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S, European Spallation Source

ESS Neutrino Super Beam Plus

Target station

Neutron facility g whereneutrons et
provide the power are emitted and led SPALLATION
to neutron beam SOURCE

to accelerate the
protons.

guides.

Superconducting N, \
linear accelerator N \ / e— )

VTR proiong X . R : y sample preparation.
are accelerated. \ 7

SETCYEY Je=T§ PR
ST+ ] | Jeul =k -

ESS Data Management and
Software Centre, Niels Bohr
Institute at the University of
Copenhagen.

Instrument hall
with instruments
for different
measurements.

Instrument, where

the neutrons scatter

off the sample, hitting
detectors and generating
experimental data.

Data management
centre, where
experimental data is
gathered, analysed
and disseminated.

P under construction phase
(~2 B€ facility)
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D, ESS proton linac

ESS Neutrino Super Beam Plus

empty space for

e 352.2 1 MHz v - <l 704.42 MHz - energy Upgrades
«<2m—=> €«5im=> <« Im—3 <«<|9m> <«—7Sm—s <«<—Il7Tm— <« 20m—> < 163 m >

Source , HEBT & Upgrade

75 keV 3 MeV 50 MeV 191 MeV 653 MeV 2000 MeV

* 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).

* Duty cycle 4%.

8- x10™

ESS 5 MW
2015 design

* 2.0 GeV protons -

A=15A

o up to 3.5 GeV with linac upgrades

o >2.7x102% p.o.t/year.

ESS 5 MW

2012 design R
SNS JPARC

2 UK TS2 ‘1—2 MW 10.3-1 MW

Linac ready by 2025 (protons on the target) . LTS R

128 kW

Brightness (n/cm?/s/sr/A)

0
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D, European Spallation Source
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éSSVSb Oscillation probability

(neutrino beams)

s () = 2S5, ﬁsin2 (1- ’;‘)AL "atmospheric™
u _ rA
r AL\ . rAL . (1-r)AL |
+8J, ——=——c0s(0p)— — |sin~——sin—— "interference"
' rA(l - I’A) 2 ) 2 2
2
+4C§30122S122 (F—A) Sln2 r AL "SOlal’"
rA

Am; a _Am; 5
J, = Cp81,C538581,, A= —— 1y = 2 = . 2N2GN E

v matter effect

* for antimatter: 6., —-0-pand a—-a

« fake matter/antimatter asymetry due to matter effect | * Ocp dependence,
 sizable matter effect for

_ Pv#—w —F OV, long baselines
F, ,, +F - _
Vu= Ve  Matter-antimatter asymmetry

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA



@Sb Use all this ESS linac power to go
to the 2"¢ oscillation maximum

but why?
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@Sb Neutrino Oscillations with “'large" 0,

ESS Neutrino Super Bea

(arXiv:1110.4583)

P(v,—ve)

500 n\] 2500
005 CP interferenc

0,,=8.8° H

 1stoscillation max.: A=0.3sindqp

« 2" oscillation max.: A=0.75sindp
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: atmospheric " N
" - for "large"” 0,
@ 15t oscillation
maximum is

L/E dominated by
atmospheric
term

2"d oscillation maximum
8cp=-90
A5} SCP:O
Ocp=190

0,,=8.8°
(“'large’ 0,5)

=

0.10}

0.05}

100 200 500 1000 2000

L/E

more sensitivity at 2" oscillation max.
(see arXiv:1310.5992 and arXiv:0710.0554)


http://lanl.arxiv.org/abs/1110.4583

eD. Having access to a powerful
proton beam...

What can we do with: conventional neutrino (super) beam

5 MW EpT % P
: power - ]
> @&l K"OI} @ B

* 2 Gev ene rgy target hadronic collector P —> M+ /1 Detector
(focusing)
o 10" HA S O O B I R o 10" L L LA B
- T "neutrino mode" y "anti-neutrino mode"
* 14 Hz repetition rate P ] Ew ne
%10"': :;: = %10"’ :;: =
* 10%° protons/pulse S i |
° 2 7 1023 ‘E 103; - 'E 108 =
>2./X protons/year f ,
107;.‘\‘.|H.|‘..‘..“\‘HHH-|‘”.E 107.‘.|..‘..‘\.H.H| =
07 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0 0.2 04 06 038 1 1.2 1.4 1.6
En (GeV) En (GeV)
* almost pure v, beam v Mode v Mode
* small v, contamination N(O0T/m?) % Ny(0T/m?) %
e
: vy 583 97.5 23.9 6.55
which could be used t_o _ , 128 ) 340 932
measure v, cross-sections in v, 1.93 0.3 0.08 0.02
a near detector v, 0.03 0.01 0.78 0.21

at 100 km from the target, per year (in absence of oscillations)
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/‘\:‘V
CHVND.
ESS Neutrino Super Beam Plus
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Oscillations to be studied
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6@81@ Can we go to the 2™ oscillation maximum
using our proton beam?

Yes, if we place our far detector at 350- 550 km from the neutrino source.

