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Why need for future LBL experiments?

APrecise measurement of neutrisc parameters in laboratory conditions
(PMNS matrix, deltan-squares) in albsc channels

A strive towards the precision of the CKM matrix
ASome of the things we can check:

A Unitarity of PMNS O T ;

O )
A Mass ordering (recheck) g
A Consistency of oscillation f:hannels CP Cpy CP
AThese could have faeaching consequences _ _
A Leptogenesién the early Universe T o7 T 1T O

A Check CP, T, and CPT consistency
A Extra neutrindlavours
A Unexpected new physics



CKM vs. PMNS measured values
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CKM parameters
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Mod. Phys. A1, 2630011 (2026)
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Unitarity triangle CKM vs. PMNS
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Unitarity triangle CK
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Future Lonébaseline accelerator neutrino experiments
(IncludingeSSnugBBeyond DUNE, HK

AWhat fits this description?
A ESSnuSB
AP20
A Beta beams
A Neutrino factory

A Tau beams
A Other ideas?

A HyperKKproposed parallel with HK



ESSntES

A desigrstudy for anext-to-next generatiorexperiment
to preciselymeasureCPviolationamplitude usinghe
2"d neutrino oscillationmaximum



CPviolationin ESSnuSB
(andHyperkand DUNE)

PI/M—H/e # Pﬁuﬁﬁe

Wewill studys, and3_ appearancen 3, and3, beam respectively

Theplan:

1. Runwith 3. andlook at 3, appearancethen
2. Runwith 3, andlook at 3, appearance



Oscillation pattern atstand 24 maximum

2nd maximum
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The European Spallation Source (ESS)

A The ESS will be a copious source of
spallation neutrons. T——
A : . = . = @ ggﬁLL&ﬂON
5 MW average beam power. iy
A 125 MW peak power. Target =
" - — 20l Exp. Hall
A 14 Hz repetition rate (2.8Gspulse e otollE Xgma
: 5 < Central Utility
duration, 1G° protons). I B s
A Duty cycle 4%. T e e e S S
. . ; -A 1 | . h X Llnac S
A 2.0 Ge\kineticenergyprotons =~

0 up to 3.5GeV with linac upgrades
A >2.7x1@3p.o.t/year.

First beam on dump in 2025.

450 mgof protons/ year
at 95%speedof light!

i) ()i
@OUC@*
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Upgrades to ES@S\

Upgrade of the accelerator . End of 2.5 GeV linac.

- 14 HZ to 28 HZ I i End of 2.0 GeV linac.

|
- use Hinstead of protonsn ES8uSBcycles : |
- increase energy to 2.5 GeV Kkinetic
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Upgrades to ES@S\

Upgradeof the accelerator . End of 2.5 GeV linac.
-14 Hz to 28 Hz : -] Endof 206ev inac. <
- use Hinsteadof protonsin ES8uSBcycles :
- iIncreaseenergyto 2.5GeVkinetic
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Upgrades to ES@S\

Upgradeof the accelerator fo—-F00f 25 GeV linac.

- 14 HZ to 28 HZ : End of 2.0 GeV linac.
- use Hinsteadof protonsin ES8uSBcycles :
- iIncreaseenergyto 2.5GeVkinetic

U : 1

7
| ' / ACCELERATOR
% Ve

NEUTRON TARGET STATION

rrrrrrrr

/ FMTRGETNCY

EXT

// ‘ N
Build a neutrino target station u

- 4 identical targets and hornsie: [
- need switchyard

67000

NEUTRINO
TARGEV'STATIO

TRAM DEPOT

<
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Upgrades to ES@S\

Upgradeof the accelerator fo—-F00f 25 GeV linac.

