV linac.

-

Upgrade of the accelerator
. 14 HZ to 28 HZ | i End of 2.0 GeV linac.
- use Hinstead of protons in ESSNuSB cyc!es |

- increase energy to 2.5 GeV Kkinetic

Upgrades to E$§\
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-aK2NISsy 9{{ Lz as&sa .F L€ Build a neutrino target station i
S - 4 identical targets and horns [
= 0 NEUTRINO
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Seea I Y I RIRfar more details -
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https://indico.cern.ch/event/1143420/
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(after optimisation)

Flux at 360 km (negative polarity)

Flux at 360 km (positive polarity)
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sections in a near T 9.10 1.7 305.55 94.8
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(after optimisation)

Flux at 360 km (positive polarity)
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Flux at 360 km (negative polarity)

x10 x10
2 3— o 2
3 C 3 m
o [ o —
8 [ S 18
> 25— = > C o
3 — % s —%
8 r Ve g B T Y
o 2 Ve ;\E e Ve
5t W S 12— Y
. C > -
Z 1 5 __ ........................................................................................ 1 __
- 0.8—
q r
- 06—
C o= L
05]-
0.2
0 L L Il L L L L ‘ L L [l Il 1 D L - - - L Il ! L L | L | L 1 L
0 0.2 0.4 0.6 0.8 1.2 14 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
E,/ GeV

A almost pures, beam
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A smalls, 0 (10F/ cm?) % 0 (10°/ cm?) % o ko
i i i at m from the

contamination which ’ 520.06 97.6 15.43 RN - cet and per year
will be used to

: (in absence of
measures, Cross 3.67 0.67 0.10 0.03  oscillations)
sections in a near ' 9.10 1.7 305.55 94.8
detector

[ 0.023 0.03 1.43 0.43
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Near detectors




Near detectors




Near detectors







Far detector
position

Selected laseline:
AZinkgruvan mine, @ km fromthe source,
partly covernig $and 24 maximum
ANumber of interactions at™ maximum
similar toGarpenberg

Alternative (not selected)

AGarpenberg mine540km from the neutrino
source corresponding to 2nd oscillation
maximum.

(21 B o
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Data SI0; NOAAT 'S Navy, JIGA, GEBCO
. E65]. -
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Far detector
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Far detectors

Design
A2 x 270kt fiducial volume (~20xSuperK)
AReadout2 x 3& 200 P MTs
A30% optical coverage
Adesign here for 40% with an option
that ¥4 PMTs will not be installed

N S

Can also be used for other purposes:
AProton decay

AAstroparticles

AGalactic{ b A

ADiffuse supernova neutrino background
ASolar Neutrinos

AAtmospheric Neutrinos
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Improvements on sensitivity

A Near detectors optimized for flux and cressction measuremernt5% systematics within easy reach
A FarRSUSOU02NARQ NBaESSyusHXc2enyihighyeffidieSoR and fuity ESSnuSenergies
A Genetic Algorithm for Target Station optizaiion ¢ more neutrinos

EFFICIENCY v, CC EfficiencyESSnuSBD
05 - " e ——- 8 oaf
r T ——t &
04 i—
g f |
3 03 - —
2 C E /
o f |
02 MEMPHYS WC A
oif detector EL L
| Phys. Rev. ST Accel. Beams 16, 061001 SN
ol @013) 1 ) Nya : : : :
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Updated physics performance of tB&SnuS&kperiment,

Eur.Phys.J&1 (2021) 12,

DOI:10.114®pjds10052021-098458, arXiv:2107.07585

1130

oGPV,

L B L
— L=540km -

— 360

U020 =60 0
(Sgp[o](True)

1 | 1 1
60 120

Sensitivity for p=+"/2:

11" (540 km)
13" (360 km)

130

Adcp|]

].6_I T T

CPP
I

State of analysis
June 2021

14F

|||||||_
— L=540 km

— 360

180 =120 =60 0
5Cp{°](True)

1 | 1 1
60 120

130

High precision of .omeasurement
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https://doi.org/10.1140/epjc/s10052-021-09845-8
https://arxiv.org/abs/2107.07585