Megaton Water Cherenkov detector

° ° ° Y
* Neutrino Oscillations e /v o V4
* Proton decay «-——on f
* Astroparticles ;P \Y

» Understand the gravitational collapsing: galactic SN v
 Supernovae "relics"

» Solar Neutrinos

« Atmospheric Neutrinos

500 kt fiducial volume (~20xSuperK)
* Readout: ~20” PMTs
» 30% optical coverage

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 11



SID.

ESS Neutrino Super Beam Plus

N & L B =) BN B 4
o o o o O

Ocp=0

Appearance Events (Posttive Polarity)

W)
o

—
o

oo

=240 kM
E I I I I I_ IV#—>JSSQ E
[ - — u‘u%ypbg__
- —— NC bg -
- v, — . bg 7
3 5 years
E | e
.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E (GeV)

31.4

t1.2

80

5 1

;0.8

§0.6

50.4

@

0.2

Q

0

Appearance Events (Negative Polarity)

Neutrinos in the far detector

540 km (2.5 GeV), 10 years

50 prerrrre e 2SAQ KM
= —_ I, —+ V. Sg o
TOE - - — Dy > 7, bg ]
- anti-neutrinos — . — 7. bg 3
60 |- —— NC bg -
E v, — . bg E
50 | —
40 =
30 =
20 =
10E Syears -

(8}(') 0.2 6}.4 0.6 0.8 1.0 1.2 1.4 1.6

0 .
10

102 —
E, (GeV)

below v_production, almost only QE events, not suffering too much by n® background
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D

" 2nd Oscillation max. coverage

0.12

oscillation probability

0.08
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|
| 540 km (0°)

360 km (—90°)

360 km (0°)

Flux x Cross-section

r
|
|
|

[
i

- -y,
-

2nd oscillation max.
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neutrino spectrum
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—
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ESS modifications to




®Sb How to add a neutrino facility?

Brilliance
4

« The neutron program must not be affected and if
possible synergetic modifications.

« Linac modifications: double the rate (14 Hz —
28 Hz), from 4% duty cycle to 8%.

« Accumulator (C~400 m) needed to compress to
few us the 2.86 ms proton pulses, affordable by
the magnetic horn (350 kA, power consumption,
Joule effect)

« H-source (instead of protons),
 space charge problems to be solved.
« ~300 MeV neutrinos.
« Target station.
« Underground detector.

 Short pulses (~us) will also allow DAR and
coherent scattering experiments (as those

proposed for SNS) using the neutron target.
UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA E 15




SD.

ESS Neutrino Super Beam Plus

Which baseline?

CPV (Nucl. Phys. B 885 (2014) 127)

1.0

0.6p="=

fraction of o

04

0.2

0.0

(] pp—

2GeV 25GeV

3GeV 35GeV

o
)
c O
o c
1
ko, 3
IS - -
N
1 | 1 y | 1 1 vn | 1 1 I | 1 1 1
200 400 600 800 1000
L [Km]

AN

f
Ve e
. L
v

bi)‘
/;07; STONIA

* ~60% o6.p coverage at 5 o C.L.
e >/5% d.pcoverage at 3 o C.L.
» systematic errors: 5%/10% (signal/backg.)

UCSB, 29/02/2023
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Candidate active mines
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D Candidate active mines

. ] Garpenberg.7 - . Zinkgruvan
* Garpenberg mine i~ 1 (540 km) ..

— Distance from ESS Lund 540 km
— Depth 1200 m
— Truck access tunnel

e Zinkgruvan mine
— Distance from ESS Lund 360 km & .‘i
— Depth 1500 m
— Truck access tunnel

§ possible location of MEMPHYS in

Garpenberg e - s Zinkgruvan mine

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 17
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@Sb ESSvSB at the European level

A H2020 EU Design Study (Call INFRADEV-01-2017)

* 4 Kk

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
Total cost: 4.7 M€ —
Requested budget: 3 M€ “

2014)

15 participating institutes from

11 European countries including CERN and ESS — '
6 Work Packages

Approved end of August 2017

. : : decay tunnel i near EL
linac i accumulator ETGPQfAT - : v i i
o> - == :@ | 3

| — ®B | |

I —_— I I

! : : . +n | : ,

E swn‘chyar'dE hadr‘(?cglccutsz?rlllge)cfor' p —> Mm+n E Detectors E physics
wpz WP3 : WP4 : WP5 . WP6
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Call: H2020-INFRADEV-2017-1

Fundi h : RIA - -

P?gpclagglslfu ;rtr::r: 777419 Maximum grant amount (proposed amount, after evaluation): 2,999,018.00 EUR
Proposal acronym: ESSnuSB

Duration (months): 48

Feasibility Study for employing the uniquely powerful ESS linear accelerator to generate an intense neutrino

Proposal title: beam for leptonic CP violation discovery and measurement.

