ESSvSB Project for Leptonie C '
Violation Discovery ba

‘.‘

European. Spall;a_g on §gurce Llnac

A%

* Neutrino Oscillation formalism

 Past and Present Neutrino Oscillation Experiments
* Neutrino Beams

* Optimizations and 0,; measurement

* Future projects and CP Violation

* The ESSvSB project

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS
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V ﬁ
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N\
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e The “known” neutrinos are combinations of mass
eigen state neutrinos, for example, for electron

neutrinos:

‘ve> = Uel

* For all neutrinos, we can write:

ve Uel Ue2 Ue3 Vl
vV, |= U a1 U 02 U 3 v,
V‘L' U‘L’l U‘L’2 U73 V3

~
unitary mixing matrix

Pontecorvo-Maki-Nakagawa-Sakata matrix

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS

vi)+U,|v,)+U,5|v,)

¢ U is the transformation operator (matrix),

* the hypothetical states v,, v,, v, have
unique masses and are neutrino
fundamental eigen states.

* Unitarity UU*=I
(U=(U*))



IPHC

Institut Plyridisciplinaire

e ey : 4 "\/3
03 : Vu
N VY
3 mixing angles, 0,,, 0,5, 0., i 0,4
0,5, and one phase, dp : \ .
...... 012 V2
Usual parametrization \
\_/.“0' Ve
O, ™)
Uel UeZ Ue3 Vl 613
u=\U, U, U, ¢, =cosB,, s, =sinOij
Url Ur 2 Ur 3
—i0,p / \
¢, S, 0/l 0 O Cs 0 e"s,\/] 0 0
=[=-5, ¢, O[O0 ¢y sy 0 1 0 0 e ™" 0
—-id ( -0ty /2410
0 0 THO =555 cy){-e"s; 0 ¢y JIO 0 ¢ /
solar, atmospheric, reactors,
reactors accelerators accelerators
CP violation ® dcp for neutrinos
® -dcp for anti-neutrinos
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 5
Institut Plyridisciplinaire
For 3 neutrinos with a well defined mass and energy:
Schrodinger equation: (H: Hamiltonian)
y v, 12 p v, 1%
i—| Vv, |=H|V, i—| Vv, |=H, Vv,
dt dt
V, v, v, vV,
for the mass eigen states for the flavour eigen states

wit:  Bf = UHU'

‘ Vj ( t)> — e—in/ h ‘ Vj (0)> Solutions of Schrédinger equation

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 6
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Hubert CURIEN
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Probability as a function of mixing angles

>j
2

— i

P(v, —>Vy)=0,,—4Y Re(U,U,U, U, )sin* @, +2 ImU, U,U, U, )sin2®,

>j

A

=1.27Am; (%) (L in km, E in GeV, Am in eV and fic=197 MeV fm)

2 2 2 . .
Amij =m; —m; (3 mass differences but one 2 are independent)

—_ — o
To obtain: P (Va - Vﬁ) CP transformation E
. g
replace: U—->U E
<
or: P, - -0,
if:

= = CP violati
P(v, = vg) = P(V, = V) # viotation

(never observed up
Clermont-Ferrand, avril 2014

to now)
Institut Pluridisciplinaire
Hubert CURIEN

How neutrinos propagate through

matter?
(Mikheyev-Smirnov-Wolfenstein effect)

M. Dracos IPHC/CNRS-UdS

Ve pr

only for

Vet
electron z° in "ordinary" matter
neutrinos
p,ne p,ne
NC
0 0 0 0O o0 0 A 0 0
1 1 .
Hf=UHUT=—EU 0 Amj, 0 |U's—|ul 0 Am3 0 U'+| ¢ o o
0 0 Am 0 0 Am 0 00

with: A =2EV,. =2J2EG,N, =7.56x 1OSeV2(

~3 g/em? for earth crust
g/cm’ )\ GeV (=3¢ )
Clermont-Ferrand, avril 2014

M. Dracos IPHC/CNRS-UdS

8



Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

2 2
0,,=40071 or504%2deg. M m
|
|Am3| = (247 £7951)x 107 eV? Ve
LV
912 = 333i080 [ vT
Am3, =(7.50£0.19)x107° eV?
CIRans A RN RARRSRERS SN mg——g ——mj
i ] ~7x107° eV? )
10— ] __ml
~2x107 eV?