Latest physics reach

ASince our previous o
publication: ESSnuSB
Almproved flux simulation Lopceptua Dedlan Bepor
Almproved detector geometry

simulation @i)

Almproved. hand"ng of | m“u%m\\\\m\\mn\\\\\\\
systematic errors S —

Discovery and measurement of leptonic CP violation using an
intensive neutrino Super Beam generated with the exceptionally
powerful ESS linear accelerator

daouo) gsnussy

=
\\\\\\\\\\\\\\m\\\\\\'

AWill be published within the
CDR soon
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Effect of normalization uncertainty

Sensitivity
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Effect of energy calibration uncertainty

Sensitivity
— 1%
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Effect of birto-bin uncorrelated uncertainty

Sensitivity Precision
20.0
— 1% — — 1%
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CP coverage

[N ormalization 5%]

0.0 0.2

0.8

1.0

/1% coverage of-prange
with more than 5

46



Optimization for precision

Supposing that value of.is roughly known eESSnuStiBne

Precision for different neutrino (antineutrino) run times

20.0

17.5

15.0 1

[Normalization 5%J

oo =1 O O o= LW o~

| ] | | ] ] ] | |
e e e e et e e
©
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—150 —100 —50 0 50 100 150

Optimal precision for knowhp

20.0

17.5

15.0 1

[Normalization 5%J
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—— Garpenberg

T T T
—150 —100 —50

T T T T
0 50 100 150
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ESS8SB at the European level

A A H2020EU Design Study(Call INFRADEV-01-2017)

* 4 Kk

A Title of Proposal: Discovery and measurement of leptonic CP violation using an intensive
neutrino Super Beam generated with the exceptionally powerful ESS linear accelerator

A Duration: 4 years
ATotal cost: 4.7 MG
A Requested budget: 3 Mu

A 15 participating institutes from —
11 European countries including CERN and ES ES85B e
A 6 Work Packages

A Approved end of August 2017

EURG LAGUNA
(20082012) (20082010)

LAGUNA
LBNO (2010

ISS (2005

2007)

2014)

: it t decay tunnel i near far i&»

linac i accumulat or Eafge\ hadr ons e i i
_ — | | |

: — ! | |

| | | |

' switchyar d; hadronlc collect or m+n | physics

| | | |

i i (focusing) | Detectors i phy
WP2 | WP3 : WP4 ] WP5 1 WP6



Shedule for &2ndgeneration
ESS$hasedneutrinoSupeiBeamESS

ot

&y
: 5{ %

y

2029-2035:

4
ﬂ% 4 2027-2028: Bconstructiomr®,
& 2023-20%: Preconstucti thefacility ar M CER

20162019 reli minary costingand
I Beginning ([))eEi ?1 S35 Igostingand anTDR to
2012 of COST N CDR ESFRI
Inceptiorof Study(EU-

Action
) H2020
theproject EuroNuNet )

Nucl. Phys. B885
(2014)127

— 203%-:
Startof data

”~N
CoskE
™ o, 4 B Endor [l Continuation ©n Phase, detectors,
. ENdo - International including
y ESsSsssp ofDesign ng
2018 Designstud Study, final Agreemerg commissioni
Beginning esignstudy, oy T
p =

taking
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TheESSnuSBproject proposal

A Having finished the conceptual design of the facility for CP violation measurement, we
need to take further steps

A Start with the civil engineering and infrastructure development

A Design prototyping facilities at ESS

A Design facilities for very precise neutrino crkgsstion measurement: low energy
NUSTORMLENnuSTORMIND monitored beam (LEMB)

AExglﬁllrEeMaélditional physics opportunities offeredEySnuSBIth addition of LENUSTORM
an

A We have received strong support from the ESS management

civil engineering
+mining
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The future ESSnuSB
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The future ESSnuSB

Civil engineering

ESSnuSB Accumulator

-
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ESS Klystron gallery 'F__: -~ End of 2.0GeV linac.
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ESSnhuShovies

A https://www.youtube.com/watch?v=PwzNzL hw

53


https://www.youtube.com/watch?v=PwzNzLQh-Dw
https://www.youtube.com/watch?v=qAnvft0nAlg

Special thanks to nySSnuSB
colleagues!

