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The neutrino

The most curious elementary particle
and the one that gave us more surprises

is still a perfect unknown ...because it only interacts weakly

three active neutrinos only + the possibility of sterile neutrinos

Flavour mixing q Massive Neutrinos
(oscillations)

First evidence of Physics beyond
the Standard Model

Introduction



Flavour Mixing :

weak mass
eigenstates eigenstates
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Majorana

Introduction



Neutrino oscillations

Requirements: Massive neutrinos & different masses

weak hamiltonian free hamiltonian weak hamiltonian

(mass eigenstates)

Mass N | . iVl

eigenstates 1 10 102 10°  10*
L/E (km/GeV)
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Experimental results |

solar atmospheric
oscillation oscillation
Am?21» Am?y3
Kamland SNO
(130 km)

V= Vq

reactors
atmospheric

accelerator
Long Shon
baseline baseline

SuperKamiokande  K2K MINOS
(15-13000 km) (250 km) (750 km)
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Experimental results | :

Errors from 10 to 30%
a2 A
Amj, =7.677051 (Y1) x 107> eV,
—2.37+0.15 (10%2) x 1072 eV?  (inverted hierarchy),
Am3, = |
+2.46+0.15 (1057) x 1073 eV?  (normal hierarchy),
1o =345+ 1.4 (138),

63 =423731 (*133),

\

(913 —=0.01° (+9-0)] Still missing
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Sterile neutrinos

LSND collab. PRD 64, 112007 (2001)
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Oscillation length :

2.
P =sin220~sin2(Am L)
& 4E,
Am? - L T 2T
AE, 2 % Am?
2
L2, = - ~AT5Km
Amss
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osc 2
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the 013 quest



Subdominant oscillation

atmospheric
P(no v,) & Patm (023, |Amis))
sin’26
P(v,) =~ =y Patm (023, [Am3s))
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The 013 quest

Accelerators Reactors
Subdominant oscillation: 2 s
e Ligsg: Ue
g? Chooz Excluded
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Super-beams |: T2K

uction
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T2K: Tokai to Kamioka -
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T2K expected sensitivity

' Current status 0,;<10°

sin®28,; <0.15

Eve @ SK (sin'28,, = 0.1, Am*=2.5x107)
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Reactor neutrinos

(n—>p—|—6_—|—76 E, ~MeV Losc ~ Km )
atmospheric solar interference
n220 ' '
P(re) o P (0, | A |) o Pt (613, Amy) £sindhy- Futor - Fugm(sinfs, [Amgy ) - F(0, Ay

Am3. L
Py, =1— PVeV,Lb — P, =1 - Sin22913 . 5in” ( 7;'11;3 )

A clean probe of 013

Below muon and tau production thresholds: disappearance
Interference term cancels out: no dependency Ocp
Short baseline: no dependence on mass hierarchy

the 013 quest




Am?_,, = 2.5 103 eV? (20% uncertainty)
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amar

"" “\

15t generation: sin?(26,,)~0.02-0.03

24 generation: sin?(26,,;) > 0.01

the path to
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CP violation which way *
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Beyond T2K and Double-Chooz

If Nature is generous T2K, D-Chooz, ... will observe the
subdominant oscillation v,— ve (ve— ve) and measure 013

atmospheric sector “ solar sector
(23) (12)

interference

mass hierarchy Sign(Am223)

CP violation

the path to
CP violation



Studying the interference

However, observing a positive interference (813 # 0) is one
thing but studying different interference patterns is much
more difficult

atmospheric solar interference

P(no ve) 22 c05*2613 + Poym (623, |Amis))

£5in2013 - Fogtar - Fam(sin2g, |Am3,|) - F(0p, Ams,)
P(ve) 2 sin*2013 - Parm (023, |Amas]) + Peor(612, Amyy) B | v

0.2
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the path to
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Correlations and degeneracies

atmospheric interference

-y E sin.) Sin 2’

correlation of parameters » degeneracies
the path to
CP violation




The attack of the clones

atmospheric interference solar
+ - 2 + N .
P, = .Sm 2013 .(YC cos 0 F Y. sind) sin 26,3 —I—.
023>45° or 023<45° sign Am?»3 023>45° or 023<45°
octant octant
180 True solution
Sign clones
90
Octant clones
Q,
g .
S O M Mixed clones
—90
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the path to
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Solving degeneracies

maximises the synergies
with other Physics

degeneracy solvers

several channels unitarity

several energies

dark matter
T violation

several baselines CPT tests

the path to
CP violation



Beam options

Super beams I

~99% <5 GeV
+ Vi
mm —
Beta beam <5 GeV
18 100%
1ON€ '\/e >
Neutrino factory 0% <20-50 GeV
40 IOOm
e L
= ||||||||||||||||||

the path to
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Super beams ||

strategy

More powerful beams (x 10)
Bigger detectors (x 10)
Longer distances to explore mass hierarchy (> 800 Km)

wide band beams versus off-axis beams

the path to
CP violation



Fermilab programme

on-axis (Wide Band Beam)

___1300 km On_Axis new WBB |
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JPARC programme

Linac : 181 MeV to 400 MeV

0.60MW 0.91 MW 1.66MW
0.28 Hz 0.57 Hz .52 Hz

500 Kton

the path to
CP violation



Beta beams

Pure ve beam small beam systematics and backgrounds

Ion ~ L(km) p.CC wv,CC (E,)(GeV)
He/Ne 100 130 289 328  0.39/0.37
He/Ne 350 700 620  55.  1.35/1.3

