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® Correlations and degeneracies
® Super-Beams
® Neutrino Factory

® Beta-Beams
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Qutline

® Correlations and degeneracies
® Super-Beams
® Neutrino Factory

® Beta-Beams

| am not covering reactors, although they can be important
(see Lecture3).
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The PMNS matrix

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix is the leptonic analogous of the CKM matrix

“Atmospheric” “Solar”
oscillation oscillation
1 0 0 C13 0 8136_i5 C19 S10 0 1 0 0
Upvns =1 0 ca3 823 0 1 0 —s12 c12 O 0 e™ 0
0 —S923 (23 —Slgeié 0 C13 0 0 1 0 0 e'™*2
0,; = 39°-48° 0,5<11° 9,,=32°_35c  Majorana
phases

Gonzalez-Garcia and Maltoni ‘07
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The PMNS matrix

Solar Am3, = T7.6712 (fg;ﬁ;) % 10-5 a2
parameters: B — 3454 1.4 (f

A2 { —2.374£0.15 (J_' g) x 10~2 eV? (inverted hierarchy) .
Ama, =
(+ 7

L) 4046 40.15 2) x 1072 eV?  (normal hierarchy),

Atmospheric

parameters:
By = 42.3H3 ( %‘-,3.) , Gonzalez-Garcia and Maltoni ‘08
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The PMNS matrix

Solar AmZ, = 7671023 (fg:g-{) x 107° eV?
parameters: fro = 34.5 % 1.4 (+43)
Am2 —2.37£0.15 (fgﬁig) x 10~* eV? (inverted hierarchy),
AMay =
Atmospheric Ny +2.46 +0.15 ig;:‘{g) x 10~3 eV? (normal hierarchy) ,
parameters:

By = 42.3 131 (*_1%;‘:,’.) , Gonzalez-Garcia and Maltoni ‘08

Unknown parameters (maybe less, by the time of NF):
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The PMNS matrix

Solar AmZ, = 7671023 (fg:gi) x 107° eV?
ParameterS: 92-?»45:&14( )
A2, — —2.37 £ 0.15 (“_Lg ig) x 10=% eV?  (inverted hierarchy) .
Atmospheric * +2.46 £ 0.15 (fg “4“2') x 102 eV?  (normal hierarchy),
parameters:

By = 42.3 133 (*_11'9.) , Gonzalez-Garcia and Maltoni ‘08

[

Unknown parameters (maybe less, by the time of NF):
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The PMNS matrix

Solar Amiy, = 7677037 (105]) x 107° eV?
parameters: 01y — 345 + 1.4 (+4 8)
. —2.3740.15 (+° 43) x 10-% eV?  (inverted hierarchy).
m p—
Atmospheric "7 | +246 £0.15 (3847) x 10 V2 (normal hierarchy)
parameters:

By = 42.3 131 (+_1%-?,) ; Gonzalez-Garcia and Maltoni ‘08

Unknown parameters (maybe less, by the time of NF):
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The PMNS matrix

Solar Amiy, = 7677037 (105]) x 107° eV?
parameters: 01y — 34.5 4 1.4 (+48)
, —2.37+0.15 (*58) x 107% eV* (inverted hierarchy)
m —
Atmgspheric . +2.46 +0.15 (*8 3;) x 10~ eV? (normal hierarchy),
parameters:

By = 42.3 151 (+_1.1,9,) , Gonzalez-Garcia and Maltoni ‘08

Unknown parameters (maybe less, by the time of NF):
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The PMNS matrix

Solar Amiy, = 7677037 (105]) x 107° eV?
parameters: 01y — 34.5 4 1.4 (+48)
, —2.37+0.15 (*58) x 107% eV* (inverted hierarchy)
m —
Atmgspheric . +2.46 +0.15 (*8 3;) x 10~ eV? (normal hierarchy),
parameters:

By = 42.3 151 (+_1.1,9,) , Gonzalez-Garcia and Maltoni ‘08

Unknown parameters (maybe less, by the time of NF):
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CORRELATIONS
AND
DEGENERACIES




