/v ***: Co-funded by the
635 S ok European Union
M) ) C:}

ESS Neutrino Super Beam Plus

The European SpallaﬂorTSeurce neutrlno
‘Super Beam anigbmis '

% cos Dra%

PHC -Strasbourg

= ol

UCSB, 29/02/2023 M. Dracos, IPHEIN2P3/CNRS/UNISTRA



S, European Spallation Source

ESS Neutrino Super Beam Plus

g Target station

Neutron facility Sytumesny wHer Ratione EUROPEAN
provide the power are emitted and led SPALLATION
to accelerate the to neutron beam SOURCE

protons. guides.

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

VTR proiong X . | : 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.

under construction phase
(~2 BU fac
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ESS Neutrino Super Beam Plus

D, ESS protonlinac

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

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

The ESS will be a copious source of
spallation neutrons.

5 MW average beam power.
125 MW peak power.

14 Hz repetition rate (2.86spulse
duration, 10G° protons).

Duty cycle 4%.

8- x10%4

o To o Po Do Ix

2.0 GeV protons . e
0 up to 3.5GeV withlinacupgrades
>2.7x1@3p.o.t/year.

U=15A

To

ESS 5 MW
2012 design R

SNS JPARC
UK TS2 '1-2MW 10.3-1 MW

Linac ready by 2025 (protons on the target)® , JYRrEsmes |

ghtness (n/cn#/s/st/A)
(6}
[]

128 kw

4 time (ms)

0
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D European Spallation Source

entral Utility SRS &
Building [
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@Sb Oscillation probability.

(neutrino beams)

oy =4 S;y%%sinz (-r)AL "atmospheric”
V=V (v, =V, (1 _ rA) 2)
r ALY . r, AL . (1-r,)AL _
+8]r—ACOS — sin—2——sin A "interference"
r-r,) 2 ) 2 2
2
+4C§301225122 (r_A) sin’ AL "solar"
Fy

Am? a Am?
S, =Cp815C08:8,3, A= 2E31 »Ta = A Iy = zﬁGFNeEV
v 31 31 matter effect

Afor ant igWalfareaY:-a i ]
A fake matter/antimatter asymetry due to matter efied Ucpdependence,
A sizable matter effect for

_ P"n—“’e B PV#—% long baselines
P +P.
Vu=Ve Vu=Ye  Matter-antimatter asymmetry
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®Sb Use allithis'ESS linac power to go
to the2"d oscillationmaximum

but why?

UCSB, 29/02/2023 | S * M. Dracos, IPHGN2P3/CN



@Sb Neutrino Oscillations with "large™ d,,

(arXiv:1110.4583

005 atmospheric
500 2
005 CP interferen

d,,=8.8°

PG.Y 3,)

A 1stoscillation max.: A

for "large"d,;
1stoscillation
m maximum is

L/E dominated by
atmospheric
term

.3SINU:p

A 2ndoscillation max.: A9.75sinlqp

UCSB, 29/02/2023
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2nd oscillation maximum

0.15}

0.05}

100 200 500 1000 2000

L/E

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


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

D, Having access to a powerful
proton beamé

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

A5 MW 'Y R
power > K*Q:(} =l

AZ Gev energy target hadronic collector Detector
(focusing)
o 10— g o 10—y
1t g F "neutrino mode" z "anti-neutrino mode" 3
A14 Hz repetition rate 0" ]
3 %10"’ :;: E
A 10 protons/pulse
= s 10° E
E E
A>2.7x16@3protons/year ° S
0 02 04 06 08 1 12 14 16 1 0 02 04 06 08 1 12 14 f.e
En (GeV) En (GeV)
A almost pures, beam v Mode v Mode
. N,(10"°/m*) % N, (10'9/m?*) %
A\?JEZIEESSE%ZIEESSQO Vy 583 97.5 239 6.55
i _ Vi 12.8 2.1 340 03.2
measures, crosssections in v, 193 03 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 oscillatiol
UCSB, 29/02/2023 M. Dracos, IPHGAN2P3/CNRS/UNISTRA 9



/.-\:\V
CHVID.
ESS Neutrino Super Beam Plus

UCSB, 29/02/2023

Oscillations to be:studied

] O ]

ro’r

M. Dracos, IPHGIN2P3/CNRS/UNISTRA
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6@819@ Can we go to the 2 oscillation maximum
using our proton beam?