~2x107 eV?

m;—+ T
1 ’ ~T7x10™ eV 5
m; -+ e 71,
B, <12.4°, 90% CL ? ?
up to recently
0 0

no information on ¢, normal hierarchy ~  inverted hierarchy

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS
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In disappearance experiments we count how many initial
neutrinos vV, survive after traveling over a distance L (case of 2

471/Am?
flavours): o
b 10 T ,—w__y‘{ ——
. L[ 1.27Am°L i S
P(v -V )= 1-sin*26 sin’| ———— g 05 k=
o o S 7
=
: = 0.0 :::::! + .::::::l +— :::::! amaing
10! 102 103 104
L/Ev km/GeV

In appearance experiments we look for neutrinos Vg inav,
neutrino beam:

bl.o
, L(1278am2L)  Fos

P(va — vﬁ) =sin’20 sin’| ——-— 3
0.0

v

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS



|p||c Present accelerator neutrino
oscillation facilities in the world

CURIEN
STRASBOURG

Soudan q
Duluth .
MN

Madison
n

[ ]
GRAN SASSO

CNGS beam and OPERA (ICARUS) experiment
(v,—V; appearance experiment)

Fermilab e Soudan
735 km AT
; ; 7 wms JPARC beam and T2K
(o

NUMTI beam and MINOS experiment experiment

. . appearance/
(disappearance experiment) fj,ﬁapppeamnce
MINOS Best Fit Parameters

experiment, of f-axis)
|A1112} = 241709 x 1073V

sin?(26) = 0.95070 932 @
sin?(26) > 0.890 (90% C.L.)
.
V‘l?

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS

IPHC

Institut Plyridisciplinaire
STRASBOURG

proton

beam ‘L—physics

i 2 =T N

ad B Q0
< o~

farget hadronic collector T —> U+ V
(focusing)

Detector

* adjustable proton energy,

* adjustable distance between the production point and the detector,
* neutrino type choice (neutrinos or anti-neutrinos),

* but as usual, the neutrino energy is not well defined...

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 12



IPHC  Neutrino Interactions

RIEN
sssssssss

V\é/" V\/ V\é/" |
AN n/\n n/:<;‘() ~

e e n hadrons
Elastic Quasi-Elastic Resonant Deep
inelastic (DIS)

3 3 0.4
314 3
£1.2 %0.35
o ]
,}c 1 % 0.3:
8 =0.25F
,go. Yook
%0'6 -§o.15;

0.4 E
;; § 0'15
£0.2 £0.05F
: I s Ig E

0 —= 0
107 1 10 10?
E, (GeV) E, (GeV)
According fo neutrinos to be detected their interaction cross-section has to be taken into account.
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 13

IPHC

RIEN
sssssssss

New proposals for neutrino beams to measure:
* 0,5 as low as possible
* neutrino mass hierarchy (sign of Am,;)

* CP violation 1
3
P / T Y
~ams = 00 &

T—U+vVv

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 14



IPHC 013 hunting...

STRASBOURG

~short term expectations

F Chooz Excluded

A MINOS OPERA

Sin’26,, (90%CL)

o

90% CL sensitivity
Computed with:
8=0
sign(Am?)=+1

T

| 1 | L | | |
2009 2010 201 2012 2013 2014 2015 2016

year

optimization in order to go as low as possible in 0

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 15

IPHC EUROnu Projects

Institut P|uI'IdISCI Ilnaue .
S (FP7 design study)
Accumulator

am protso; :river ting
Oscillation Detection 8

SPL 3.5-5 GeV, 4 MW

Magnetic
horn captur
(collector)

Target

0 hadrons

PrsscLaborstery decay tunnel
ik oo Corvon o ~300 MeV v, beam to far detector
5GeV?, 4 MW

Accumulator
ring + bunch
compressor

proton driver
Magnetic
capture

Neutrino Factory

Source Oscillation Detection Recirculating
Linacs 2 — 50 GeV

lonization

Target
cooling B

Phase rotation
Linac — 2 GeV

Decay ring — 50 GeV
~2000 m circumference

__________ magnetized
----- . detector
v beam to near detector needed
Be‘ra-Beam PR s
xisting a 0
EURISOL oo SXSUNgAt RN

Source Oscillation Detection 1
Proton DECAY
6He for v, and : e RING
18Ne for v
A 100% € IIsol target B=5T
Nz —= Ve ’Y~100 | & ion sourde L=6880 m;