Activity: INFRADEV-01-2017
N. Proposer name Country
CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE
1 FR
CNRS
2 UPPSALA UNIVERSITET SE
3 KUNGLIGA TEKNISKA HOEGSKOLAN SE now finished end of March 2022
4 EUROPEAN SPALLATION SOURCE ERIC SE
5 UNIVERSITY OF CUKUROVA TR
6 UNIVERSIDAD AUTONOMA DE MADRID ES
. NATIONAL CENTER FOR SCIENTIFIC RESEARCH -
"DEMOKRITOS"
8 ISTITUTO NAZIONALE DI FISICA NUCLEARE IT
9 RUDER BOSKOVIC INSTITUTE HR
10 SOFIISKI UNIVERSITET SVETI KLIMENT OHRIDSKI BG
11 LUNDS UNIVERSITET SE
;o AKADEMIA GORNICZO-HUTNIGZA IM. STANISLAWA oL
STASZICA W KRAKOWIE
13 EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH CH . .
14 UNIVERSITE DE GENEVE CH More information on:
15 UNIVERSITY OF DURHAM UK http://essnusb.eu/
Total:

partners: IHEP, BNL, SCK<CEN, SNS, PSI, RAL, NU

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA


http://essnusb.eu/

D, ESS modifications and operation

ESS Neutrino Super Beam Plus

H- source

1 | ! - J’
1ZZE
fhih LT i
E: 5 - S

accumulator lattice

injection

time operation option

Into Iinaj |||‘ H ||||

14 Hz

100ps 0.65ms

Into ring

JL

o

14 Hz
~|.4 kHz ]
-— ~| HE ~0.75 ms

Into horn | | | | 1 | |

’t.f

T4 Hz /f I\4
Hom | m 4
Hom 2 o 3

horn power

) N
RF ff
L =384 m
Q, = 8.24
Q, = 8.38
extraction
T
collimation
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@sb General Layout of the target station
(inspired by J-PARC)

Shield
Blocks

8 m concrete

Split
Proton
Beam

Collimators

Targets Decay Volume

(He, 4x4x25 md) Neutrino

Beam
Direction

UCSB, 29/02/2023
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D, Detectors

Scintillation cube

Super-FGD like detector
-1-4ttarget mass

SN Addition: NINJA-like
water-emulsion
detector

Near detector

3
=]

electron-muon separation

MC count
o
w
o
[

New shaft :

“““““““““““““““

sl

m
I astroparticle physics program
with the Far Detector

Coaiy 1110 11 I A
0 05 1 15 2 25 3
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D, After many Optimisations

 New Magriation Matrices for the far detector

* Genetic Algorithm for Target Station optimisation

EFFICIENCY v, CC nu_e_cc-eff_vs_nue

nu_e_cc-eff_vs_nue

u 3 O°F Entries 17525
05— — — — - g osb Mean 0.7446
- [ = ——— £ 08p Std Dev _ 0.3915
N 5 o.?f—
04 s F
N © g
g L =
§ o3 05
€ f =
w C 0.4
02 -
. WC detector 03F-
- 02— . . . .
“'Fl v, reconstruction efficiency - | (using T2K-like reconstruction algorithm)
C € 0.1
o-j 1 1 I 1 L 1 I L L L l 1 1 1 J. 1 1 1 I L L L l il 1 1 ] 1 1 1 I. E I r I I I I I | I I I | I I . | I I I | I I I | I . I | I
0 200 400 600 800 1000 1200 1400 1600 o} 55 5L Sk 5 1 L i
Nominal Energy E,/GeV
horn optimisation
= 100 T T T
§ 80 11/ || 3
T e0f new =
a0 R
205 g
3 E
205 E
40 n n =
s old 3
801\ g
100956900 80 0 50 100 150

z (cm)
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&Y. Improvements and Optimisations

ESS Neutrino Super Beam Plus

LI LN L L L L L L L L L L L L B L L L

NH ’_I!_I .I ..... missssassassassaas RN P s smssnasn H - NR
2 Ws540km T E"
12§ efl 7 W — — = 12F

Trrrrryrrrryprrrryrrrrryrrrrrrrrr [ r 7
FT '. I I I I 1 l T

10 . .................. .............. . c ................ , ............... 10

I]I]III]I]

ITITI]III]

T

QN A O @

8
6
4
2
0

Ly
-200

A AP NPT PO W s
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dcp (deg)

150 100 50 0 50 100 150 200

360 km

ESSnuSB

- 0,=33.44°
« 0,,=857°
«  0,,=49.2°
«  Am2, =7.42e-5 20
*  Am?; =+2.52e-3 15
« 2nd gsc. max.

* 507 ktons far detector 10

30

30

25 25

Adcp (deg)
Adcp (deg)

20

15

10

5 5

TTTT[ T T T [TTITT [T TITIT[TITTTI 771717713
IIIIIIIIIIIIIIIIIII|IIIII
II][]IIIII][]IIII]][I]III_
IIIIIIIIIIIIIIIIIII|IIIII

/A\
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500 —150 —100 50 0 50 100 150 200 500 —150 —100 50 0 50 100 150 200
https://arxiv.org/abs/2107.07585 d¢p (deg) d¢p (deg)
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https://arxiv.org/abs/2107.07585

SD.