The Golden Channel

o = Xisin® 2015 + (Y cosd F Y5 sind) sin 2015 + 2,

L




The Golden Channel

T __ m 4+ __ x 3+ . .
ep — X, 810”2013 + (YC coso F Y, sm5) sin 26013 + Z,,
| Aos ) B=L
X4 — sin? 023 ~23 Sin2 —+~
B~ 2
A1z A AL Bz L
Yy = sin 2093 |sin 26019 = ~23 sin (—) sin s COS (_A223L)
< A Bz 2 2
A A L B L
Y:li — sin 260923 [sin 26012 12 ~23 sin (_> sin + sin (A223L>
A Bz 2 2
2 . 2 A12\? . 5 (AL
Z = |cos®0s3 |sin“ 26012 | —— | sin® [ —
\ A 2

where A;,; = Am%j/zE, B+ = [AF Agsz| and A is the matter parameter.
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The Golden Channel

o = Xisin® 2015 + (Y cosd F Y5 sind) sin 2015 + 2,

L




The Golden Channel

Pg; — ,X';:Sin2 2T(913 —+ (Yc:

COSO =

- sind) sin 26013 + 2,
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The Golden Channel

Pe:; — ,X';:Sin2 2;913 -+ (Yc:

COSO =

- Y siné) sin 2013 + Z,,

T
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The Golden Channel

P, = X;:sin2 2013 + (YC: coso F Y- siné) sin 26013 + Z,,

+ 1 )
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The Golden Channel

P, = X;:sin2 2013 ;— (YC: coso F Y- 5737;5) sin 26013 + Z,,

Gy




The Golden Channel

= X 2y 1 (V2 cosd F Vi sind) sin20ss + 2,

: er\:\ |

The price to pay to be

the “Golden Channel” is:
<& CORRELATIONS

and

DEGENERACIES D
Strong - ____ ﬂy ~

pctant
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The (643, 0) correlation

The signal is:

j\'ru (91:3:. 0) = {E TRENCAVE F e_||_1(915*5) 2 Dy,

N'i: (5135 g) — N;i:(013’ 5)

By changing (13, ¢) accordingly,
curves are drawn 1n the (013, 0) plane.

E+AE
E

eves 19 de junio de 2008
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The (6,3, 0) correlation (2)

The signal is:

F4+AFE

Ny (013,0) = {eu® oy, ® Pel(0h3,0) ® Pv,fp,

N;i: (g]_:}, g, ga,trn,, -§oct) = Nz:: (013) 5) Sa.t'm.: 'SOCt)

sign(Am.

atm) —

where { St

sign(tan 2623) = +1

3
1

eves 19 de junio de 2008
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Correlations

= Black square = input “true” 180 S
value \\
|
Texto | ,’
= There is a curve of
solutions: B13-6 correlation < A
I/ I/
_90 | | !
\ \
\ X\
\ \
~180 - - - %
0 2 4 6 3 10
013

J. Burguet-Castell et al. hep-ph/0103258
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Correlations

= Black square = input “true”  1s0 < U
/
value 7 /-\
/ .
_ VA
Texto ,'/ 0
= There is a curve of \ 4
solutions: 613-0 correlation =< °| /'@\
/ o
90 | o R A
= If we add antineutrinos the o
two curves intersect in 2 5 }'\
regions: B T TP S ST
i 0
The true solution ’
and

an Intrinsic degeneracy J. Burguet-Castell et al. hep-ph/0103258
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Correlations

= Black square = input “true” 180
value

90 |

Texto

= | hereis a curve of
solutions: 613-0 correlation =

_90 i

= If we add antineutrinos the
two curves intersect in 2
regions.

The true solution
and
an intrinsic degeneracy

—180

® 0!

True
solution

J. Burguet-Castell et al. hep-ph/0103258
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Correlations

= Black square = input “true” 180
value

90 |

Texto

= | hereis a curve of
solutions: 613-0 correlation =

_90 i

= If we add antineutrinos the
two curves intersect in 2
regions.

The true solution
and
an intrinsic degeneracy

—180

® 0!

Intrinsic
clone

True
solution

J. Burguet-Castell et al. hep-ph/0103258
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Of other degeneracies

= Two unknown discrete

parameters: S ;. Soct

= lhere are 4 different sets of
curves for different choices

of Satms Soct

dcp

180

90 |

_90 i

—180

U
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Of other degeneracies

= Two unknown discrete
parameters: S, ;.. Soct

= lhere are 4 different sets of
curves for different choices

of

Satms Soct

= 2 Intersections each

Eigh
Intri

tfold degeneracy:
nsic signh octant mixed

180 W
90 |
;o d°
o0l
~180 ' ' A o AV
o 2 4 6 8 10

013

H. Minakata and H. Nunokawa hep-ph/0108085
G.L.Fogli and E. Lisi hep-ph/9604415
V. Barger and D. Marfatia hep-ph/0112119
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Of other degeneracies

= Two unknown discrete

parameters:  S,:,,,, Soct .