Clermont-Ferrand, avril 2014 M. Dracos [PHC/CNRS-UdS V™" M —~=a=d oo \/ 16



IPHC Allsites and detection techniques studied by

“f£.,AGUNA and possible neutrino beams from CERN

4= L=2288 km, CERN SPS 400 GeV
beam line 0.75

LAGUNA-LBNO
3 main options
selected for
LAGUNA-LBNO
study

and/or Neutrino Factory

CN2FR
L=130 km,
HP-SPL 5 GeV 4 MW LINAC + 2
accumulator ring } I CNGS-Umbria
+ MMW target + horn e 2 s L=658 km, Ideg OA
+ near detector infrastructure - \~ CERN SPS 400 GeV
Longer term: beta-beam presently opera
: (0.5 MW
no near detector

LENA 50 ktons GLACIER 100 ktons

Present Tunnel

MEMPHYS 450 Ktons

Future
Safety Tunnel

Present Laboratory

Future Laboratory >

with Water Cerenkov Detectors
/
|

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS

IPHC

Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

* Very high proton beam power is needed:

* several MW

* maximum achieved up to now for neutrino beams ~450 kW
* High repetition rate:

* uptoS50Hz

* maximum rate up to now 5 Hz
» Severe radiation conditions

* remote manipulation systems

* trittum production

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 18



IPHC

Institut Plyridisciplinaire
STRASBOURG

Packed bed canister in symmetrical transverse flow
configuration (titanium alloy spheres)

—¥ Cold flow in
<4—— Hot flow out

4-target/horn system to
mitigate the high proton
y beam power (4 MW) and
rate (50 Hz)

Helium Flow i target inside the horn

0 0060 (m)
003

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 19

IPHC General Layout of EUROnu  [ges

Blocks

Institut Plyridisciplinaire
‘CURIEN
SYRAS VI

Super Beam target station

Split
Proton
Beam

Horns and
Collimators Targets

Decay Volume Neutri
(He, 4x4x25 m3) Sutning
Beam

s | _'_.JI Beam Dump Direction
L, ! . .

8 m concrete

Clermont- cr_rzn d, avril 2;)14 s : acos IPHC/CNRS-UdS 20




1.0 10
CPV 2
— sgn Am
signal syst. \ signal syst.
0.8F IDS—NF 2010/2.0 s—1.4% b 0.8} IDS-NF 2010/2.0 se—1.49% -
MIND LE ee— 1.4 = 2 MIND LE — 1 .49 g
LBNE: 1% //‘ LBNE 1% %
LBNE+Project X 1% \\ LBNE+Project X 1% 8
- 06} T2HK: 5% AT NS ¢ ost T2HK: 5% E4q
-% T2KH — known MH 5% /< 2 T2KH - known MH 5% g
8 SP L 20 8 SP L 29 °
Y 1= [ — / by BB 10O 20 £
O 04t LBNO — 33kt e 5 1 S04} LBNO — 33Kt s 59 4
LBNO — 100kt 5% LBNO - 100kt 5%
2025 2025
0.2 ‘ 1 02 B
0.0 GLOBES 2011 — November 03 / ‘ o GLOBES 2011 — November 03
107 106 108 107 108 102 10t 107 106 105 104 103 102 10!
True sin®26,5 True sin®20;5
name type mass
LBNE WC/LAr 200/33 0.7MW
LBNE+ Pro WC/LAr  200/33 2.3MW
LBNO 33kt LAr 3 1.7MW
LBNO 100kt LAr 1.7MW
T2HK wC 1.66MW
SPL AMW
BB100 440 1.1x 10" Ne  1x 107
2.9 x 10'® He
IDS-NF20 4000+7500 100+50 AMW 1 x 107
MIND LE 2000 100 AMW 1x 107

Clermont-Ferrand, avril 2014
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reactor experiments discovered the
1—3 oscillation

T
Hnrm
i i

1
|
1
1

© 002 N
> E |
& e — Rate Only 3
E = === Rate+Spectra 3
-« E E
2 = Installation ® PRL 108171803 |
2 E of AD 7+8 O cpc3romo0l | 3
w E |
E O This Analysis E
5 Daya Bay only 7
0.006 - 3
0.004 - 3
0.002 - E
) =P R I I I BRI B B

0 200 400 600 800 1000 1200 1400 1600

Time [days]

M. Dracos IPHC/CNRS-UdS

Best Fit +
68% C.L.