ESS Neutrino Super Beam Plus

Final results

CPV

16 L LA DL DL L I B
L — L=540 km 4
14F — 360 ]
12F -
10F -
I‘;x sk E
6F =
A =
2 - N

0 PR T R RN e Lo s Ly

—180 —120 —60 0 60 120 180
5cp[°](Tl'U9)
—— Zinkgruvan

[Normalizatiou -5%-]

—— Garpenberg

0.0 0.2 0.4 0.6
CP fraction

UCSB, 29/02/2023

0.8 1.0

CPP

16_! T T [ T T T LU | T T T ] T T T I T T I-

- —  L=540 km 1

14 — 360 ]
12f
10
5 sk
LQ -
<1

11 Il l 11 1 | 11 1 | 11 1 J 1 11 I 1 1 1 ]

—180 —120 —60 0 60 120 180
5cp[°](True)

] (]
L L
|

Precision measurement

Ad.p<8° for all values

>72% after 10 years

equivalent to Neutrino Factory

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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&, Performance versus time

ESS Neutrino Super Beam Plus

Already after 5 years very competitive performance

20 ] L] T L] I L] 1 L] 1 I 1 1 L L] _
= L=540 km, § = —90° 1
0.78 4 = Zinkgruvan d. 18 — 360 km, —90° 3
= Garpenberg ISCOVEry 1 6 """ 540 km, 0° .
o664 = 1 K N\ 360 km, 0° ]
14P E
= 0.74 1 N i
A 12F E
o CEN .
8 < F .
2 0.70 1 8 . .
% 6 -_ & \
0.68 - " | ERITITITS T =
0.6649 4 N 2
e of E
) [Normahzatlon 5/6] N , | -
0.64 1 v . . Y . . . . : 0 C ) 'R R T ' RN R S T N T S SR S
6 8 10 12 14 16 18 20 5 10 15 20
. ty +tp (vears) Run-time (years)
DUNE Sensitivity S 7 jos el - W———————
0 mm:g = :;Z:..E % e—fn_ - — Zinkgruvan (360 km) — T2HK
. 35 :::’?;"-o?s':?uﬁimwumu """" fafmoini Dwg 257 Garpenberg (340 km) ]
= -
gao o o -
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c 25 -
S
3 2 -
o N
L 5
S i
“© 107y 5B
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0 | 2 3 4 5 6

91 -0.8-06-04-02 0 0.2 04 06 08 1
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IPHC o.p and model predictions

Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

https://arxiv.org/abs/1410.7573

:/// ! BM
*. | TBM s
Test of flavour symmetry models: ) A | GR1 =
Typically, the models considered have a 5 ".‘ i
reduced number of parameters, leading to E |
relations between the masses and/or 3
mixing angles.
Examples are the so-called sumrules, e.g.: PP
1
. . . Figure 3: Posterior probability density functions for cos § for each of the solar sum rules considered in Section 3.1.
S 923 T = Sl 913 COS 5 Thge patterned regicpn)ns are un};hysica}]f, which shows that the BM and GR3 sum rules could only be consistent
\/_ with the known data if there is a significant deviation from the current best-fit values.
cos s — L285Ta + 81aCly/lag — 875 (lag + 5T/ 1) 10 10
sin 20,2513 cs o5
08} gg 0.8 — GT‘;A; l
2 06p ( E 0.6 |
Z :
S 04f 3 04
a f
02} 02
0% 203 J l 0.0 l 05 10 o =05 Jo.ok J [Ls Io
cos d cos

Figure 13: The same as in Fig. 12, but using the prospective 1o uncertainties in the

https://a rXiV.OI’g/a bS/14 10.8056 determination of the neutrino mixing angles within the Gaussian approximation (see text

for further details). In the left (right) panel sin® f12 = 0.308 (0.332), the other mixing angles
being fixed to their NO best fit values.

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 28
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ESS Neutrino Super Beam Plu

D Final ESSvSB facility
configuration

ESSnuSB
| crewioswren | https://arxiv.org/abs/2206.01208

far detector
European Physical Journal Spec. Top. 231, 3779-3955 (2022).
https://doi.org/10.1140/epjs/s11734-022-00664-w

Conceptual Design Report
UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 29
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. Supporting institutions of
ESSvSB

e COST Action EuroNuNet (CA15139): ended March 2020

* https://euronunet.in2p3.fr

e video for scientists:
https://www.youtube.com/watch?v=PwzNzLQh-Dw

 EU-H2020 Design Study ESSvSB: on going up to March 2021 (3
months extension due to COVID19) b ESS

ALY NEUTRINO
CD

SUPER BEAM
ESSnuSB looking for the answer.

* video for general public: D cosuss Lookng or
https://www.youtube.com/watch?v=gAnvftOnAlg

* https://essnusb.eu

P o000

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 30


https://euronunet.in2p3.fr/
https://www.youtube.com/watch?v=PwzNzLQh-Dw
https://essnusb.eu/
https://www.youtube.com/watch?v=qAnvft0nAlg
https://www.youtube.com/watch?v=PwzNzLQh-Dw
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@Sb Muons at the level of the beam dump

2 7x1023 p.0. t/year

E '°° . s muonsatthe | more than 4x10% p/year from ESS
> sof e s level of the compared to 104 p used by all

e °ss beam dump experiments up to now (108 p for
DR (per proton) | COMET in the future).