- 14 HZ to 28 HZ : End of 2.0 GeV linac.
- use Hinsteadof protonsin ES8uSBcycles :
- iIncreaseenergyto 2.5GeVkinetic

Build a near detector site

- water Cherenkov detector
¢ - fine grained scintillator

- emulsion detector

pu ; 1 1 ./

NEUTRON TARGET STATION

TMTRGINCY

67000

u.
il =
=
=
z
Q

NEUTRINO
TARGEV'STATIO

<
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Build a neutrino target station u
- 4 identical targets and hornsie: [
- need switchyard

TRAM DEPOT
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O{ { A{ SYSNHE& RAAUIUNRAOdzOA2Z2Y

(after optimisation)

Flux at 360 km (positive polarity)

Flux at 360 km (negative polarity)

N, / cm? 0.02 GeV 200 days
N, / cm? 0.02 GeV 200 days

L L | L L L
1.4 1.6

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 T 9.10 1.7 305.55 94.8
detector ,
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O{ { A{ SYSNHE& RAAUIUNRAOdzOA2Z2Y

(after optimisation)

Flux at 360 km (positive polarity)

Flux at 360 km (negative polarity)

N, / cm? 0.02 GeV 200 days
N, / cm? 0.02 GeV 200 days

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 ,
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NINJAlike water-emulsion
detector (1 tfiducial

Code namenKING

. ® YEA6S] =

Neardetectors

Scintillation cube

ankov
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ESS”US&UtnnO base“ne Zinkgruvanmine, 360 kmfrom the source

partly coverng It and 2"9 maximum




Osclllation coverage
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Osclllation coverage

Going fromZinkgruvarto Garpenberg
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ESSnuSBar Detector

Detector Specifications ESSnuSBarticle selection efficiency
| 0 ———————— T
ABaseline 360 km ) S S WO S s
<, || W= ADetedor diameter 74.0m (Internal) o7 e
ADetedor height ~ 740m(interna) £ /= "
ADepth (w.rt.) ground level : 1000m o4 |

Efficiency

0.3

Detector Performance

identifying neutrinos > 85%. ‘
AFlavoummisidentification o
probability < 1%.

1.4
E,/GeV

o
o
[N
=)
B
o
o
[e:]
-
N
[N

Efficiency
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S N
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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
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Expected event spectra

From theESSnuSBDRhttps://doi.org/10.1140/epis/s1173422-00664w & https://arxiv.org/abs/2203.08803
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ESSnuSebnceptual design report

AMost up to date evaluation .
of the CPV discovery ESSnuSB
pOtent|al Conceptual Design Report
AarXivversion includes costing e e g i b
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arXiv https://arxiv.org/abs/2203.0880%includes costing)
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CPV sensitivity and precision

Sensitivity Precision
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From theESSnuSBDRhttps://doi.org/10.1140/ep|s/s1173422-00664w & https://arxiv.org/abs/2203.08803
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CPV sensitivity and precision

Precision
20.0
—_ 1%
175 N ligati -=- 5%
ormalization —_— 0%
= 25%
15.0
12.5
— 5 L
S 10.0
L
<]

THAT’S WHAT"‘IT
ALL ABOUT

uu\mcm;& .

[ Zinkgruvan ]

(]-[) I I T 1 1 1 I
~150 ~100 ~50 0 50 100 150
4(°)

From theESSnuSBDRhttps://doi.org/10.1140/ep|s/s1173422-00664w & https://arxiv.org/abs/2203.08803
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Why precision on CPV

AWhy not?

ADiscriminate between
different leptogenesisand
different flavourmodels

Desired precision
5(6) <12° at § = 37w/2
(S.TPetcoy NPB 2024, IAS, HKUST, Hong Kong 20/02/2024)
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LeptogenesiT heories K. Moffat et al., arXiv:1809.08251 (2019)

£ | ow mass flavor regime
‘' M;(GeV)<1D

Intermediate mass flavor regime
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FlavourTheories P.Ballettet al., JHEP12 (2014) 122
four different symmetry forms of the neutrino mixing matrix
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Powerful proton gun
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Powerful proton gun + Cool target station
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Powerful proton gun N Cool target station = Lots of neutrinos, good physics
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Powerful proton gun + Cool target station -

Not so fast
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Powerful proton gun + Cool target station -

Not so fast
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TheESSnuSBproject

AStart with the civil engineering and infrastructure development
ADesign prototyping facilities at ESS

AExplore additional physics opportunities offeredEySnuSBith
addition of LENnuSTORENd LEMNB

ADesign facilities for precise neutrino crosgction measurement:
Alow energynuSTORMLENuSTORMnd monitored beam (LEMNB)

AStudy norbeam physics with far detectors

AAtmospheric neutrinos, supernova neutrinos, solar neutrinos, galactic
neutrinos, geoneutrinos, proton decay ...