= [here are 4 different sets of

curves for different choices

of Satmy Soct S 0

= 2 Intersections each

—90+¢

Eightfold degeneracy:
Intrinsic sign octant mixed

- 180

H. Mina
G.L.Fog

solution

kata and H. Nunokawa hep-ph/0108085
li and E. Lisi hep-ph/9604415

V. Barger and D. Marfatia hep-ph/0112119

jueves 19 de junio de 2008

15



Of other degeneracies

= Two unknown discrete

parameters:

= lhere are 4 different sets of
curves for different choices

of

Satm s Soct

Satms Soct

= 2 Intersections each

Eigh
Intri

tfold degeneracy:
nsic signh octant mixed

180 I
90 |
S 0
_90
True Sign
150! solution 6 clones
0,3

H. Minakata and H. Nunokawa hep-ph/0108085
G.L.Fogli and E. Lisi hep-ph/9604415
V. Barger and D. Marfatia hep-ph/0112119
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of

parameters:

= lhere are 4 different sets of

Satm s Soct

180

Of other degeneracies

= Two unknown discrete

Jup

90 |
curves for different choices Octart ‘
Satmy Soct e » a3 O
= 2 Intersections each
_90
| True Sign
Eightfold degeneracy: 0\ solution clones
Intrinsic sign octant mixed ’ S

H. Minakata and H. Nunokawa hep-ph/0108085
G.L.Fogli and E. Lisi hep-ph/9604415
V. Barger and D. Marfatia hep-ph/0112119
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Of other degeneracies

= Two unknown discrete
parameters:

Satm s Soct

ViIXed T

clones

= | here are 4 different sets of
curves for different choices
of

Octant
clones

L)

V

| True Sign
Eightfold degeneracy: 50l \ SOlution/ \ clones

Intrinsic sign octant mixed ’ S

H. Minakata and H. Nunokawa hep-ph/0108085
G.L.Fogli and E. Lisi hep-ph/9604415
V. Barger and D. Marfatia hep-ph/0112119

Satms Soct

= 2 Intersections each
_90
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® The goal: measure at the same time the
four parameters that we do not yet know:

013, O, the sign of Am?Z3 and the B23-octant

® Jo achieve our goal, we must then solve the
problem of degeneracies.

eves 19 de junio de 2008 19
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Sensitivity bounds by T2K and NOVA

EXP 013 sin? (2013) sin? 013
Global Fit 10.8° 0.135 0.035
SBEAMS

T2K-1 2.2° 0.006 0.0015

(JHF) — 3.3°  —0.013 — 0.0030

NOvA 2° 0.005 0.0010
(NUMI-OA) | —+3.5° —0.015 — 0.0040

Pﬂcz %S' 2(?013)5111 [A““HL |

[ mm) 1(26013) cos O] + O <%9’—> sin(2613) sin 5]

atm

Sensitivity loss due to (#3 — o )-correlations

eves 19 de junio de 2008 21



Around 2012...

After the wave of conventional beams and first generation
superbeams, and of high-power reactors experiments, we will
know something more on the PMNS matrix:

2

> mass differences Ams,. ..

2
Ams; at some %;

jueves 19 de junio de 2008
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Around 2012...

After the wave of conventional beams and first generation
superbeams, and of high-power reactors experiments, we will
know something more on the PMNS matrix:

2

> mass differences Amz;,.,

2
Am?,; at some %;

> mixing angles (12, fo3 at some %;
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Around 2012...

After the wave of conventional beams and first generation
superbeams, and of high-power reactors experiments, we will
know something more on the PMNS matrix:

2

2
ot Ams,, at some %;

> mass differences Am
> mixing angles (12, fo3 at some %;

> the value of #3, 1f large.

jueves 19 de junio de 2008

22



Around 2012...

After the wave of conventional beams and first generation

superbeams, and of high-power reactors experiments, we will
know something more on the PMNS matrix:

- .) ..)
> mass differences Amy,,,,, Ams:,, at some %;

> mixing angles (12, fo3 at some %;

> the value of #3, 1f large.