SR sl 531020 u/year
x(cm)  (16.3x1020 for 4 m?)
103 4.1x10%° p/year

T,=25m |
muons/proton [wen  ces

Std Dev 0.2493

0.4
0.35

* input beam for future 6D u cooling
experiments,

Integral  0.01962

<E,>~0.5 GeV L = 5om
<LH>~3 km Mean 0.5571

Std Dev 0.2618

0.25

* |ow energy nuSTORM,

+/pot/ (10 MeV/c)
o
w

1:{: o  Neutrino Factory,
0.1 Saver o e Muon Collider.
0.05 e

% 05 T 1 15 2 2s
P (GeV/c)

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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D,  ESSVSB and (R&D) synergies

ESS Neutrino Super Beam Plus

proton driver - Vﬂ + ve
5 Vﬂor V/u v+ \—,
= - Target ¢ a
§ é’% -.,|:| o0 M qqnlll)elzqu‘Rlin‘g IIIIII Neutrino Beam
- 2 5| 4 NUSTORM D)
S Dl : 2B
S uw| o : 584
N 8 Felg +Decay At Rest and Coherent scat.
2.7x102 p.o.t/year | ~ (with short pulses)

proton driver front end acceleration u storage ring
- 3
()]
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@Sb Muon Collider as Higgs Factory

ESS Neutrino Super Beam Plus

carlG R Main future muon Higgs alternatives

i ® Two adequate Higgs alternatives of a 1+ u-collider will be

? discussed:
» the s-channel resonance at the Ho mass, to sTudT with #
40'000 fb and L > 10% all decay modes with smal
backgrounds;
» A higher energy collider, eventually up to /s # 0.5-1 TeV
arXiv: 1906 05664 and L > 1034 to study all other Higgs processes of the
& - scalar sector.
ST g0 T ® The colliding beams ring can easily fit within existing
S5 —— locations:
§8 e & » For /s = 126 GeV the ring radius is # 50 m (about 1/2 of
5" \// / the CERN PS or 1/100 of LHC) but with the resolution #
£ eI L 0.003%
U

IiIIFI_ ppsala Workshop I,\ﬁaﬁh 2922 »ForJs= 05 TeV the corresponding ring radis is # 200 m
- = (about twice the CERN PS) and the resolution # 0.1 7

Rl o o 11+ 1~ bunches of 2 x lolffpp can likely be produced by a
P __.high pulsing rate of a few GeV protons at # 5 MWatt.

Slide# : 12
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https://arxiv.org/abs/1908.05664

SID.

ESS Neutrino Super Beam Plus

Muons at ESS (ESSuSB)

Estimated performance for the He-factory (ESS)

% TWO asympTOTical!y COpled V) . Proton kinetic energy 2.0 GeV
bunches of opposite signs collide  Protrpower S6otid  evrs
In fwo IOW"be'rCl Interaction Timing proton collisions 17.86 ms

oints with p*= 5 cm and a free Protons/collsion 2510 g/‘c/c}u
inal muon momentum : eV/c
engTh Of GbOUT 10 m, Where The Final muon lifetime 1.295 Ms
two detectors are located. Total  surv. fraction 0.07
. . . llider ri 2.93x1012 11
® With PIC cooling a peak collider "3 0 e i ﬁjﬁgu
a |le|n05l?l Of x 1032 Cm‘2 s Inv. transv. emittance, ey 0.37 T mm rad
is achieve Inv. long. emittance 1.9 T mm rad
Beta at collision Bx=f 5.0 cm
» The bunch transverse rms Circumf, of colliderring 350 m
1 1 — Effective luminosity turns 555
i'ze Ishof?_t-) mOmO%néd The S Effective crossing rate 29’970 sec-1
une sni Is U. . Luminosity no PIC 424x10% cm2sl
» The SM Hiaas rate is & 10° Luminosity + PIC (10 x) 42x10%*  cm?s!
/ 1 . h f Th Higgs cross section 3.0x10-2* cm?
ev Year ( S) In each o e Higgs @107 s/y, no PIC 1.2x10% ev/y
detectors. Higgs @107 s/y + PIC 12x105  ev/y
5 Higgs -> vy, 107 PIC ~ 2400
» An le'f'angemenf WI'I’h 01: leGST Tlllgng: S;i}:(tywithS]:b/l}(’;+ 0.086 ¥y
two de'rec‘:ior;j positions is Without PIC
recommenaea. 4
CERN March 2021 1 2 X 10 eV/yeaEhde# : 30
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ESS Neutrino Super Beam Plus

Upcoming studies

(mainly cross-section measurements)

End of 2.0GeV linac.

Near Detector*®

& 3
S ;
S 3

ESSnuSB <

7

1.

