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“ Experimental perspectives of neutrino oscillation physics"

@ Today and near future

o 013 at the accelerators
o 013 at the reactors

@ Next: leptonic CP violation and mass hierarchy

o Super Beams
o Beta Beams
o Neutrino Factories
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Neutrino Mixing Matrix (PMNS

Neutrinos 0 o 8 O - 5 ?
Uunsp ~ 04 06 07
0.4 0.6 0.7

Solar+Atmospherics indicate a quasi bi-maximal mixing matrix, VERY DIFFERENT
from CKM matrix !

1 0 0 C13 0 513e_i6 C12 sp O
Uuse = 0 3 3 0 1 0 —s12 c2 0 |,

0 —s»3 23 —s53€% 0 ci3 0 0 1

f13 — 0 = The 3x3 mixing matrix becomes a trivial product of two 2x2
matrixes.

013 drives v,, — v, subleading transitions =-
the necessary milestone for any subsequent search:
neutrino mass hierarchy and leptonic CP searches.
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Shopping list for future experiments
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013 at Reactors

1 — P, ~ sin® 2013 sin®(Am3; L/4E) + (Am3y/Am3,)?) (Am3, L/4E)? cos® 613 sin’ 201,
@ Direct connection with 613, no interference with écp and sign(Am3;).
@ No way to directly measure leptonic CP violation and mass hierarchy.
@ Truly complementary to the accelerator experiments.

@ Disappearance experiments: systematic errors dominate over statistics.

T2K appearance signal in 5 years Double Chooz FAR-Near difference in 5 years, from hep-ex/0606025
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Reactor Experiments

CHOOZ Result
R = 1.01 £ 2.8%(stat) = 2.7%(syst) .

Goal:
@ Improve by at least a factor 5 the statistical error (25 times more neutrinos):

o bigger detectors than CHOOZ (fiducial: 5 ton)
e more stable in time (CHOOZ took data for 8761.7 h, then it had to stop because
of strong deterioration of the liquid scintillator, due to the diluted gadolinium).

@ Improve by at lease a factor 5 systematic errors:

o Add a close detector
o Design of the detector such to reduce backgrounds and systematics associated
to the definition of the fiducial volume.
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Neutrinos from nuclear reactors

Nuclear reactors are a very intense source of 7, from 3 decays of
the fission fragments.

Every fission reaction emits about 200 MeV of energy and 6 7..

4

Flux ~ 2-10%° 7, s~ GWatt ™, isotropic, (E(De)) ~ 0.5 MeV.

Oscillation experiments look for 7. disappearance at
different baselines:

o L =0O(1km) = atmospheric regime:
Double Chooz, RENO, Daya Bay.

@ L= (O(150km) = solar regime: Kamland
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The three players

From M.M. and T. Schwetz, arXiv:1003.5800

Setup Pri [GW] L [m] mpet [t] Events/year Bck/day Start

Daya Bay 174 1700 80 10 -10° 04  12/2011
Double Chooz 8.6 1050 8.3 1.5-10* 3.6 6/2010
RENO 16.4 1400 15.4 3 .10 2.6 12/2010

@ Reactor
O Detector " e

Double Chooz RENO
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Mauro Mezzetto (INFN Padova)

Experimental perspectives of neutrino physics

2 cores — 1 site — 8.5 GW,,
1 near position, 1 far
-target: 2x 8.3t
Civil engineering
-1 near lab ~ Depth 40 m, @ 6 m
- 1 available lab
Statistics (including €)
- far: ~ 40 evts/day
- near: ~ 460 evts/day
Systematics
- reactor : ~ 0.2%
- detector : ~ 0.5%
Backgrounds
- 0,,, at far site: ~ 1%
- 0,,, at near site: ~ 0.5%
Planning
1. Far detector only
- Sensitivity (1.5 ans) ~ 0.06
2. Far + Near sites
- available from 2010

- Sensitivity (3 years) ~ 0.025

FPCP 2010, Torin



Daya Bay}

13

[Big:] LA

Far

Daya Bay Near
. Overburden: 98 m

Site {m) | Site (m} | Site (m)
DYB 363 1347 1985
LA a57 481 1618
LA 1307 326 1613
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Reactors systematic business