Precision measurements of LEPTONIC MIXING will start with
the next-to-next generation experiments, using SuperBeams or

BetaBeams with 1 Mton Water Cerenkov or/and the Neutrino

Factory.
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An intermediate phase?

After T2K and NOvA, we will face a forking path:

% v, — 1, oscillation has been observed!
A good option: increase detector mass,
same source: T2-HK or SPL+UNO
(really a good option?)

e No signal has been observed: 03 < 3° — 4% !
Go to new sources:
Neutrino Factory or the Beta-Beam.

jueves 19 de junio de 2008
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Appearance Signal at a SB

ut— Dy Ve — €7 ‘ Background

wm{ -
Vy — Ve —>€

The oscillation probabaility 1s

Pi =~ Xi Si112(29]_3)

e —

Aa.t-m.L

9

—_—

+Y. cos (5 +

+Z + ...

Stgnal

) cos (13 sin(2613)
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Hyper-Kamiokande

i
>
\
7

J

-

-

|
4

)
}

4:_‘;:‘;[\__,. Plat form

y =
000 ¢ oY IEm
90

S e _;;' Outer Detector
‘ : | 7

Inner Detector

N —

|

9,

Photomultipliers

——

Height 58m

2 detectors 48m X 50m X 250 m
1 Mton total mass
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The CERN-Memphys project

o =iy
/ » /'
W g g
# .

Detector options

.65 M toniotal mass' |

Electronic crates -
"
L AB®

.ﬂ“ ut

Experiments for CP violation: a giant liquid Argon scintillation, Cerenkov and charge
J imaging experiment.
| A Rubbia, Proc. IT Int. Workshop on Neutrinas in Venice, 2003, hep-ph/0402110
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Degeneracy in (63, 0) at the SPL

2 years for 71 and 8 years for 7~

L =130 Km, E',,P. = 0.27 GeV, E,;P = 0.25 GeV

Input parameters: f13 = 7°,0 = 45°
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Degeneracy in (63, 0) at the SPL

2 years for 71 and 8 years for 7~

L =130 Km, E',,P. = 0.27 GeV, E,;P = 0.25 GeV

Input parameters: f13 = 7°,0 = 45°
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The same at T2-HK

The sign degeneracy

0.10 ]
__;-:._ .
- e

3 R S

§ L T

&1 005 [~ etat

o

=

o‘z -~

000, 20 180 270 360
S

The octant degeneracy
0.10
e et
.“.~'~. fOEERY|
E { T \gf:m;
Eg 005 \ T ’_"»-».A ».",'_::_::;E
g | 1hm..h‘T“"~~“¥
H: Il;,q.gld; .
- ’: ] -f'd-hkld-br i
TR Y
0‘08.30 0.40 r ) 950 060 . 070
SIN~BaTn

K. Hagiwara, hep-ph/0410229
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The same at T2-HK

0.10

Si n2 ZHR(*I'
o
&

0.00

The sign degeneracy The octant degeneracy
0.10
_ - S
e et
i AR
SRAR s ARANRHEERY)
- ‘; 3 H R THTT
+ £ o0s [IHE e :~ Za
NEED k= RO PSR
HHT ’ T
d debdrhad: I HAAE
- ’: 1 t’d-hkld-br i
LR R A
0 180 270 360 °‘°8.3o 0.40 r ) 9.50 0.0 . 070
Svns SIN“Bam

K. Hagiwara, hep-ph/0410229

The problem: the sign of Am?23 is not measured
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Solving parameter degeneracies with atmospheric data

e The HK detector of T2K-Il will also record ATM evenis. We assume 9 yr of data. When
these events are combined with the LBL ones:

— the octant degeneracy is completely solved regardless of the true octant;

— the hierarchy degeneracy is solved if true octant is the dark one.

e solid: LBL only; True sin293=0.4 True sin29,3=0.6

nQ ! | 1 | T | 1 | | | | 1 | | = | 1 | |

e colored: LBL + ATM;

‘wrong 6,, and hierarchy Ay =21.1) . b
b wrong 8,, and hierarchy (Ay"™ =35.9)
wrong hierarchy (Ay™ = 5.0)

e regions at 20, 99%, 36 o l - \ _

wrong hierarchy (Ax =18 6)
GL (2 dof); e @7 |

e frue values: /2 - \ - F
wrong 6,, (Ay =18.7)

- 75 9
true solution wrong 0, (Ax =252)