ESS upgrades to host tBE&SSnuSB
ES3inac

(:,‘: 35221 MHz [ - /_im«zmn ———————— e Essnusear DeteCtO

389 m «— 559M —> —767m —> 683 m —>

.U.LH o HIIIIIllIIIIHIIIIIIII*IlllllIIIlIIIIIIIllIU (-

2000M v 2500 MeV

75kV 9OMV 2I6MV 57IMV

0 | 0

LEnuSTORM Far Detector

Accumulator Ring 50 m Decay Tunnel + Beam Dump

Accumulator Ring
Beam injecti‘()r\/

ss1
Arc Arc
lhmd hmm flmr%mlﬂ ~~~~~

TThRETILED e
ss2 ” \ /H‘ M l\" i g
,1@"1 4\&%‘.\ P.',U\Vq\ (L" 'IN L Ul “ A,VJ\U\I\W( ! 3

Beam collimation

00 e e

,,,,,, 00 3 S0 200, 250, 4 3
Arc Arc
: ss3 §

. ® YEAG6STZT w.L® hy oO0SKFIETF 2F 9{{ydyf.b

One horntarget system

29



ESS3inac

ESS upgrades to host tBE&SSnuSB
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ESS Upgrades to Host thi8SnuSB

lator ring

. ® YEAG6STET w.L® hy o6SKIFIfTFT 2F 9{{ydH.»b




2018 2022 2026 2030

2033

Possible implementation scenario

m 0
(g % g uﬁ g e i Interference with ESS ° ° :
C ol O 5 Q=20 Y = Construction 20342036 20342038 20362041
N3 Soo | Oeu | o< | = o (2y) (4y) (5)
< nz=ze et 8 o S o Beam commissioning (1y)
) = e c |9 Installation 20362039 20382041(45) 2041-2046
-l wys Q Opn| V28 | &= 3y) (3y-7y) (FD: 5y)
weEp | O <CEL Switch 20452046 20522055
(2y) (1y cooldown + 2y)
2035 2036
CDR CDR pT DR Operation 20392045 20462052 20552075

Env. Study, Permission

Assumes initial permission for Stage | in 2y

Tech. Design

ESS Linac Mods to 28MHz,
LEMNB, LEMMOND

Tech. Design
Stage |l

ESS Linac Mods,HRFQ, L2A, Acc,

L2T, TCC, T2EEnuSTORNND
Tech. Design
Stage Il

TCC, ND, FD

c LowenergyA, A, crosssection results

® YEAGS|S w.Ld hyk GRuigkjonineptopicsecter precision i,

measuremen

ts

2041 2046

2039 2045
®
+
2038 | 2047 20

2052
®

i I (ly 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

CE L2A, Accumulator, L2T, TCENuSTORNND

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 theddirce

| 2054 Qg5 Inst: includes 2y to switch from previous stage
T 2075

2065
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ESSnuSBU supporprogrammes
ASeTaETENE Y/ n V

A COST ActioBEuroNuNet(CA15139)2016- 2020
U https://euronunet.in2p3.fr

EcraNuNet
ESSnuSB Design Study Project

U video for scientists: D sssnsooesnsu,
https://www.youtube.com/watch?v=PwzNzL &hw 7= =

R

ESS
A EUH2020 Design Study { { n2p18-2023 -zv o1 O S].:)ESEETFT'QE?\M

U https://essnusb.eu

ESSnuSB looking for the answer.