G. Mention, T. Lasserre and D. Motta, arXiv:0704.0498 [hep-ex].

Error Description CHOOZ Double Chooz Daya Bay
No R&D R&D
Absolute Absolute Relative Absolute Relative Relative

Reactor

Production cross section 1.90 % 1.90 % 1.90 %

Core powers 0.70 % 2.00 % 2.00 %

Energy per fission 0.60 % 0.50 % 0.50 %

Solid angle/Bary. displct. 0.07 % 0.08 % 0.08 %
Detector

Detection cross section 0.30 % 0.10 % 0.10 %

Target mass 0.30 % 0.20 % 0.20 % 0.20 % 0.20 % 0.02 %
Fiducial volume 0.20 %

Target free H fraction 0.80 % 0.50 % ? 0.20 % 0.10 %
Dead time (electronics) 0.25 %

Analysis (paticle id.)

e’ escape (D) 0.10 %

e" capture (C)
e identification cut (E) 0.80 % 0.10 % 0.10 %

n escape (D) 0.10 %

n capture (% Gd) (C) 0.85 % 0.30 % 0.30 % 0.10 % 0.10 % 0.10 %
n identification cut (E) 0.40 % 0.20 % 0.20 % 0.20 % 0.20 % 0.10 %
Uetime cut (T) 0.40 % 0.10 % 0.10 % 0.10 % 0.10 % 0.03 %
vedistance cut (D) 0.30 %

unicity (n multiplicity) 0.50 % 0.05 % 0.05 %
Total 2.72 % 2.88 % 0.44 % 2.82 % 0.39 % 0.20 %
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Sub leading v, — v, oscillations
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The two players

@ T2K Started 12/2009, at J-Parc, Japan. No result yet.
@ NOvA scheduled to start in 2013

v,CC/50 MeV/year/kt

0 1 2 3 4 5 6
Energy (GeV)

Horizontal lines: regions where P(v, — v.) > 0.5
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Off Axis Neutrino

Decay Kinematics A qualitative argument:

V(E,) 0.06 ; .
@ Transverse
™ (Mypy) 30 158° 1 momentum,
003 | i Lorentz invariant:
My — my,.
p(m,p) g | @ Longitudinal
3. 0 momentum is
From momentum energy conservation: Lorentz boosted.
>
2 2 » @ A

— -0.03 t an angle 6

E — my — my, o - g

v L 4
2(E7r _ pﬂcosg) there is an
-0.06 ! ! accumulation of
‘ ‘ ‘ . 0 1 2 3 lower energies
15 Py (x) (Gevic) neutrinos
0= 0mrad
B A @ Maximum neutrino flux at 0°.
0 =27 mrad

] @ Off axis is the most efficient way to have a
narrow band beam.

@ v, come from 3 body decays (kaons or muons)
while off-axis is optimized on the pion 2 body
decay=> the v, contamination below the peak is
reduced.

wl

25
E.Gev)

Mauro Mezzetto (INFN Padova) Experimental perspectives of neutrino ph FPCP 2010, Torin



The T2K Experiment
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Experimental apparatus and neutrino beam

J-PARC
Far Detector

P I \Y Off-axis detector TN cae
- - — = e -—— 3
Target Tose b L!r (SK)
&Horns - TR -axis detector
Decay pipe 2 .pl‘l_a)is
->

Muon :“0”"0’ Near Dletector

| . - % ’
0Om 120 m 280 m 295 km
o E
Z0s b Oscillation Prob. + Off-axis beam technique
o sz =3.010¢ + Intense narrow band beam
o3 e e | + 2.5° off-axis
Rasool v energy spectrum + Energy peak tuned at
23000 (Flux x x-section) oscillation max. ~ 0.7 GeV
2000 + Statistics at Super-K
2000 + ~1600 v, CC int./22.5kt/year
1500 (with 0.75kW beam, no oscillation case)
1000 v Pure v, beam
500 + Beam v, contamination ~0.4%
° at v, peak energy
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T2K experiment: the neutrino beam line
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The Close Detector Station
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e Close Detector ND280

o Deéa;\llolume"
ND280 ~ (110m) 1

Detector hall

+ Near off-axis detector located at 280 m
downstream of the target

+ Consists of 5 subdetectors:
+ Pi-zero detector (P@D)
+ measures NCn? interactions
+ Tracker: fine-grained detector (FGD)

and time projection chambers (TPC)
+ measures CC interactions

+ Electromagnetic calorimeter (ECAL)