Yes, if we place our far detector at 3%%0 km from the neutrino source.

Megaton Water Cherenkov detector

ANeutrino Oscillations - A
AProton decay o
AAstroparticles F P \Y
AUnderstand the gravitat
ASupernovae "relics"
ASolar Neutrinos
AAtmospheric Neutrinos

A500 kt fiducial volume (~20xSuperK)
AReadout: ~200 PM]
A30% optical coverage

UCSB, 29/02/2023 M. Dracos, IPHGIN2P3/CNRS/UNISTRA 11



D, Neutrinos in the far detector

540 km (2.5 GeV), 10 years

,_\80_||||_=54|0kn?||_ ’;80_ ||I|_=54|0kn?|7 T
_'2‘ ~ — vy —F Ve sg = = - — y — U, SS9 .
= 70E- . — v, — 1, bg ] 570:_ . . — Dy > 7, bg ]
S [ heutrinos — w—ubs 1 & [ anti-neutrinos — s> bg
o 60F —— NC bg — L 60 — NCbg —
:E E v, — . bg E ..% E v, — . bg E
E™F EE A E
o £ 40F E £ 40 =
I, < = ] D - ]
o g 30| - 31 30 3
O a - . ® = -
=g 20f 4 £ 20F =
S 10f oyearsy g iof S years:
£ L] =2 Eg ]
%.O 02 04 06 08 10 1.2 14 1.6 %.O 0.2 04 06 08 1.0 1.2 14 1.6
s S
§14 8
E1.2 t
Su ﬂo
o 1 o
w08 g
50.6 S
$0.4 [
2 3
0.2 ©
s >
0 -
10?
E, (GeV)
below A production, almost only QE events, not suffering too much Hyackground
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D

= 2nd Osclllation max. coverage
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2nd gscillation max.

_—— well covered by the ESS

neutrino spectrum

T 1stgscillation max.

—

full coverage of the
2nd oscillation max.
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ESS modifications to.
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®Sb How to add .a:neutrino facility?

Brilliance
4

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

A Linac modifications: double the rate (H4z Y
28 Hz), from 4% duty cycle to 8%.

A Accumulator (C~400 m) needed to compress tQ
few e€s the 2.86nsproton pulses, affordable by
the magnetic horr860kA, power consumption,
Joule effect)

A H-source (instead of protons),

A space charge problems to be solved.
~300 MeV neutrinos.
Target station.
Underground detector.

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

proposed for SNS) using the neutron target.
UCSB, 29/02/2023 M. Dracos, IPHGIN2P3/CNRS/UNISTRA E 15
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SD.

ESS Neutrino Super Beam Plus

Which baseline?

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

1.0
2GeV 25GeV 3GeV 35GeV
08f= = = = ==
= 0.6p""
o L
=
o
£ _ -
E 04 - 2
L G %
= o
f g2l 8
02 £ -—
I N
0 0_ L 1 L .v 1 L L v. 1 L 1 L
' 200 400 600 800 1000
L [Km]

\/Q

ONIA

o

A ~60%!.,coverage at & C.L.
A >75%li.,coverage at 8 C.L.
A systematic errors: 5%/10% (signalbackg.)