Accelerator
Experiments*

Normal
Hierarchy

Inverted
=8 Hierarchy

*All results assuming
8cp =0,

9,5 = 45°
Reactor
Experiments

® Rate only

O Rate+Spectral
— n-Gd

== n-H

sin?20;3

measurements (NuFact2013)

et . e Solar+KamlLand
original flux +
= L s MINOS
&
T2K 6 Events
—— DC 101 Days
—— Daya Bay 55 Days
—e— RENO 229 Days
~ T2K 11 Events
—
=3
« DC 228 Days
Daya Bay 139 Days
DC n-H Analysis
—e—i RENO 416 Days
T2K 11 Events
I reactorion data only
= ——et— DC RRM Analysis
N reactor ori+off data
! T2K 28 Events
m Daya Bay 217 Days
J
-005 0 0.05 0.1 0:sin®26;3 = 0.0905:99%).3

M. Dracos IPHC/CNRS-UdS
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(IPHC
-+ Upgrades of Present accelerator neutrino
oscillation facilities in the world
(CPV, MH)

* CNGS = finished without any possibility of upgrade

* NUMI = increase the proton beam power

¢ MINOS+
* NOVA
g R Milwauxee
* JPARC e B
Along-baseline neutrino
oscillation experiment,
situated14 mrad off hicago

* go to the designed power of 0.75 MW T s
* increase the power at 1.66 MW :

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 23

@HC Getting the Most Out of NuMI Beam
CPV

i :

SEA /
- N A )
oAk - J \ J \

* CPV and resolution on d.p:

20 Y.
* NOvVA+T2K+MINOS (significant improvement - N N
by addlng MINOS) PGuzo;;sl;.:‘WI T R ;“‘,)("; R T R
* NOVA+T2K+GLADE (LAr 5 kt) (significant
improvement by adding GLADE) T Normat erarehy
g s .

CP violation discovel

-150
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRSH§4¢"k



IPHC CP Violating Observables

2 ~
A . »| B.L
F, V7)) = = s53,in 2913( BB] sin’ (;J atmospheric

" ¢ 2
? Non-CP terms
+C§3 sin’ 20, (ﬂ) sin? (&j solar
A 2
+7 ﬂ%sin(ﬂj sin B.L cos(— A13L] interference
A B, 2 2 2 ) CPviolating
2

~ . . . Am;
J =c;sin26,,8in20,;8in20,;, A = -z B =AFA,, A= x/EGFNe
v \
P - P matter effect
/{ T VuYe Vu—=Ve +0 = CP Violation = accessibility to
- mass hierarchy
Pv S, + Pﬂ,—)VE be careful, matter effects = Jong baseline

u
also create asymmetry
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 25

C_HC Asymmetry due to matter effects

sssssssss

1‘01 ! ' ! 1T T
|>M I>w i * E§V=3 Gev ! [ ' :
R T i STV
' | . 06— Normal Hierarchy (NH)... /.. { L f i} [
N | o | o
T| T | e Inverted Hicrarchy (IH)
AT | AT I SRR SN S S S SO0 SO S0 S AU S
Il
0.0 |

200 ‘ 500 1000 000 5000
distance [km]

good position to measure MH

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 26



IPHC  Neutrino Oscillations with "large" 0,,

Institut Plyridisciplinaire
ert CLIRIFN

0010 0.20, d
2 oscillation maximum
~ 0.025
0.15)
T oozl 1%t 0scillation maximum
3
~
\Q:"o.ms 0.10
— o
0,,=1° Ocp=-90 0,,=8.8
0010 13 cp ("large" 0,5)
("small" 0,5) §CP:0 0.05
0.005 _
Op=190
100 200 500 1000 2000 100 200 5_(.]0 1000 2000
L/E L/E
solar /
0003 005 atmospheric

for small 0,
15t oscillation |
maximum is
better

atmospheric

~0.005]

CP interference

0,,=1°

(arXiv:1110.4583)