/LEnu
/" FarC

Design of a racetrack storage ring for
low energy muons produced with a

beam from the ESS linac.

fﬂm ?

| EMERGENCY
EXIT

STATION

HEBTLOADINGBAY

dﬁw

ACCELERATOR

Design a transfer system from the
initial collection and extraction of
pions behind the target station, up to

ESSnuSB
TARGET STATION

> High intensity Target Station R&D
Z  target R&D

horn R&D

pulse generator R&D

Cross-section measurements with:

Low Energy ENUBET: 1t — pi+v,
UCSB, 29/02/2023

using 1/4 of 5SMW

Low Energy nuSTORM: 1t— L — e+v +v,

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

the injection point.

Design a transfer line from the ESSvSB
ring-to-switchyard transfer line to the
nuSTORM target.

Design an injection scheme for the
racetrack storage ring

Design a Monitored Neutrino Beam
(low energy ENUBET)

Optimize the performance of the
ESSvSB accelerator complex

Excellent supporting letter from the ESS director
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D, ESSvSB+

ESS Neutrino Super Beam Plus

Research and Innovation actions

Innovation actions

Design Study
HORIZON-INFRA-2022-DEV-01

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

Acronym of Proposal: ESSvSB+

UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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ESS Neutrino Super Beam Plus

ESSvSB+

(Horizon Europe)

Participant no. Participant organisation name Part. short name Country
1 (Coordinator) Centre National de la Recherche Scientifique CNRS France
2 Université de Strasbourg UNISTRAL France
3 Rudjer Boskovic Institute RBI Croatia
4 Tokai National Higher Education and Research System, National NU?2 Japan

University Corporation

5 Uppsala Universitet uu Sweden
6 Lunds Universitet ULUND Sweden
7 European Spallation Source ERIC ESS Sweden
8 Kungliga Tekniska Hoegskolan KTH Sweden
9 Universitaet Hamburg UHH Germany
10 University of Cukurova CuU Turkey
11 National Center for Scientific Research "Demokritos" NCSRD Greece
12 Aristotelio Panepistimio Thessalonikis AUTH? Greece
13 Sofia University St. Kliment Ohridski UniSofia Bulgaria
14 Lulea Tekniska Universitet LTU Sweden
15 European Organisation for Nuclear Research CERN IE|O3
16 Universita degli Studi Roma Tre UNIROMA3 Italy
17 Universita degli Istudi di Milano-Bicocca UNIMIB Italy
18 Istituto Nazionale di Fisica Nucleare INFN Italy
19 Universita degli Istudi di Padova UNIPD!? Italy
20 Consorcio para la construccion, equipamiento y explotacion de la sede ESSB Spain

espanola de la fuente Europea de neutrones por espalacion

[ Affiliated Partner
2 Associated Institute
BBl |nternational European Interest Organisation

* submitted last April
e decision in September


applewebdata://984654FF-DCB1-4610-9211-BDE550456AA1/#_ftnref1
applewebdata://984654FF-DCB1-4610-9211-BDE550456AA1/#_ftnref2
applewebdata://984654FF-DCB1-4610-9211-BDE550456AA1/#_ftnref3
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ESS Neutrino Super Beam Plus

civil engineering

ESSvSB+ WP

/AN,

+rn|nln9:. i-rar-ge.‘r e T i i i
N q = =
: : I i S
?" i ®T\ i ! i )
i hadr‘(?clgi:::u;?ri;cfor T—=u+v i i Detectors+Physics i
WP2 | WP3 | i WP5 ' WP6
* cross-sections * cross-sections

S setecer

[

( ' TN v ‘ rer
— m§ }" o M \=
\ : i Y
L
- ﬂvk\% b

"High Energy" nuSTORM
|

* sterile neutrinos

/K

Proton
absorber

—

protons

e

\'fiv

K'>mletv,

+
e
Hadron dump |9

g " 7 et
High Energy" ENUBET
]

Short, narrow band
focusing and transfer line

I

build a "Low Energy" version
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D ESSvSB+

ESS Neutrino Super Beam Plus

Marcos DRACOS
And the EU decision arrived CENTRE NATIONAL DE LA RECHERCHE
earlier than expected... SCIENTIFIQUE CNRS
26/07/2022 RUE MICHEL ANGE 3

75794 PARIS

FRANCE

Subject: Horizon Europe (HORIZON)
Call: HORIZON-INFRA-2022-DEV-01
Project: 101094628 — ESSnuSBplus
GAP invitation letter

3 M€

Dear Applicant, e 4 years

I am writing in connection with your proposal for the above-mentioned call.

Having completed the evaluation, we are pleased to inform you that your proposal has passed this
phase and that we would now like to start grant preparation.

Please find enclosed the evaluation summary report (ESR) for your proposal.

Invitation to grant preparation
UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 39



. ESSvSB+ kick-off meeting
(ESS, Lund, Jan. 17 2023)
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SD.

uuuuuuuuuuuuuuuu

The ESS proton linac will be soon the most powerful linac in the
world.

ESS can also become a neutrino facility (ESSvSB ) with enough
protons to go to the 2" oscillation maximum and increase significantly
the CPV sensitivity and precise measurement of dp.