8(;p = —0.83m,
: true soluti
sin” 013 = 0.03, o on\ %
A)7'12 — 22 X 10—3 ev?-, °no 001 002 003 004 0.050 0. 002 003 004 0.05
sin22e13 sin 2913

—5 a\p2
A’”n =1.9x 107 eV-. [Huber, MM, Schwetz, PRD 71 (2005) 053006, hep-ph/0501037]
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e sensitivity to the octant (blue lines):

— given by sub-GeV events for 03 ~ 0;

True vauve of ss’nzez°
o
(4]

LY A2D-qns + 1]

— given by multi-GeV events for 613 = 0.04;
— only mildly dependent on d¢p;

e sensitivity to the hierarchy (red lines):

True value of sin°8,,
o
n

]
LN

— dominated by multi-GeV for 6,3 > 45°;

INLV A2D-0nwr + 71|

— sub-GeV events relevant if 0,3 < 45°;

o
w

NIV T +71e]

— strongly depends on dcp in the latter case; & os]
B
S
e sensitivity to octant+hierarchy (gray regions): 30
K 0.4
'-_- g

— mostly given by “sum” of blue and red lines;

— Ocp interference terms may be relevant. True valus of sin’2s,, True valus of sin’2e,_
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The Neutrino Factory

Geer ‘97
De Rujula, Gavela
and Hernandez ‘98
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The Neutrino Factory

Tt — /L_I_V'u

Geer ‘97
De Rujula, Gavela
and Hernandez ‘98
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The Neutrino Factory

Tt — /LJFVM >- A SuperBeam

Geer ‘97
De Rujula, Gavela
and Hernandez ‘98




The Neutrino Factory

Tt — /LJFVM >- A SuperBeam

4+ —

Geer ‘97
De Rujula, Gavela
and Hernandez ‘98




The Neutrino Factory

Tt — ,tfruu >- A SuperBeam
N >
+ - /<

€ Vule The Golden Channel

Geer ‘97
De Rujula, Gavela
and Hernandez ‘98




The Neutrino Factory

Tt — /LJFVM >- A SuperBeam
N e = V)
+ - /<

€ Vule The Golden Channel

The Silver Channel

Geer ‘97
De Rujula, Gavela
and Hernandez ‘98
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The Neutrino Factory

Tt — ,u+uu >- A SuperBeam
N e = 1)
+ /<

€ Vule The Golden Channel

- The Silver Channel

Geer '97
De Rujula, Gavela

Vu disappearance and Hernandez ‘98

jueves 19 de junio de 2008



The Neutrino Factory

Tt — /LJFVM >- A SuperBeam
N e = V)
+ - /Y<

/V/<\ The Golden Channel
- - The Silver Channel

Geer ‘97
The Platinum Channel De Rulula, Gavea

and Hernandez ‘98

Vyu disappearance
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The Neutrino Factory

Proton Driver
primary beam on production target

Target, Capture, Decay
Bunching
Phase Rotation reduce E of bunch

Cooling

reduce transverse emittance

Acceleration (LINAC/FFAG)
130 MeV 20-40 GeV

Decay Ring

store for ~500 turns; long straight section

|| _
Proton Driver ". v beam
Storage

Hg Target g Ring /
Capture
Drift N
Buncher g . N
Bunch Rotatiorr -
Cooling iy

Acceleration

Linac /
0.2 - 1.5 GeV _
N
‘\’i v beam
=

K

Dogbone

1 E_ 50 GeV Acceleration

> Zisman, IDS'07, CERN

jueves 19 de junio de 2008

33



The Neutrino Factory

Proton Driver
primary beam on production target

Target, Capture, Decay
Bunching
Phase Rotation reduce E of bunch

Cooling

reduce transverse emittance

Acceleration (LINAC/FFAG)
130 MeV 20-40 GeV

Decay Ring

store for ~500 turns; long straight section

|| _
Proton Driver ". v beam
St_nra

Hg Target g
Capture
Drift

Buncher ‘ N
Bunch/Z — RF
~( A VeVy beam

Accelerz
Linac

0.2 -1.5GeV

.\’i( v beam
Dogbone

1 E_ 50 GeV Acceleration

> Zisman, IDS'07, CERN
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The Neutrino Factory

A Vv, beam

Proton Driver
primary beam on production target

Target, Capture, Decay
Bunching
Phase Rotation reduce E of bunch

Cooling

reduce transverse emittance

Acceleration (LINAC/FFAG)
130 MeV 20-40 GeV

Decay Ring

store for ~500 turns; long straight section

=raton Driver ".