Clermont-Ferrand, avril 2014

Institut Plyridisciplinaire
STRASBOURG

1st Osc Max Nu—AntiNu Asymmetry

Vacuum N

08 _
e e 1
06—/ —
& PR 6=m1/6 .
o~ S - = i
Bobe T E
e 04—a 7 N % —
r o N o 7
. N i
” % T \\ i(—
0.2 5, siné ~

L oo ~ A

j=] \J, ™ -
L2 -
L '

00 1 1 IIlIHl 1 1 IIIIII| 1 Lol 1

1073 1072 107!
sin®26,,

0,,=8.8°

IPHC Neutrine Oscillations with

[P-P|/[P+P|

for "large" 0,
18t oscillation

= Mmaximum is

L/E  dominated by
atmospheric

term,

CP interferenceﬂ

2nd gscillation maximum is better

M. Dracos IPHC/CNRS-UdS

"large" 0,,

o 2nd Osc Max Nu—AntiNu Asymmetry

T IIIIIHI T T TTTTT T T T TTTT
- Vacuum o=m/2
0.8 — Ay =37/2 —
0.6
o=n/86
T TN E \
0.4 — N
[ m
R
T ~J
0.2 sind —
- - .
L~ N ]
00 1 IIIIIH| lIIIIIIII| 1 I 1
1073 1072 10~ 1
sin®20,,

* at the 1% oscillation max.: A=0.3sind.p
* at the 2" oscillation max.: A=0.75sindp

(see arXiv:1310.5992 and arXiv:0710.0554)

Clermont-Ferrand, avril 2014

2nd gscillation maximum is better

M. Dracos IPHC/CNRS-UdS



IPHC Neutrinoe Oscillations with "large" 0,,

st Pyl
0.06 o
) 2nd ggeillation max.

50.05 18t oscillation max.

(a8 \
0.04

using present
oscillation
parameters

0.03

0.02

0.01

100 150 200 300 500 700 1000 1500 2000

L/E
more sensitive to 2% oscillation max.

But, to go to the 2" oscillation max. we must be very rich in protons...

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 29

IPHC Future accelerator neutrino projects
after 0,, measurement

Hubert CURIEN
STRASBOURG

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 30



IPHC Oppeortunities for Precision Tests of Three-
wE  Neutrimo Mixing and Beyond with LBNE

Neutrinos

Recycler /

Main Injector 20y
120 GeV
FERMILAB
Project X
m—»(
SANFORD LAB

(] i, (Proposed)

075 0.75 "-"--v—u~n—u—n~n‘
Mw
i) 1.5 FERMILAB
Nuclear MW Muons
Kaons

long baseline (1300 km)

i
LNEZD 23501

LBNE 30 TARGETHALL  SHIELDING
‘compLEX

SURPACE BULDING
Time Projection

©0STNG ELEV. 7512 %
Chamber

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 31

Target Hall

ged®™

ELEV. 675+ Shield pije

L. [e LAGUNA-LBNO

35 kton magnetized muon detector (MIND) LNG tank technology

Far liquid Argon detector

anode & charge readout

*#*Double phase LAr LEM

field cage TPC (GLACIER,2003)

(hep-ph/0402110, .
1physcontser. 171(2000)  800d Mass hierarchy
012020, NIM A 641 (2011) -

4857, JINST 7 (2012) Posozs) - SENSILIVILY, thanks to

_ the crossed matter
Solume haght (2300 km)

Design based on
extensive experience
with smaller scale

devices

bottom of tank & light

20m

+ near detector at CERN

Giant LAr TPC detectors:

readout
L=2300km
Electronic =) T T T T T T |
Charge readout plane ) ; 0.12
Charge readout with |: '>= 8 =1 800
oo £ o cp 1
amplification for long P
afts 0 P-conserving
o o
0 s 008 ]
Extraction grid— | S o
i : NH
=
£ S 0.06 v ]
=
: :
- 2 = 004
b Ex | kViem o S
§ g Field shaping
o - o electrodes 0.02

AJ
inachs i
Cathods 10 e R R B
readout photosensors photosensors
, E, (GeV)
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iPHC Hyper-Kamiokande Physics Opportunities:
e EXploring CP Violation with the Upgraded
JPARC Beam