UCSB, 29/02/2023

M. Dracos, IPHGIN2P3/CNRS/UNISTRA

Candidate active mines

16



D Candidate active mines

Zinkgruvan

A Garpenberg mine
i Distance from ESS LuBdO km &%
I Depth1200 m Ak
I Truckaccess tunnel
A Zinkgruvan mine
i Distance from ESS LuR60 km g
i Depth1l500 m
I Truckaccess tunnel

: % possible location of MEMPHY
Garpenberg g oio)(1mmmmennmn ZiNkgruvan mine

UCSB, 29/02/2023 M. Dracos, IPHGIN2P3/CNRS/UNISTRA 17
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@Sb ESSSB at the European level

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

* X %
#*

*

* *

* *
* 4 Kk

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

A Duration: 4 years
A Total cost: 4.7 M —
ARequested budget: 3 Mu Ll

A 15 participating institutes from

11 European countries including CERN and ESS“ '
A 6 Work Packages

2014)

A Approved end of August 2017
: i N decay tunnel i near EL,
linac i accumulat or itafgfi prp— e i i
o> —_ | __04 :@ : 3
| — a B | |
1 — | 1 1
i switchyar di hadr(?r;ié:uc;?rlllge)ct or m+n i Det ect or s i physics
WP2 WP3 i WP4 i WP5 i WP6

UCSB, 29/02/2023 M. Dracos, IPHGIN2P3/CNRS/UNISTRA 19



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 o
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 oL
"DEMOKRITOS"
8 ISTITUTO NAZIONALE DI FISICA NUCLEARE IT
9 RUDER BOSKOVIC INSTITUTE HR
10 SOFISKI UNIVERSITET SVETI KLIMENT OHRIDSKI BG
11 LUNDS UNIVERSITET SE
»  AKADEMIA GORNICZO-HUTNICZA 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.el
Total:
partners: IHEP, BNLS CKACEN, SNSNU PSI , RAL

UCSB, 29/02/2023 M. Dracos, IPHGIN2P3/CNRS/UNISTRA 20
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D, ESS modifications and operation

ESS Neutrino Super Beam Plus

H source

’
HEH
L Gl
SEd-
b
|

1l |

_ .__I____'._)E

MMMMMMM

accumulator lattice

injection
) "
RF ff
L =384 m
Q. = 8.24
Q, = 8.38
extraction
. ¥
collimation

UCSB, 29/02/2023

horn power

M. Dracos, IPHGIN2P3/CNRS/UNISTRA

time operation option

Into Iinaj |||‘ H ||||

14 Hz 100ps 0.65ms
nto "“ﬂﬂﬂﬂ ﬂm
4 Hz
~|.4 kHz

|
-—

~| s ~0.75

HE 075 ms

| | | /L | | | |
L4

Into horn

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

Switchyard



@sb General Layout of the target station
(inspired by JPARC)

Shield
Blocks

8 m concrete

Split
Proton
Beam

Collimators

Targets Decay Volume

(He, 4x4x25 m3)

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

3
=]

MC count
o
w
o
[

w G/

New shaft :

..................

sl

| - m -
i astroparticle physics program

UCSB, 29/02/2023 M. Dracos, IPHEIN2P3/CNRS/UNISTRA with the Far Detector 23
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D, After many Optimisations

A New Magriation Matrices for the far detector

A Genetic Algorithm for Target Station optimisation

EFFICIENCY v, CC nu_e_cc-eff_vs_nue

. e
05— : —- - S o8C Mean  0.7446
- - ——— s *°F Std Dev  0.3915
C / 8 o7k
04— e
N D 0B
o) C =
§ o3 05—
€ F =
w C 0.4
02— =
C WC detector 03F-
0.1 [H : - 02— : : :
r /\e reconstruction eff|C|ency 015_ (USIﬂg T2HKike reconstruction algorlthm)
O-J'""""""“1"""'1"']”‘1 §F| | | | | | |
0 m m em am 1m0 12m 1400 1m 00 1 1 1 02 1 1 |04 1 1 1 OE 1 1 |08 1 1 1 1 1 1 1 12 1 1 1 14 1
Nominal Energy E,/GeV
horn optlmlsatlon
E"w:"w"'w ------------------ NLELELELE BLELE
S 80F n ] =
“ w  NEW :
40 -
0 E
200 -
_40__ :loldll _;
—80E- E
—30:— AN -
10055460 B0 0 50 100 150
z (cm)
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D, Improvements and Optimisations