+ detects EM activities coming from
P@D/Tracker

LCAL SMRD TPCs [OUS

s
LN
yoke

Magnet

Magnet
coils

< Side muon range detector (SMRD)
- + measures side-going muon energy
v beam L | s

+ All detectors housed in UA1/NOMAD
magnet: B-field =0.2 T
Pizero Tracker

+ 0.8M v, and 16k v, interactions per ton
after 0.75kW x 5yr accumulation
Detector
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The Far Detector: Super-Kamiokande

History of Super-Kamiokande detector

FAEARRRERRRERERE,
SK-I ?K-II SK-11I SK-I

—~ Aug-2002

oy

Bs

11146 ID PMTs 5182 ID PMTs 11129 ID PMTs  Electronics

(40% coverage) (19% coverage) (40% coverage) Upgrade
e (5-0 MeV 7.0 MeV 4.5 MeV < 4.0 MeV

(total electron work in progress target
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SuperKamiokande detector

Dlmen5|ons ¢ =39.3 m-, h=414m

Volume 50 kton
External | Thickness |- 2:6:m (7.2Xo e 4.3)\o)
Detector | Volume =~ 18 K

Aton
PMT/{/ 1885

Internal | Dimensions | ¢ :"33.3_%}1, h=362m

Detector<] Volume 32 kton
PMT's 9398, 40.4% coverage
*“1Fiducial | Volume 22.5 kton"~
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The NOVA Experiment

28 Institutions 180 scientists and engineers

e NOVA is a second generation
experiment on the NuMI| beamline
which is optimized for the detection
of vy—Ve and v, — Ve Oscillations

e NOVA is:

e An upgrade of the NuMI beam
intensity from 400 kW to 700 kW

e A 15 kt “totally active” tracking
liquid scintillator calorimeter sited
14 mrad off the NuMI beam axis
at a distance of 810 km

e A 215 ton near detector identical
to the far detector sited 14 mrad
off the NuMI beam axis at a
distance of 1 km

15.7m

MiPs
mg— 25GeVv.+p—=19GeVe + 1.1 GeVp+02GeV
EI 3
Ol mE-
O | 12s -
AL
1W§_ * .
20 cm MIPs

N R R ow W ow
4 8 §8 &§ 8 8 2
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90% CL Sensitivity to sin*(26,,) = 0
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NOVA plans to run 3 years in neutrino mode, 3 years in
anti-neutrino mode operating NuMl at 700 kW.

® NOVA will search for vy - Ve 0scillations down to 1% %

oscillation probability at 90% CL

e Of the next generation NOVA uniquely provides data = 25

on the neutrino mass hierarchy and CP violating

phase delta.

® Using quasi-elastic channel, NOVA will make ~1%

measurements of vy - vt oscillations
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NOVA Status

e NOVA has passed Department of Energy CD2 and 3a reviews and is ready to
start construction. Progress slowed by lack of FY08 funding, but NOVA
construction is funded in FY09 budget.

e Schedule

April 2009: Notice to proceed on construction at far detector site

October 2009: Complete Department of Energy CD3 process

Spring 2010: Begin operation of prototype near detector in NuMI beam at Fermilab.