U Accelerator v:
1| J-PARC to HK 7

ical Machinery, . S Nas
5 = - 7 : )
ﬁ\ i e
‘ > o > > e NO.6GEV viu
~ g -

Quest for CPVi})Iatin in m M
vV beam from J-PARC
JPARC ‘

lepton sector

Total mass: 1Mton
Fiducial mass: 560 kton
(2.5° off-axis)

® Exploring the full picture of neutrino oscillations
® Neutrino beam from J-PARC (>1MW expected)
® CP asymmetry in lepton sector
®  Atmospheric neutrinos
® Determination of mass hierarchy and 023 octant
® Search for proton decay

® Measurements of solar and astrophysical neutrinos
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS
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SPALLATION European Spallation Source

SOURCE

Target station
modulators /) where neutrons
provide the power X are emitted and led
to accelerate the to neutron beam
guides.

Clystrons and

Superconducting
linear accelerator
where protons
are accelerated.

Laboratory for
sample preparation,

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

Instrument hall
with instruments
for different

measurements.

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

off the sample, hitting
detectors and

Instrument, where
the neutrons scatter

under pre-construction phase
(~1.8 B€ facility)

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 34



IP"C ESS proton linac

s 352.2 | MHz messssssmnl- <afmnn 704.42 MHz sl
«<2m=> «5Sm> <« Im—> <«l9m> «—7m— <«<—IlI7Tm— <«200m—> <«<——I63m——>

Medium B HEBT & Upgrade

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 (2.86 ms pulse
duration, 10! protons)

* 2.0 GeV protons (up to 3.5 GeV with
linac upgrades)

« >2.7x10% p.o.t/year

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 35

IPHC ESS Schedule

Institut Plyridisciplinaire

SRsaouR 2010 - ESS Company set up

2010 - 2012 Technical Design Review

2010 - 2012 Pre-Construction & Site Planning

2009 - 2012 Licensing and Planning

2010 - 2012 Finalisation of international negotiations

2013 - 2019 Construction Phase - 7 instruments
2019 - 2025 Completion Phase - all 22-33 instruments in place

e 1t beam before the end of
the decade
* 5 MW by 2023

2026 - 2066 Operations Phase
2066 — 2071 Decommissioning Phase

The ESS Site 0 The ESS Site

pre—construction phase
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 36
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IPHC How to add a neutrino fac1hty"

Institut Plundlsclpllnalre
A

+ 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 (o 143 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 (studied in EUROnu) oz
L S — 58 trino flux at
* Underground detector (studied in LAGUNA) glj: P 11188 1(1;0( Siﬁgr
* Short pulses (~us) will also allow DAR SE3 spectrum than
experiments o for EUROnu
6F SPL SB)
* Linac and accumulator could be the first step N
2F
towards the Neutrino Factory o B .
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS 0 05 ! o 37
L)
|P|.|C ESS Neutrino Super Beam
STRASBOURG (E SSVSB)
A Very Intense Neutrino Super Beam Experiment for arXiv:1212.5048
Leptonic CP Violation Discovery based on the arXiv:1309.7022

arXiv:submit/0845470 [hep-ex] 12 Nov 2013

European Spallation Source Linac: A Snowmass 2013
White Paper

E. B ™ M. BI M. B ilov,* E. Bouquerel,”™ J. Cederkall,/

P. Christiansen,” P. Coloma,’ P. Cupial,® H. Danared,’ C. Densham,*

M. Dracos,™* T. Ekelof,”* M. Eshraqi,? E. Fernandez Martinez,” G. Gaudiot,™
R. Hall-Wilton,? J.-P. Koutchouk,™¢ M. Lindroos,? R. Matev,* D. McGinnis,?

M. Mezzetto,” R. Miyamoto,? L. Mosca,’ T. Ohlsson,! H. Ohman,” F. Osswald,™
S. Peggs,? P. Poussot,™ R. Ruber,” J.Y. Tang,® R. Tsenov,* G. Vankova—Kirilova,*
N. Vassilopoulos,™ E. Wildner,? and J. Wurtz.™

“Institute of High Energy Physics, CAS, Beijing 100049, China. 14 participating institutes
bCenter for Neutrino Physics, Virginia Tech, Blacksbury, VA 24061, USA. : 3
€STFC Rutherford Appleton Laboratory, OX11 0QX Didcot, UK. form 10 dlfferent countrles’
4CERN, CH-1211, Geneva 23, Switzerland. amOIlg them ESS and CERN
©AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Krakow, Poland.