U video for general public:
https://www.youtube.com/watch?v=qAnvftOnAlg

A EUHorizon Europe Design Stu@y{ { # 20232026 -2 Y 9'0 @Oi)q}

U O n g O i n g ESS neutrino Super Beam plus
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8 Mt instrumented
115 strings
18 DOMs / string (50 kt)

P20 Protvinoto Orca) i)

AMain purpose: mass hierarchy

measurement

AParameters

A Long baseline: 2695 km

A about 8 Mt water Cherenkov detector 0.1

A 450 kW beam s
ABimagic baseline o

Ahierarchy measurement independent . % | !

Of] A" 0.04 |/

ALolfrom 2019 0.02

https://arxiv.org/abs/1902.06083
A now on indefinite hold
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https://arxiv.org/abs/1902.06083
https://arxiv.org/pdf/1009.1093

Beta beams

AAccelerate beta emitting nuclei

APure and narrow spectrum on or ™

APossible to observe © ° and maybe
' O ' appearance

AMain technical difficulty is intensity

ADifficult to produce isotopes at a sufficient
rate

Ahy K2f R aAyOS SINIeé& uwnmnQa

RCS

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

Neutrino factory

A Accelerate muons and put them in a storage rir
A nuSTORNust stores the muons, SBL only

ACo(gltro)IIed and intense source of and™ (or”™
ana’

A Main technical difficulties

A accelerating muons
A magnetized far detector

A Proposed sites: CERN, RAL, Fermilab, ..

A Progress slowed down at the beginning of 201!

A Large— made CPV (and other) measurements accessi
to conventional beams

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

. ® YEAG6STET w.L® hy o0SKFEETF 2F 9{{ydy . b

Neutrino Beam

Proton Driver:
o— Linac option
Ring option

Muon Decay
Ring

755 m

Target
Buncher
Phase Rotation

(=7]
£
©

(=]

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

et
—

,_p—q—-l—""‘"_l_"_*—*_d

Muon Decay Ring IDS-NF Baseline 2010/2.0

Generic nu fact design from 2011
https://arxiv.org/abs/1112.2853
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Tau neutrino beams?

A Produced by shooting protons on thitzkget and sweep/stopanything otherthan Dg
A about 3% neutrinos are

=

Beam Dump Sweeping Magnets Passive Shielding  Target Area —

L -------- N &\\‘% N -i-- 2z proton _ D, _ L_}T -7 %
—— =y |\ —
R ) o \
40m | |
DONUT beamlinkttps://arxiv.org/abs/0711.072 https://arxiv.org/abs/1906.03487

A currently only SBL (DONISHiP

A DsTau (NA65): a running experiment at CERN to measpreduction
A To reduce systematics for past and futtireexperiments

A Maybe LBL in future?

A Perhaps via oscillations?
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https://arxiv.org/abs/0711.0728
https://arxiv.org/abs/1906.03487

Co-funded by /'\_"\V
the European Union ejb S I,

ESS neutrino Super Beam plus

b

Conclusions

ALong baseline neutrino experiments let us study neutrino oscillations in
detall in laboratory conditions (we control both source and detector)

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

A However, we need precise measurements and cabscks using differerdgsc
channelsnew physics can hide in the details!

ASeveral proposed ideas for LBL experiments &ftgrerkand DUNE
AESSnuSB®20, Beta beams, Neutrino factory

AESSnuSB currently the most active, practical and feasible

AAIIov_vs very precise leptonic CP violation measurement at the second oscillation
maximum
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Possible scenario of new physics hiding in the details.
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Precision comparison with current projects

30—

L L I L L B L L B B B B
Normal analysis D| |NE

o unconsir B 336 kt-MW-yrs
25 624 kt-MW-yrs

I 1104 kt-MW-yrs
— T2HK
\

)
S

precision 5. )
|5*|;||

= ESSSB
(= Znkgruvan (360 km) Normal Ordering -
0 B ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | I ] ] ] | ] ] ] ] | I_
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Mito, 26/05/2026