May 2011: Far detector enclosure completed

4o Neutrino -

- August 2012: 2.5kt of far detector operational o prompion decay energy |
. i rom Kaon aeca SpeCtrum :

- December 2013. Completed far detector operational ool seen by
I prototype -

80 | near detector -

60

I

401t

I

vy CC events / 10 tons / year / 50 MeV

20

I

L L»J’\:i :\”A\J R R \ [ \ \\\\\ \\\\ \ I ri) N >l L ;‘ [ ]
00 0.5 1 1.5 2 2.5 3 35 4
E, (GeV)




Status after this generation of LBL experiments

From M.M. and T. Schwetz, arXiv:1003.5800
Dlscovery potential at 30 in 2018
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Time Evolution

From M.M. and T. Schwetz, arXiv:1003.5800
Discovery potential at 3 o for NH
T T

1 | T T | T T T | T T T
— world sens. |
— T2K
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C — DoubleChooz|]
LT — RENO 1
<=3 u =
o
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i 1
2010 2012 2014 2016 2018

year
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Measuring Leptonic CP violation

CP Asymmetry
0.4
0.3
0.2
A — P(VH_)VE)_P(v[L_)EE) 0.1 Error
P P —ve)+Pm—7e)
-4 -3 -2 -1
.2
Log(sin (2913))
LCPV asymmetry at the first oscillation maximum, & = 1, Error

curve: dependence of the statistical+systematic (2%) computed for a

beta beam the fixed energy E;,, = 0.4 GeV, L = 130 km.
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Measuring Leptonic CP violation

CP Asymmetry
0.4
0.3
0.2
A — P(VM_)VE)_P(v[L—)ve) 0.1 Error
P P —ve)+Pm—7e)
-4 -3 -2 -1
.2
Log(sin (2913))
LCPV asymmetry at the first oscillation maximum, & = 1, Error

curve: dependence of the statistical+systematic (2%) computed for a
beta beam the fixed energy E,, = 0.4 GeV, L = 130 km.
@ The detection of such asymmetry is an evidence of Leptonic CP violation only
in absence of competitive processes (i.e. matter effects, see following slides) =
"short*“ Long Baseline experiments
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Measuring Leptonic CP violation

CP Asymmetry
0.4
0.3
0.2
A — P(VM_)VE)_P(v[L—)ve) 0.1 Error
P P —ve)+Pm—7e)
-4 -3 -2 -1
.2
Log(sin (2913))
LCPV asymmetry at the first oscillation maximum, & = 1, Error

curve: dependence of the statistical+systematic (2%) computed for a
beta beam the fixed energy E,, = 0.4 GeV, L = 130 km.

@ The detection of such asymmetry is an evidence of Leptonic CP violation only
in absence of competitive processes (i.e. matter effects, see following slides) =
"short*“ Long Baseline experiments

@ Statistics and systematics play different roles at different values of 613 = impossible
to optimize the experiment without a prior knowledge of 613

@ Contrary to the common belief, the highest values of 613 are not the easiest condition
for LCPV discovery
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Measuring mass hierarchy

An internal degree of freedom of neutrino masses is the sign of Am?:
sign(Am3;).

V3 V2
,  j—
Amgy

Normal
2
Amg, Inverted AmZp,

V2
—_— 5
I Amgy
V1 V3

This parameter decides how mass eigenstates are coupled to flavor
eigenstates with important consequencies to direct neutrino mass and
double beta decay experiments.

Experimental perspectives of neutrino physics FPCP 2010, Torino
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Neutrino Oscillations in Matter

N LAm?

o= Abs(Am%l/Amgl); A = 2% ¢ = cos b3 sin 2012 sin 2023
A= ta/Am?; a=76-10"° p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
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Neutrino Oscillations in Matter

Pg,; = sin?(2013)sin 0332 sin2£(A_ 1)A )/(E\ A 12 B
Psins = acsin (2613) sin d sin (LA) sin (AA) sin (1 — A)A)/((1 - A)A)

Peoss = asm(2013)<;cosacosAsm(AA) sin (1 — AA)/((1 A)A);
Psolar = a2c0s 0232 sin? 201 sin (AA)/

o= Abs(Am21/Am31) A= LAm31 ¢ = cos 613 sin 2012 sin 20,3
A= ta/Am?; a=76-10"° p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
E, = 0.35GeV L ~ 130 km

(Probs’in Vacuum (Magenta) and Matter (blue))
0.025

0.02
0.015
0.01

0.005

50 100 150 200 250 300 350L (kmy
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Neutrino Oscillations in Matter

Pg,; = sin?(2013)sin 0332 sin2£(A_ 1)A )/(E\ A 12 B
Psins = acsin (2613) sin d sin (LA) sin (AA) sin (1 — A)A)/((1 — A)A)