The content presented here is a result of 4 years of collaborative effort of many
people involved IESSnuSgroject.

Thank you all for making this possible!
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Funded by the Horizon 2020
Framework Programme of the
European Union

Conclusions

AESSnuSBimsto observeCPviolationin neutrino oscillationsat the 2nd oscillationmaximumusing
538kt WCdetector

A2 maximummakesthe measurementesilientto systematicerrorsand matter effects
ARecentoptimizationspredictthat in 10yearsof datatakingESSnuSBill be ableto
Areach5 " over71%o0f1 .prange
Areacht resolutionof lessthan 8A
Adetermineneutrino masshierarchy

AESSinacwill be most powerful proton acceleratorin the world
Acanbe usedto generateintenseneutrino beamto goto 2" maximum
Aneutron userprogrammewill start in 2025, decisionon neutrino programmepending
Aproposedmodificationswould allow a rich additional physicsprogrammeat ESS
Amuon physics DARexperiments short neutron pulses ...

AlLargefar detectorscanalsobe usedfor rich astroparticlephysicgprogramme
ATheESSnuSBesignStudyhasbeensupportedby EUHorizon2020duringthe period 20182022

AWe are aboutto seekrenewed supportfrom EUHorizonEuropefor the period 20232026
A ESSnuSBeceivedin March2022a letter of strongsupportfrom the ES®irector GeneraHelmutSchober



Thank you for your attention



Super Beam

ESS3SB and

proton driver

(R&D) s vyne

Dedicated series of workshops is organized
https://indico.cern.ch/event/849674/

target

Muon Decay Rin g Neutrino Beam
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https://indico.cern.ch/event/849674/

Neutrino oscillations

Flavourstate evolution

Relativistic space-time translation operator

[ |

‘Va;t:T,f:E> — e~

&
?
Tl
51

Vot =0, = O>
\ \

Neutrino quantum state at NeW{rino quantum state at creation
distance L and after time T

Free particle energy operator Free particle momentum operator

For mass eigenstates: o —{(ET—pL) ‘Vz> — o HET—p;L) ‘Vz>

Andfinally: |Vt =T,2% = L> — ¢ UET=DL)T* |1,




Neutrino oscillations

Oscillation probability in vacuum

Oscillation probability:

Pa_>5 — |<V5

Assuming:

(2
ua;t:T,f:L>|

L parallel to p; - neutrino travels in the direction of its momentum

> > i
E,+p,~2E m
2 _ 2 2
Amg; =mj —m;
[ ion: af _ rrx *
One gets the final relation: Aij = U Uy Uﬁ’iUﬁj
D ) . ()
Pa—>5=(5a5—4;Re(A%ﬁ)sm 45 :I:Q;Im(A%B)SmTEJ




PMNS matrix parametrization (Dirac neutrino)

Standard parametrization used in modern literature:

1 0 0 C13 0 813€—i5cp C12 S10 0
U=10 C23 S923 0 1 0 —S12 C19 0
0 —S893 (C923 —Slgeidci" 0 C13 0 0 1

Si; = sin 0,
AAnalogue to Euler matrices used for 3D rotations cij = cos?;;
AThis isnot the most general unitary matrix parametrizatign
a 3x3 unitary matrix has 6 phases
A5 phases can be canceled by rephasing charged lepton
and neutrino fields
AA single leftover phase is always present in the middle facto




Muon neutrino oscillations

. Full parametrization (
v, e 013 =0
P(pu—>e, p, 1) [ |7 ;
. VT ..................... Ale — 0
7/ - .‘\“
%)
\
\
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Hot Cell Granular Target Concept
A Able to manipulate/repair hadronic collector Morgue Beam dump A Target made of 3 mm titanium spheres

A Work under Radioactive Environment To Store radioactive wastes cooled by transverse helium gas coolin

Power Supply Unit
A 16 modules (350 kA)
A Located above the switchyard
A Outside of radioactive part of

Facility

large strip-lines for capacitors
and ather ¢

hight: 32m
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Horn optimisation procedure
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Zinkgruvammine

Potential location in Site 2

)
= “L Sy
3 ”

Cylinderical caverns >~

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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