CPV: 5 ¢ could be reached over 70% of 6. range by ESSvSB with
large physics potential with less than 8° precision.

The European Spallation Source will be ready by 2025, upgrade
decisions by this moment.

Conceptual Design Report published on arXiv.
Rich muon program for future ESS upgrades.

New application submitted and now accepted by EU
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ESS Neutrino Super Beam Plus

UCSB, 29/02/2023

Backup

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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@Sb Possible ESSvSB schedule

(2"d generation neutrino Super Beam)

z . ]
a0 NC back. 1
-_= 1

ESS
Y NEUTRINO ‘
~ CH S]'DSUPER BEAM g 4 2026-2028: H %Onfswl‘?“on ?jf
VEDEIZ 022-2026. | Preconstructi the facility an

2037-:
4 . Data
2028-2036:

taking

H 2

EUROPEAN COOPERATION on Phase’ deteCtorS,
Ir\lljsglENCEi?\lg TECHN%LOGY A 2022 End of Preparatory International including
SSVSB Phase, TDR

preliminary

4
2012: COST gtiSdIgn(EU— costing i 8 ta
inceptionof  Action HZO%IO) arxiv.org/abs/2206.01208 Q %
lﬂ ¥ ‘ ®

the project EuroNuNet .

/ 52V : H )
' 6> ; ; ’ al hr -
Nucl. Phys. B 885 o v @'g
(2014) 127 52 Ml o«
.. |
EUROPEAN
| | SPALLATIO
/" SOURCE
UCSB, 29/02/2023 M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

A 2018: Agreement CommiSSioning
beginning of  2€sign Study, __
2016-2019: E393vng CDR and ~
beginning of R
\ " "1'. >
\
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ESS Neutrino Super Beam Plus
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ESS Neutrino Super Beam Plus

x10°° : : — x107°
—_ - — = o SR S IR I I B == 7= = = === N
g 9AE L Ly R S 0.4f O e [T e
S = Entries 270689 ] % - Entries 270689 =
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@ I + reaching the BD:
e L4 =25m=>N; =0.021 +/pot =4.3x102' I +/200d
e Ldt=50m=>N; =0.011 +/pot=2.2x102"1 +/200d
e Ldt=100m=>N; =0.00451 +/pot =0.97x102" 1 +/200d
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ESS Neutrino Super Beam Plus

x10°
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e Lgt =25m => Ny= 0.017 Mt/pot = 3.7x102' M+/200d
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Figure 36: a) Momentum-angular distribution of positive pions exiting the target, b) momentum-angular
distribution entering the decay tunnel.
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e&D, HIFI Neutrino Factory generic layout

ESS Neutrino Super Beam Plus

Neutrino Factory (NuMAX)

Accumulator Compressor

Accumulation and bunching

'0.15 T T T 1
-40 -20 0 20 40

-0.05

-0.104

RF phase/3 (deg.)

Phase rotation
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@Sb Muon Collider Higgs Factory at ESS

(generic layout)

proton driver front end cooling acceleration collider ring
m 1 ] “ ECOM:
S 5 5|2 § 62.5GeV
5 = 5 |25c¢ 2|E ® o Higgs
s 5o eliitisliie@e ¢ o
PTY 3 c n = S )
g E 3 5 [82z°8[g 28 8P 8 3 S
8 288 £ls 28 3E 8 £ lerators: TS
] =°9 a|lS & = accelerators:
s 6 linacs, RLA or FFAG, RCS
(=}
S
E e =EEE . -
- - ~oledm s 1 Muon cooling in 3 steps:
- 1'rans§v§cjocj§| ng 1 §§
8 | both-sigHs &G ‘ . .
. e 1. Linear transverse cooling
c y R s 2=
— : & 1
S | b4 E v H
£ g\ 2. 6D cooling
g Q | e \-U sl : |
o — — - ) A —— e
.EF = I ::ﬂf/\b \)LOO I .
E : | 3. Parametric Resonance
C | Ll | | .
Q |
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SO, 0cp and Matter-antimatter
asymmetry magnitude

Aaﬁ’ = P(vg = vg) = P(Va = 7p)

=Jcp > - sindcp

10,000,000,001 10,000,000,000

with: ]PMNS ~3x10_3 (Jarlskog invariant)

(for hadrons: JS5M ~3x107>, not enough
even if 6cp"'70 )

(from the already observed CP violation in the hadronic sector)

Theoretical models predict that if |sind.,|=0.7 (45°<6,<135° or 225°<6,<315°),
this could be enough to explain the observed asymmetry.