~

Peoss = asm(2013)<;cosacosAsm(AA) sin (1 — AA)/((1 A)A);
Psolar = a2c0s 0232 sin? 201 sin (AA)/

o = Abs(Am3, /Am3,); A = LAm31 ¢ = cos 613 sin 2012 sin 2023

A= ta/Am?; a=76-10"° p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
E, =0.35GeV L~ 130 km E, =1GeV L ~ 500 km

(Probs’in Vacuum (Magenta) and Matter (blue)

(Probs’in Vacuum (Magenta) and Matter (blue)}
0.025

0.025
0.02

0.02
0.015 0.015
0.01 0.01

0. 005 0. 005,

50 100 150 200 250 300 350L( i 200 400 600 800 IOOGL (km
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Neutrino Oscillations in Matter

Pg,; = sin?(2013)sin 0332 sin2£(A_ 1)A )/(E\ A 12 B
Psins = acsin (2613) sin d sin (LA) sin (AA) sin (1 — A)A)/((1 - A)A)

Peoss = asm(2013)<;cosacosAsm(AA) sin (1 — AA)/((1 A)A);
Psolar = a2c0s 0232 sin? 201 sin (AA)/

o = Abs(Am3, /Am3,); A = LAm31 ¢ = cos 613 sin 2012 sin 2023

A= ta/Aml; a=76-10" p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
E, =0.35GeVL~130 km E, =1GeV L~ 500 km E, =3GeV L ~ 1500 km
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No hope to see any CP signal at 30

P.

et al.,

T2K + NOVA

3 yrsneutrinos + 3 yrs anti-neutrinos

Huber

hep-ph/0412133 and JHEP 0911:044,20009.

T2K + NOvVA + Reactor-11

T2K + NOvA: 3 yrs neutrinos
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90% CL determination of mass hierarchy
AmM’=2410" eV’
From O.Mena et al. hep-ph/0609011
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Status after the first and second generatio

No hope to see any CP signal at 30

P. Huber . and mass  hierarchy
et al., hep-ph/0412133 and JHEP 0911:044,2009. OOl e e )
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The SuperBeam way

Upgrade existing or future accelerators to several MW power and
build WC detectors 10 x Super Kamiokande or 300 x lIcarus

e Japan.
J-Parc: 0.75 = 2 MW + Super Kamiokande = Hyper
Kamiokande (500 kton fiducial: 20 x bigger)

o USA.
FNAL: Project X to a 300 kton water Cherenkov detector (or
3 — 6 x 20kton liquid argon) at Dusel, L ~ 1300 km.

e Europe

o 4 MW SPL fired on 500 kton water Cherenkov (Memphys) at
Frejus at 130 km

o 2 MW PS2 fired on 100 kton liquid Argon (Glacier) at Slanic
(RO) at 1570 km
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SuperBeams - J-PARC phase 2 (T2HK)

T. Kobayashi, J.Phys.G29:1493(2003)
J-PARC -HK CPV Sensitivity
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MEMPHYS

The Memphys detector

In the middle of the Frejus
tunnel at a depth of 4800 m.w.e
excavate three shafts of about
250,000 m* each (¢ = 65 m, full
height=80 m). 440 kton fiducial
volume

30% coverage by
using 12" PMT's, 81k per shaft
(with the same photostatistics
of SuperKamiokande with 40%

~| coverage)

Physics scope, independently from the beam

Proton decay

Super Nova neutrinos

Relic Super Nova neutrinos

Solar and Atmospheric neutrinos

Indirect searches of DM annihilation in the sun

Mauro Mezzetto (INFN Padova)
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SuperBeams - SPL v beam at CERN

H-linac, 2.2 (3.5) GeV, 4MW  Accumulator
[ ring
Magnetic
orn’

Decay Tunnel

AD

Far Detector

Possible Low Energy Super Beam Layout

Mauro Mezzetto (INFN Padova)

@ A 3.5 GeV, AMW Linac: the
HP-SPL.

@ A liquid mercury (or carbon)
target capable to manage the
4 MW proton beam. R&D
required.