ESS Neutrino Super Beam Plus

% T A0ASARMA Mt il iat san et s = I '
5 S N S i
AN W 0
TN 74D\uN .
5 4
2 2
AT AT A AL 005 F55-—360™56™ 5~ B0~06 —iE8" 300

dcp (deg)
360 km
ESSnuSB ) S LT .
d,, = 33.44° 3 3 — MM BL
gm = 295;: ‘g& 25 ‘g& o] S SURNE SIS SRS SR S — mgl:w (é;i
2 20 20
gms<,, = 7.42e-5

q]‘n231 = +252€-3 15
2nd gsc. max.
507 ktons far detector 10

15

o To T Joo Do To I

10

\
SR

5

5

TTT[TT T [TTTT[TTITIT[ITT T[T T7TT[T]
IIIIIIIIIIIIIIIIIIII|IIIII
II][]IIIII][]IIII]][I]III_

TR B ||||E|||| Glllll MEPEPETE BTEESTErE AR ||||E||||

_ 0200 ~150 —100 50 0 50 100 50" 200 200 -150 100 50 0 50 100 50" 200
https://arxiv.org/abs/2107.07585 3¢p (deg) d¢p (deg)
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https://arxiv.org/abs/2107.07585

SD.

ESS Neutrino Super Beam Plus

Final results

CPV
T

16_I T T I T T T Il

14F

12

T —r [T ]
— L=540 km -
— 360 .

1 | -

=

IIIIIIIIIII 11 III[I
180 —120 —60 0 60 120 180

5cp[°](TI'U9)

[Normalizatiou -5%-J

0.0 0.2

UCSB, 29/02/2023

0.4

0.6 0.8 1.0
CP fraction

Adcp[°)

16_! T

CPP
—CPP.

14F
12F

10f

[ rrrrrf ]
— L=540km -
— 360 .

1 | 11 1 J 1 1

_l 1 Il [ 11 1 | 11 II 1 1 I_
180 —120 —60 0 60 120 180

5cp[°](True)

Precision measurement

N <8 for all values

>72% after 10 years

equivalent to Neutrino Factory

M. Dracos, IPHGIN2P3/CNRS/UNISTRA
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SD. Performance versus time

ESS Neutrino Super Beam Plus

Already after 5 years very competitive performan(‘?%

L T I ] L] T L] I L] 1 L] 1 I 1 1 L L] _
8 = L=540 km, § = —90° 1
0.78 4 = Zinkgruvan . - 360 km, —90° -]
—— Qarpenberg dISCOVeI’y 16 N\ 540 km, 0° .
o664 = 1 K N\ 360 km, 0° ]
14: — ]
= 0.74 N i
N 12 — i
e o N ]
4 0721 = 10F 3
8 < F .
2 0.70 1 8 . .
% 6 . & \
0.68 - " | RRINIIIETS! T =
0664 4 n n
— 2F =
) [Normahzatlon 5/6] B , | -
0.64 1 v . . Y . . . . : 0 C 1 | PR B B y PR SR TR T I T SR TR S
6 8 10 12 14 16 18 20 5 10 15 20
. ty +tp (vears) Run-time (years)
DUNE Sensitivity S 7 g gt - W———————
0 mm:g = :;Z:..E % e—fn_ - — Zinkgruvan (360 km) — T2HK
o N 5 2sf- — G50l .
. -
£ o - :
3 preCISlon -
c 25 -
o
3 2 :
o N
L -
1077 5=
- Normal Ordering |
DUNE HyperkK | ol Orderig |
0 | 2 3 4 5 6