! Department of Physics, Lund University, Boz 118, SE-221 00 Lund, Sweden.

9 European Spallation Source, ESS AB, P.O Bozx 176, SE-221 00 Lund, Sweden.

hDpto. de Fisica Téorica and Instituto de Fisica Téorica UAM/CSIC, Universidad Auténoma de
Madrid, Cantoblanco E-28049 Madrid, Spain.

! Laboratoire Souterrain de Modane, F-73500 Modane, France.

JINFN Sezione di Padova, 35131 Padova, Italy.

¥ Department of Atomic physics, St. Kliment Ohridski University of Sofia, Sofia, Bulgaria.

! Department of Theoretical Physics, School of Engineering Sciences, KTH Royal Institute of Tech-
nology, AlbaNova University Center, SE-106 91 Stockholm, Sweden.

™IPHC, Université de Strasboury, CNRS/IN2P3, F-67037 Strasboury, France

" Department of Physics and Astronomy, Uppsala University, Box 516, SE-75120 Uppsala, Sweden

*Corresponding Authors: marcos.ds in2p3.fr and tord. ekel ics.uu.se 38

fEnh
Japhy



IPHC

Institut Plyridisciplinaire
STRASBOURG

* Proton decay

* Astroparticles

» Understand the gravitational collapsing: galactic SN v

* Supernovae "relics"

» Solar Neutrinos

11111111

* Neutrino Oscillations (Super Beam, Beta Beam)

* Atmospheric Neutrinos

* 500 kt fiducial volume (~20xSuperK)
* Readout: ~240k 8” PMTs
* 30% optical coverage

Clermont-Ferrand, avril 2014
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(arXiv: hep-ex/0607026)

M. Dracos IPHC/CNRS-UdS

Safety tunnel

(under construction) LSM Extension

(Option 2C)

Access to
Laguna site

Memphys 2

37 37
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Exposure (kton year)

(arXiv: hep-ex/0607026)
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The MEMPHYS Detector
(Supernova explosion)

IPHC

Institut Plundlsaplmglire
STRASBOURG
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WC detector possible locations

Aflaniic Ocgan

lerranean Sea

R =

e ettt Baseline from | Baseline from | Baseline from
CERN (km) Protvino (km) ESS (km)

Pyhasalmi, Fl 2300 1160 1140

[ Zinkgruvan,SE ] 1530 1420 [ 360 ]

{_carpenberg.se_J 1730 1300 L sa0 )
Kristineberg,SE 2230 1530 1080
Bjorkdal,SE 2270 1450 1100
Munka,SE 2310 1620 1160
Kallak,SE 2400 1700 1260
Malmsberg,SE 2480 1620 1320
Kiirunavaara,SE 2530 1700 1380
Kaunisvaara,SE 2552 1580 1390
Kongsberg NO 1536 1740 500
Lgkken, NO 1900 1800 840

v
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Physics Performance for ESSvSB

(Enrique Fernantez, Pilar Coloma)

0cp precision (unknown MH)
35

5F 100 km
200 km

300 km 500 km

600 km

800 km
1000 km

5r 100 km
200 km

300 km 500 km

600 km

800 km
1000 km

K 0
550)

-180

90

180

90 180

50

for 2 GeV

* optimum 300-400 km
for 3.5 GeV

* optimum 500-600 km
but the variation is small

CPV discovery implies
exclusion at 5 o of 0° and 180°

high dp resolution around
these values is needed

1° gain around these values
increase the discovery d.p
range by ~4x5x1° (1%t approx.)

5F 100 km 300 km 500 km 800 km 5F 100 km 300 km 500 km 800 km
200 km 600 km 1000 km 200 km 600 km 1000 km
-180 -90 0 90 180 -180 -90 0 90 180
84,() 54,() 43
1 mne?
IPHC Which baseline’
Institut Plyridisciplinaire 10 10
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(unknown mass hierarchy) 4 4
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IPHC Which baseline?