@ A conventional neutrino beam
optics capable to survive to
the beam power, the radiation
and the mercury. Already
prototyped.

@ Up to here is the first stage of
a neutrino factory complex.

@ A sophisticated close detector
to measure at 2% signal and
backgrounds.

@ A megaton class detector

under the Frejus, L=130 km:
Memphys.

Experimental perspectives of neutrino physics FPCP 2010, Torino,



PS2 Super Beams

A. Rubbia: arXiv.1003.1921

Assume 2 MW from a 50 GeV PS2.

An on-axis wide band neutrino beam.

Three possible sites: Sieroszowice at 950 km, Slanic at 1544 km or Pyhasalmi at 2300 km.
A 100 kton liquid argon detector capable of measuring neutrino oscillations at both the
first and second oscillation maxima with optimal perfromance on reconstruction of
neutrino energy and background rejection.

813 Sensitivity - NUMI ME Horns - 50 GeV protons CP Discovery - NUMI ME Horns-50 GeV protons Mass Hierarchy Exclusion - NUMI ME Horns-50 GeV protons
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Conventional neutrino beams are going to hit their ultimate limitations.

Helium bags Decay tube Hadron stop Muon detectors

Target Hom Reflector  \ wuzmmny /K - decay

= >
Proton i ‘
beam

In a conventional neutrino beam, neutrinos are produced SECONDARY particle decays
(mostly pions and kaons).

Given the short life time of the pions (2.6 - 107%s), they can only be focused (and charge
selected) by means of magnetic horns. Then they are let to decay in a decay tunnel, short
enough to prevent most of the muon decays.

@ Besides the main component (v,,) at least 3 other neutrino flavors are
present (?H, Ve, Ue), generated by wrong sign pions, kaons and muon
decays. vecontamination is a background for 613 and §, 7, ,contamination
dilutes any CP asymmetry.

@ Hard to predict the details of the neutrino beam starting from the primary
proton beam, the problems being on the secondary particle production side.

@ Difficult to tune the energy of the beam in case of ongoing optimizations.
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All these limitations are overcome if secondary particles become primary

Collect, focus and accelerate the neutrino parents at a given energy.
This is impossible within the pion lifetime, but can be tempted within
the muon lifetime (Neutrino Factories) or within some radioactive
ion lifetime (Beta Beams):

@ Just one flavor in the beam

@ Energy shape defined by just two parameters: the endpoint
energy of the beta decay and the  of the parent ion.

@ Flux normalization given by the number of ions circulating in
the decay ring.

@ Beam divergence given by 7.
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Beta Beam (P. Zucchelli: Phys. Lett. B532:166, 2002)

M. Lindroos M. Mezzetto, “Beta Beams”, Imperial College Press, 2009

High-energy part

Low-energy part

lon production

Proton Driver

lon production
ISOL target & lon
source

Beam preparation
ECR pulsed

lon acceleration
Linac, 0.4 GeV

Acceleration to

medium energy . 3.7 GeV
. e

RCS, 1.5 GeV

Acceleration

Acceleration to final energy
PS & SPS
Existing!!!

Neutrino source
Beam to experiment

).

Decay ring
Bp = 1500 Tm
Neutrino g _~gT
Source |c=~6900 m
Decay IG_SS: ~2500 m
Ring He: y=100
18Ne: y =100

@ 7, generated by He®, 100 pA, = 2.9 - 10'® ion decays/straight session/year.

@ v, generated by Ne'®, 100 uA, = 1.1-10% ion decays/straight session /year.