Optimization for precision
Supposing that value of.is roughly known eESSnuStiBne

Precision for different neutrino (antineutrino) run times Optimal precision for knowhp
20.0
20.0 i —10. —— Zinkgruvan
v(ts) = ‘ 9) ¥ 175 - —— Garpenberg
17.5 - - fu(tr?] = 2(8) Y o
— 1,(tz) =3(7) vy
. — t,(ts) = 4(6) y 15.0 1
15.0 — 4 (ts) =5() ¥
— iv(’-r}) = (]{1) ¥ 12.5
12.5 I fu (tr?] - ?(‘j) v —_—
< s ey T 100
S 10 vlte) =9(1) y A
4
5.0 -
2.5
2.5 - [N()I'mali?a‘ri()n 5%J
[N()I'malizati()n 5%] [Zinkgruvanj 0.0 —
0.0 - . T - N - - ' 150 100 50 0 50 100 150
~150 ~100 -50 0 50 100 150 .
) 6(%)

From theESSnuSBDRhttps://doi.org/10.1140/ep|s/s1173422-00664w & https://arxiv.org/abs/2203.08803
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https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://doi.org/10.1140/epjs/s11734-022-00664-w
https://arxiv.org/abs/2203.08803

ESSnuSA the internationatontextc CP\Wiscovery
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ESS3SB and (R&D) syne

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

Crazy ideas

APut a neutrino detector in a geostationary orbit (A.L.)

ALong baseline tagged beam (L.M.)
AUse LHC in FCC era to produce Jeigirgy neutrino beam
AMake a tau neutrino beam
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ES8SB+ at the European level

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

A Title of Proposal: Study of the use of the ESS facility to accurately measure the neutrino
crosssections foESSnuSHeptonic CP violation measurements and to perform sterile
neutrino searches amgtroparticlgohysics

A Duration: 4 years

ATotal cost: 5 MU
ARequested budget: 3 Mu
A 20 participating institutes, including CERN and ESS
A 6 Work Packages

A Approved August 2022

cw!l engineering \ \ | ! ! |
+mining : : :
kb

1 N T " v : i
/ : : R
: | Ky
: g

A
*"i : EE ‘ :
Detectors+Physics

! hadronic collector T—>u+Vv
| WP5

(focusing) i

-
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Neutrino beam production

+ + — — 1T
L 7 T = p v,

Hot Cell
A Able to manipulate/repair hadronic collector Morgue Beam dump
A Work under Radioactive Environment To Store radioactive wastes Neutrino Beam
Power Supply Unit I
A 16 modules (350 kA, 1r8) U T =
A Located above the switchyard ‘; L { 1
A Outside of radioactive part of . Ll

Facility

Pionsdecay inflight here

Proton Beam
(Ep=2.5 GeV, 14 Hz)

4 X 1'2? MW o HadronicCollector
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Effect of energy calibration uncertainty on
CPV measurements

Sensitivity Precision
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From theESSnuSBDRhttps://doi.org/10.1140/ep|s/s1173422-00664w & https://arxiv.org/abs/2203.08803
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Effect of birto-bin uncorrelated uncertainty
on CPV measurements

Precision
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From theESSnuSBDRhttps://doi.org/10.1140/ep|s/s1173422-00664w & https://arxiv.org/abs/2203.08803
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Hierarchy and octant determination

From:DOI:10.11402pjd's10052021-098458, arXiv:2107.07585

H H 10 y of data taking
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ESS8SB at the European level

***

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
(20082012) (20082010)
ATot al 4 .7 M

cost.:

LAGUNA
LBNO (2010
2014)

ISS (2005
2007)

A Requested budget: 3 Mu

A 15 participating institutes from —
11 European countries including CERN and ES ES8SB e
A 6 Work Packages

A Approved end of August 2017

: it ¢ N decay tunnel i near far EL

linac i accumulat or Earge\ v . i i
_* » < 1 | ¢

[} | ¢ l

: — : |

| switchyar d! hadronlc collect or m+n A—

: | (f ocusing) ! Detectors i pny

1 | ! !
WRZ iy osWR3: o5 lor vy  WP4 : WP5 ' WP6



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
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