91 -0.8-06-04-02 0 0.2 04 06 08 1
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Institut Pluridisciplinaire
Hubert CURIEN

https://arxiv.org/abs/1410.7573
S R ‘ T ‘ BM
NN | oM
Test of flavour symmetry models: NN I —
Typically, the models considered have a  Z*Fo0000 RS —
. D \\\\\\\\\\\ )
reduced number of parameters, leading to £ o000
H B x\\\\\\\ \\
relations between the masses and/or RN\
mixing angles. AN
NN
Examples are the stalledsumrules e.g.: 0 SASEaL —
-2 -1.5 -1 -0.5 05 0.5
Cos
sin flo3 — —= = sin #1353 cos 0 T o o e TIAT ml G e O T oot
\/_ with the known data if there is a significant deviation from the current best-fit values.
o8 6 — LassTy + S15CTa/los — 873 (Las + s13/ta3) 10 10
sin 26019513 s i
0.8} — TBM 08 s TBM
2 06} It E 0.6
Z %
3 04} T 04
s 3
02f 02
0015 05 J tofo l 05 o 9% 05 J0.0 J [Ls 10
cos 0 cos §

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

https ://arXIV. O rq /ab8/1410 . 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.
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https://arxiv.org/abs/1410.8056
https://arxiv.org/abs/1410.7573

D, Final ESS3SB facility
configuration

ESS Neutrino Super Beam Plu

ESSnuSB

Conceptual Design Report

T —

far dtéfd“rh |

European Physical Journal Spec. T@B1, 3779 3955 (2022).
https://doi.org/10.1140/epjs/s117822-00664w

Conceptual Design Report
UCSB, 29/02/2023 M. Dracos, IPHEIN2P3/CNRS/UNISTRA 29


https://arxiv.org/abs/2206.01208
https://doi.org/10.1140/epjs/s11734-022-00664-w

D, Supporting institutions of
ESSSB

A COST ActioBuroNuNe{CA15139): ended March 2020

A https://euronunet.in2p3.fr

si'l’ ESSnuSB Design:Stu... .

A video for scientists:
https://www.youtube.com/watch?v=PwzNzLcibw

A EUH2020 Design Study BS8: orgoingup to March 2021 (3
monthsextension due to COVID19) b ESS

Y NEUTRINO
CD

A https://essnusb.eu SUPER BEAM

ESSnuSB looking for the answer.

A Vldeo for general pUbIIC. @: ESSnuSB Looking for... . @
https://www.youtube.com/watch?v=qAnvitOnAlg &

)

P o000

UCSB, 29/02/2023 M. Dracos, IPHGIN2P3/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
https://www.youtube.com/watch?v=qAnvft0nAlg

@Sb Muons at the!level of the beam dump

2.7x1¢3p.o.tlyear

- E e i
E, . ATess MUONSAL the | more than 4x1@° >/year from ESS
~ I ) - s level of the compared to 18 > used by all

ﬁ::! °ss beam dump experiments up to now (20> for
1 (perproton) | COMET in the future).

B DRl ) 53130 >/year
X (€M) (16.3x1@° for 4m?)
103 4.1x1G° >/year
g 0% muonsiproton w=ms| < A input beam for future 6Dncooling
2 s E experiments,
= 0'3; <E>~05 GeV L, =50m E
=025 <L>~3km = = = A low energynuSTORM
o] F Std Dev 0.2618 E .
s o e = A Neutrino Factory,
01 “o | A Muon Collider
0.05 -
Y S— 5 2 25
P (GeV/c)
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SD.

ESS Neutrino Super Beam Plus

Super Beam
ES3SB

Muon Collider Neutrino Factory
ESZESB

UCSB, 29/02/2023

ESS3.SBrrand «(R&D)

n,+ ng

n.or n, n, +

NUSTORM

+Decay At Rest and Coherent sc

2.7x133p.o.tlyear (with short pulses)

M. Dracos, IPHGIN2P3/CNRS/UNISTRA
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