Mauro Mezzetto (INFN Padova)
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Updated sensitivities of SPL, BB and SPL+BB

Campagne Maltom MM, Schwetz JHEP,

2007, 04, 003

discovery at 36‘ CPV at 30
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Some scaling laws in Beta Beams

BT emitters B~ emitters
lon Qesr (MeV)  Z/A lon  Qer (MeV) Z/A
BNe 3.30 5/9 | ®He 3.508 1/3
B 13.92 5/8 | °Li 12.96 3/8

@ Proton accelerators can accelerate ions up to Z/A x the proton energy.
@ Lorentz boost: end point of neutrino energy = 2vQ
@ In the CM neutrinos are emitted isotropically = neutrino beam from accelerated ions
gets more collimated o 2
@ Merit factor for an experiment at the atmospheric oscillation maximum: | M = %
(End point energy of a muon decay = 68 MeV = merit factor of a Beta Beam about
20 times better than a Neutrino Factory.)
@ lon lifetime must be:
e As long as possible: to avoid ion decays during acceleration
o As short as possible: to avoid to accumulate too many ions in the decay ring
= optimal window: lifetimes around 1 s.
@ Decay ring length scales =, following the magnetic rigidity of the ions.

@ Two body decay kinematics : going off-axis the neutrino energy changes (feature
used in some ECB setup and in the low energy setup)
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Other Beta Beam options
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.
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@ High-Q Beta Beams: for the same  higher v energies = better mass hierarchy
performances (alternatively smaller «y for the same baseline = shorter/cheaper decay

ring)
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.

@ High-Q Beta Beams: for the same  higher v energies = better mass hierarchy
performances (alternatively smaller «y for the same baseline = shorter/cheaper decay
ring)

o Merit factor x 1/Q, needs 3-4 times more ions to match the Eurisol BB 613 and
LCPV performances ( Fernandez-Martinez E, arXiv:0912.3804 [hep-ph])

e The injection ring proposed by C. Rubbia (C. Rubbia et al.,NIM A 568 (2006)
475), now actively studied in the EuroNu WP4 package, could match the ion
production, but apparently the PS-SPS chain cannot digest all those ions.
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.

@ High-Q Beta Beams: for the same  higher v energies = better mass hierarchy
performances (alternatively smaller «y for the same baseline = shorter/cheaper decay
ring)

o Merit factor x 1/Q, needs 3-4 times more ions to match the Eurisol BB 613 and
LCPV performances ( Fernandez-Martinez E, arXiv:0912.3804 [hep-ph])

e The injection ring proposed by C. Rubbia (C. Rubbia et al.,NIM A 568 (2006)
475), now actively studied in the EuroNu WP4 package, could match the ion
production, but apparently the PS-SPS chain cannot digest all those ions.

@ Electron capture Beta Beams: monochromatic neutrino beams, a very attractive
option
e They require long lived, high-A, far from the stability valley ions, r= challenging
R&D to match the needed fluxes.
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The Beta Beam - SPL Super Beam syn

MM, Nucl. Phys. Proc. Suppl. 149 (2005) 179.

A Beta Beam has the same energy
spectrum than the SPL SuperBeams and
consumes 5% of the SPL protons.

The two beams could be fired to the same
detector = LCPV searches through CP
and T channels (with the possibility of
using just neutrinos).

Access to CPTV direct searches.

Cross measurement of signal cross section
in the close detectors

Mauro Mezzetto (INFN Padova)
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The basic concept of a neutrino factory

High power (4 MW) proton beam
onto a liquid mercury target.

System for collection of the
produced pions and their decay
products, the muons.

Energy spread and transverse
emittance have to be reduced:
“phase rotation" and ionization
cooling

Acceleration of the muons to 20
GeV.

Muons are injected into a storage
ring (decay ring), where they
decay in long straight sections
in order to deliver the desired
neutrino beams.

Mauro Mezzetto (INFN Padova)

1.1 km

FFAG/synchrotron option

Proton Driver

Bunch Rotation

0.9-36 GeV
RLA

3.6-12.6 GeV RLA

Neutrino Beam

Experimental perspectives of neutrino physics

Linac option

Neutrino Beam

Hg Target

Buncher

Cooling

Linacto
0.9 GeV

12.6-25 GeV FFAG

Muon Storage Ring

1.5km
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Oscillation signals at the neutrino factory

p~ (uh) decay in (v, Te) (Tu, ve)).

Golden channel: search for ve — v, (e — 7, ) transitions by
detecting wrong sign muons.