(Nucl.Phys.B774:1-52,2007, arXiv:hep-ph/0611338)
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EBD. ESSvSB+
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Missing measurements at the ESSvSB region: below 500 MeV
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60 ] L B L LR
I L=540 km, 4 = —90° J
I — 360 km, —90°
0= 540 km, 0° 7
r — 360km, 0°
4W0F .
=30k .
a1
20F
10F
: v
() SRS S :

02 4 6 8 10 12
Run-time (years)

ESSnuSB March 2022 with
5% normalization error

UCSB, 29/02/2023

60
DUNE Sensitivity (Staged)
Normal Ordering
50 sin’20,, = 0.085 + 0.003
= sin’0,, = 0.441 = 0.042
[]
8 - Sp =2
g, 40 - dep=0
o —_— Non]nal Analysis
§ oL B S| 6, & 8,, unconstrained
3
o
3
o 20
o
900 '\\
10
v
aala o laaal 1 s laa a1y
GO 2 4 6 8 10 12 14
Years

DUNE Snomass March

2022

60— o R
? - 1.3MW beam j
0 50year = 10's gcp=80° ;
B L
% :
0 3 \ ;
‘5205_ [ ree=a 3
0. :
- 10F \x 7
LW 4 4 :

0 YR S I (LMY P A P [ YGRS R TN S (S |

0 2 4 6 8 10
Running time (year)

HyperK Snowmass March 2022

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

51



SID.

ESS Neutrino Super Beam Plus
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T —_— 1%
2004 coe 59 2004 oo 59
—_10% Normalization 10% Normalization
17.5 amns 95%
15.0 1
s
) 12.5 4 ’/ \\\ I')‘\"\
’ A ", A
10.0 4 !; /.'\\ AN P AN 5
;" {' \ \\ !t _f.,"-.‘ ~ \\
7.5 ry/ NN KA N
lp Y s A
A N AN
5.[) —— "'I'—.—.— —— \—\\. 2T, "’ 1'. . —— N
3 \ s Y
95 &.' .\_\ ;,{"- "‘_\\
° R i
0-0 T T T T T T T 0-0 T T T T T T T
~150 ~100 —50 0 50 100 150 —150 ~100 —50 0 50 100 150
8(°) (%)
20.0 20.0
—_— 1% — 1%
17.5 I it == 5% 175 I izati === 5%
Normalization 0% Normalization 10%
meme OROE 25%
15.0 1 15.0
12.5 1

Adep(®)
=
=
1

Garpenberg

T T T
—150 —100 —50 0

UCSB, 29/02/2023

e
=
o
=

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA

T T T
—150 —100 =50 0 50

T
100 150

53



P Comparisons

of " Normal Hierarchy 5%sys. - - Normal Hierarchy ~ S%sys. -

. ... T2HK E
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j \
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L ] C S,

3F T2HK ] 3l i
2 DUNE \ ] :
1k —ESS: L=360 km —_ESS:E=2Gev  \\ | P —ESSIE=2Gev
—EsS: L=540km \ [ .. ESS:E=25GeV | 1p - ESSIE=25 GeV ]
! ! ] I N Y N S S S SN EEN
- -2 0 3 n 0 0.2 0.4 0.6 0.8 1

dcp fraction of d¢p

Comparison using the same systematic errors

Phys. Rev. D 87 (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]]
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ESS Neutrino Super Beam Plus

Under construction long
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ESS Neutrino Super Beam Plus

Possible if short pulses (~us)

« Well known neutrino spectra (DAR). D
« \ery high neutrino intensities ~ 5x10% v/s.

/N ;

 Separate neutrinos of different flavors by

time cut. FragQMents Vu
* Role that neutrino-nucleus interactions play aE
in the supernova explosion process and SE — \‘1
subsequent nucleosynthesis. = — (v, 4V, +V.47))
sE /Y N e SNS'v,
« Accurate knowledge of neutrino-nucleus 2E ey
Cross sections is important (almost no data ;_ s
exist). = J—
 This lack of knowledge significantly limits =
our understanding of supernovae and of =
terrestrial observations of cosmic neutrinos =
to probe the deepest layer of these powerful - :
explosions. Y et NI~ ~—
0 10 20 30 40 50

MeV
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A scattered
neutrino

~ Hg TARGET
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B * neutrino magnetic moment,
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[ v e * probes of nuclear structure,
_— s eimproved constraints on the value of the weak nuclear
Ca g charge,

« reduction in neutrino detector mass may lead to a
number of technological applications as non-intrusive
p nuclear reactor monitoring.
f R » CEvNS is also expected to dominate neutrino transport
................. 3 in neutron stars, and during stellar collapse.
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JHEP 02 (2020) 123 o
Coherent Elastic Neutrino-Nucleus Scattering at the European Spallation Source

D. Baxter,! J.I. Collar,"[*| P. Coloma,z’lﬂ C.E. Dahl,>* L Esteban,sﬂ P. Ferra,rio,6=7’E|
J.J. Gomez-Cadenas,® "[Y| M. C. Gonzalez—Garcia,* & %[**| A.R.L. Kavner,! C.M. Lewis,!
F. Monrabal,% ":[f] J. Mufioz Vidal,® P. Privitera,’ K. Ramanathan,’ and J. Renner'®
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» ESS can generate the largest pulsed neutrino flux suitable for the detection of Coherent Elastic
Neutrino-Nucleus Scattering (CEVNS ).

* Innovative detector technologies able to profit from the order-of-magnitude increase in neutrino flux
provided by the ESS, along with their sensitivity to a rich particle physics phenomenology accessible
through high-statistics, precision CEvNS measurements, are under study.
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