TRASBOURG

10 10
1 O 100 km 600 km 100 km 600 km
L 200 Lm 800 km 200 km 800 km
_ )0 km 1000 km 300 km 1000 km
2GeV 25GeV 3GeV 35GeV 8 4 8 4
500 km 500 km
2GeV 25GeV

-_g“.‘ N S
S~ J e ———
W’M’f . 3 S
<
G \/
2
=]
=}
3 0
3] o0 % 180 -180 -90 0 90 180
& 2
10
g 600 km 100 km 600 km
800 km 200 km 800 km
£ 1000 km 300 km 1000 km
< 8
@) 500 km
- 3GeV 35GeV
6|
5

ool ¥ W
200 400 600 800 1000 | 3/- &Z = ZW
L [Km]
. . S50 ~9%0 0 % w0 %80 ~90 0 %0 180
* Zinkgruvan is better for 2 GeV s

* Garpenberg is better for > 2.5 GeV * Zinkgruvan is better

* systematic errors: 5%/10% (signal/backg.) atmospheric neutrinos are needed
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IPHC

e LSS REUtrino energy distribution

positive negative
N, (x109/m? | % | N, (x10'%/m? | %
Yy 396 97.9 11 1.6 | at 100 km from
7y 6.6 1.6 206 945 | the target and
Ve 1.9 0.5 0.04 0.01 per year
Ve 0.02 0.005 1.1 0.5
1012: 1012:
% E poslitive % E negative
o C ° C
§1o“5— §1o“§—
> F >
8 | & f
810105_ g'lo‘log_
g <
§1o°;— § 10°
10‘;— 1o°;—
LS T R T . L | R | (L i AR A 1 O |
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GeV GeV
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80 540 km (2 GeV)

Neutrino spectra
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2nd Oscillation max. coverage

2nd pscillation max.
well covered by the ESS
neutrino spectrum

:/ 15t oscillation max.

1.0
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IPHC Physics Performance for Future SB projects

Institut Plyridisciplin

H

e (unknown MH) MH

10*
L~ LENF_
cpy2 Tt
1000F === == ===—______
L.......C2py1 T
LB
L100F ==L L
L SPL2 T~o
50 T e~
ESS (3 GevV) — — —
J1] et 30
'''''''''' R
| . . . -
0.0 02 04 0.6 0.8 10
¢ fraction Fraction of 6

LBNE: 5+5 years, 0.7 MW, 10/35 kt LAr

T2HK: 347 years, 0.75 MW, 500 kt WC (5%/10% syst. errors)

SPL: 2+8 years, 4 MW, 500 kt WC (130 km, 5%/10% syst. errors)

ESS: 2+8 years, 5 MW, 500 kt WC (2 GeV, 360/540 km, 5%/10% syst. errors)
C2Py: 20/100 kt LAr, 0.8 MW, 2300 km
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IPHC  §.p accuracy performance

In: n(PI ridisci

b tCumEN
STRASBOURG

(USA snowmass process, P. Coloma)

1.0 — : : -
; { /',:'//" / NS, at1o
0sl i / , —— IDS-NF
—- NuMAX
—-==- Hyper-K
5 0.6/ —— LBNE-PX
e — - LBNE-Full
'% o == LBNET0
s —-- LBNO-Eol
ESSvSB3s "
0.2 ---- ESSySBE Y-
------- 2020
0.0 — 02GLOBEISQO13
0 40 50

. A3 [7]
for systematic errors see:
* Phys. Rev. D 87 (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]]
e arXiv:1310.4340 [hep-ex] Neutrino ""snowmass' group conclusions
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* Design Study to be submitted to EU (HORIZON2020) before September 2014.
* second preparatory open meeting at CERN 26-27 May to:

* finalize the content of the EU Design Study

* prepare the resource requests

* you are invited to join

Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS

Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

* Present neutrino accelerator experiments
* confirmation of 0,5 value measured by reactor experiments
 cannot discover CPV
* cannot determine mass hierarchy
* Under preparation neutrino accelerator experiments
* cannot discover CPV but could give some indications
* hopefully they will determine mass hierarchy
* Very intense neutrino beams are needed
* Neutrino Super Beam based on ESS linac is very promising

* ESS will have enough protons to go to the 24 oscillation maximum and
increase its CPV sensitivity

¢ CPV: 5 o could be reached over 60% of d.p range (ESSvSB)

* large associated detectors have a rich astroparticle physics program
Clermont-Ferrand, avril 2014 M. Dracos IPHC/CNRS-UdS



Collaborators are welcome...

(just email tord.ekelof@physics.uu.se, marcos.dracos@in2p3.fr )
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