Li/B 100 700 5.0 4.9 1.3/1.4

RCS L=130 km L=700 km
£10°7

4000 -

LR

drdSdy
g

- |
a 3

the path to
CP violation
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100-800 Km

V E survival
e f T, Ve
° S Sminan
g 100% S%Zimano?]t ................. V
< E,< 0.35-3 GeV
T

Relatively short baseline small sensitivity to mass hierarchy

the path to
CP violation



The neutrino factory
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The neutrino factory

4000 Km

dominant »\,
..................... T

!*’l’ S— oscillatioh

+ > ....g-l.j.B.-damin.ant. .................
oscillation

; survival V
V . e
e

source

E =25 GeV E,=0-25 GeV

The ideal detector should be able to detect
e,U,T and identify their charge

the path to
CP violation



atmospheric interference ~ solar

golden PejE Xist 2913 + (Y Fcos 6 F Y sin ) sin 26’13+ Z,

platinum PMi Xism2 2(913 + (Y COS 0 = Ysisin d) sin 2913—I— Z,

siver P~ = XZsin? 2913§ — (Y cos 6 T Y Esin §) sin 2913 + Z;

golden  Easy to detect muons and measure their charge

platinum  Electron charge identification is complicated o o
Statistically limited

. . . Expensive
Tau detection requires emulsions

silver
Not all tau decay channels are useful

Introduction the 643 quest which way ?



The golden detector: MIND

40-100 m :
R 4 ™

14 m

' B=1 iron scintillator or hPCs
E’ 1
cy Energy threshold 3-5 GeV
E Modest energy resolution
. Insensitive to taus and electrons

.. = [ .
.

o * >0.7 Ge
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- * analysis T+ F<> 63 -

03

| o
o Maybe not
. >150 cm
o u ]
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reconstructed neutrino energy (GeV)

the path to
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RZ.

Several channels

degeneracy solvers

Expensive option
It implies new detector technologies

1. Detection of taus (silver channel) L
emulsions (OPERA-like)
Baseline option is 15 Kton

2. Detection of electrons (platinum channel)

emulsions
liquid argon (in R&D phase)

the path to
CP violation



golden 50 Kton MIND "we—
Golden + Silver® == == == —
: : Golden + Platinum™ « = = = =
silver 5 Kton emulsions :E All three channels — — — — — —

| 2

&

e

L7s)

Ideally one would like to
build a very massive hybrid

detector able to measure 14 [ GLOBES2006 Lece = Lwio

all oscillation channels
at a reasonable cost Lyip [km]

the path to
CP violation
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degeneracy solvers |

s
several energies

@
K J
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The magic baseline -

degeneracy solvers

At ~7500 Km the oscillation
probability is independent of dcp

several channels

several energies

several baselines

Good to measure 613 and

S 26r3—0.001, VL baseline only solve the intrinsic degeneracy

4000 km reference

In combination with the
iIntermediate baseline (4000 Km)
constitutes a good option

Two MIND-like detectors:
feasible and “cheap”
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Which neutrino factory ?

1 Mass hierarchy 1 CP violation
GLOBES 2006 Lo T
0.8 08
=
S S
g 0.6 § 0.6
s -

g 0.4 E 0.4 —— Standard NF, Opt. for dep
- - B 'mprove detector, Lower E
0.2 0.2 B Utilize platinum channel

0 GLOBES 2006 o
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True value of sin®26,5 True value of sin® 28,4






Comparison of facilities

reach for B13

1078 1074 1072 1072
True value of sin®26;3

discovery reach
for mass hierarchy

I SPL
[COT2HK
[ WVBB
B NF
(s

10°°

True value of sin®283

107% 1073 1072 107"
True value of n22913
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Beta-Beam is also challengmg -
but probably less.

It is also very expensive,
but may be less.

However it has much lower
sensitivity to mass hierarchy.






Hypothesis T:
we measure 913 by 2012

discovery reach
discovery reach for Ocp for mass hierarch
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Hypothesis IT:
013 unknown by 2012

discovery reach
discovery reach for ocp for mass hierarch
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¢ Electron capture beta beam (monoenergetic)

¢ Beta-beam with two ions and two baselines

¢ Beta-beam with two ions at a single baseline

¢ Beta-beam combined with a super-beam (CPT conjugates)
¢ Beta-beam or super-beam combined with atmospheric data

¢ Super-beam with two detectors at different baselines and off-
axis angles (T2KK)

0AB 2.5 at SK
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Introduction

Proton Driver

Hg Target

Caplure
Drift

Buncher

Bunch Rotation Ring

‘e [
L-00ling

Storage v beam

Acceleration
Linac
0.2 - 09 GeV

' FFAG

'
/\ 25-50 GeV!
/¥ Jloptional), #
Accéleration
Dogbone RLAs
09 -3.6 GeV
3.6 - 12.6 GeV

ISS Preliminary

Alan Bross

the 613 quest

Proton Driver |

Hg Target
Capture
Drift

Buncher

Bunch Hnlaiinn?:
Cooling

Acceleration
Linac
0.2 - 0.9 GeV

Dagbone RLAsS
0.9 - 3.6 GeV

3.6~ 12.6 GeV /.

GGoldenl7 June 27, 2007

the path to
CP violation
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Expected sensitivity for LENF

discovery reach for 613 discovery reach

o for mass hierarchy
0.8 EE 350 1
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‘f‘ﬁi 08 BB 333
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E 04 _ =
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