Default detector: 40-100 kton iron magnetized calorimeter
(Minos like)

Silver channel: search for v — v, transitions by detecting
v, appearance.
Ideal detectors: 4x Opera or 20 Kton LAr detector.
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Sensitivity Comparison: 63
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Sensitivity Comparison: sign(Am3;)

Mass hierarchy at 3c CL
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Sensitivity Comparison: LCPV

CP violation at 3¢ CL
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Conclusions

@ Long Baseline neutrino experiments to measure 613 are just starting. They will explore
013 with a discovery potential 20 times better than the existing limit.
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@ We have several possible innovative strategies to attack leptonic CP violation
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Conclusions

@ Long Baseline neutrino experiments to measure 613 are just starting. They will explore
013 with a discovery potential 20 times better than the existing limit.

@ They won't anyway have enough sensitivity to attack mass hierarchy and leptonic CP
violation searches with sufficient sensitivity. Further upgrades are needed.

@ We have several possible innovative strategies to attack leptonic CP violation
searches.

@ Super Beams could reach a 30 sensitivity in case of moderately large values of 6:3,
basically in the range of discovery by the present generation of experiments. Difficult
to immagine further upgrades.
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Conclusions

Long Baseline neutrino experiments to measure 613 are just starting. They will explore
013 with a discovery potential 20 times better than the existing limit.

They won’t anyway have enough sensitivity to attack mass hierarchy and leptonic CP
violation searches with sufficient sensitivity. Further upgrades are needed.

We have several possible innovative strategies to attack leptonic CP violation
searches.

Super Beams could reach a 30 sensitivity in case of moderately large values of 6:3,
basically in the range of discovery by the present generation of experiments. Difficult
to immagine further upgrades.

Innovative concepts like beta beams and neutrino factories can guarantee higher
sensitivities. More important, they can be upgraded to allow for future searches like
non-standard neutrino interactions, checks of the unitarity triangle, searches of CPT
violation. They require anyway R&D to be fully designed (EuroNu FP7 DS).
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Long Baseline neutrino experiments to measure 613 are just starting. They will explore
013 with a discovery potential 20 times better than the existing limit.

They won’t anyway have enough sensitivity to attack mass hierarchy and leptonic CP
violation searches with sufficient sensitivity. Further upgrades are needed.

We have several possible innovative strategies to attack leptonic CP violation
searches.

Super Beams could reach a 30 sensitivity in case of moderately large values of 6:3,
basically in the range of discovery by the present generation of experiments. Difficult
to immagine further upgrades.

Innovative concepts like beta beams and neutrino factories can guarantee higher
sensitivities. More important, they can be upgraded to allow for future searches like
non-standard neutrino interactions, checks of the unitarity triangle, searches of CPT
violation. They require anyway R&D to be fully designed (EuroNu FP7 DS).

A beta beam setup can make use of existing CERN infrastructures like the PS and
the SPS. The injector side can be shared with nuclear physicists (Eurisol). The far
detector is the same detector aimed for proton decay searches and astrophysics
(Laguna FP7 DS). Under this perspective a super beam built around the SPL could
offer very interesting synergies.
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Conclusions

Long Baseline neutrino experiments to measure 613 are just starting. They will explore
013 with a discovery potential 20 times better than the existing limit.

They won’t anyway have enough sensitivity to attack mass hierarchy and leptonic CP
violation searches with sufficient sensitivity. Further upgrades are needed.

We have several possible innovative strategies to attack leptonic CP violation
searches.

Super Beams could reach a 30 sensitivity in case of moderately large values of 6:3,
basically in the range of discovery by the present generation of experiments. Difficult
to immagine further upgrades.

Innovative concepts like beta beams and neutrino factories can guarantee higher
sensitivities. More important, they can be upgraded to allow for future searches like
non-standard neutrino interactions, checks of the unitarity triangle, searches of CPT
violation. They require anyway R&D to be fully designed (EuroNu FP7 DS).

A beta beam setup can make use of existing CERN infrastructures like the PS and
the SPS. The injector side can be shared with nuclear physicists (Eurisol). The far
detector is the same detector aimed for proton decay searches and astrophysics
(Laguna FP7 DS). Under this perspective a super beam built around the SPL could
offer very interesting synergies.

A neutrino factory can offer the ultimate performances in neutrino oscillations and
can be seen as the first stage of a muon collider.
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