Hg Tardel
Capture
Drift

St_nra
Buncher

Bunch/ ‘-‘A ¥

~( A VeVy beam

Accelerz
Linac

0.2 -1.5GeV

.\’i( v beam
Dogbone

1 E_ 50 GeV Acceleration

v beam

> Zisman, IDS'07, CERN
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The Golden Channel

A. Cervera et al, hep-ph/0002108

g VeV I

Vu2? V= p”
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The Golden Channel

A. Cervera et al, hep-ph/0002108

e+
b > @Vu_’u' The Signal

Y mdind °N




The Golden Channel
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Va2 V=’

The dominant background




The Golden Channel

A. Cervera et al, hep-ph/0002108

e+
N > Ve=?Vy— M- ) The Signal
Va2 V=’

The dominant background

To look for the signal, at the Neutrino
Factory we need [ charge identification
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The Golden Channel

A. Cervera et al, hep-ph/0002108

e+
N > Ve=?Vy— M- ) The Signal
Va2 V=’

The dominant background

To look for the signal, at the Neutrino
Factory we need [ charge identification

# Magnetized detector
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The Golden Channel

A. Cervera et al, hep-ph/0002108

e+
N > Ve=?Vy— M- ) The Signal
Va2 V=’

The dominant background

To look for the signal, at the Neutrino
Factory we need [ charge identification

# Magnetized detector #

MIND
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Magnetized Iron Detector

40-50 Kton Mass

Good Muon Charge
|dentification




Magnetized Iron Detector

40-50 Kton Mass

Good Muon Charge
|dentification




Magnetized Iron Detector

-

Good Muon Charge
|dentification

Lo
..........

40-50 Kton Mass

Muon identification
efficiency
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Solving degeneracies

- Systematics

Correlations

Degeneracies

‘ Setup 1, L=2.6y

|

Setup 2, L=1.3y

|

Setup 3, L=1.3y

|

. T2HK* ®
S
| 2
3
I NF@3000km 3
|
N
Q
| NF@7500km g
’ @)
1076 10~ 1074 1072 1072 107! 10°
sin’ 26,3 sensitivity limit

Betabeams
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36



Solving degeneracies

® Combining channels: Silver and Platinum
® Combining baselines: the Magic baseline

® Combining energies: improving the detector

eves 19 de junio de 2008



The Silver Channel

T — X Fsin® 203— (YCZCOS5 + Y:siné) sin 2013 + Z;

€T T S

N C%B N 833 Donini, Meloni and Migliozzi ‘02
XT — TX,UJ ZT — TZ,LL

S53 Ca3

eves 19 de junio de 2008




The Silver Channel

N C%S N 3%3 Donini, Meloni and Migliozzi ‘02
X’T p— TXN Z’T — T Z,u
523 €23
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The Silver Channel
6

2 2

X:t - 623 XZI: Z o 823 Z Donini, Meloni and Migliozzi ‘02
T g2 TH T 2 A
523 Co3
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How the silver channel solve the intrinsic degeneracy
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The Silver Channel




The Silver Channel
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The Silver Channel
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N > Ve V2T U The Signal
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The dominant background




The Silver Channel

e+
N > Ve V2T U The Signal
Va2 V=’

The dominant background

To look for the signal, we need | charge
identification and T decay vertex identification
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The Silver Channel

e+
b > Ve V=T U The Signal
Va2 V= Yo

The dominant background

To look for the signal, we need | charge
identification and T decay vertex identification

# Emulsions +
Spectrometers
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The Silver Channel

e+
b > Ve V=T U The Signal
Va2 V= Yo

The dominant background

To look for the signal, we need | charge
identification and T decay vertex identification

# Emulsions + #
Spectrometers
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“OPERA”
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Emulsion Cloud Chamber
Evolution: Magnetized ECC

target gection H. SpeCLIaLLCt
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Emulsion Cloud Chamber
Evolution: Magnetized ECC

target section 1 Specirometer

L spectrometer

ot section

§ G A

An OPERA-like 5 Kton ECC iy
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The Platinum Channel

Bueno, Campanelli and Rubbia ‘00

Xt 5 xTF Yyt L vT
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The Platinum Channel

Bueno, Campanelli and Rubbia ‘00

+ T + F
X,u — X,u Ys,c — )/s,c
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The Platinum Channel

> Ve V€

T/p —’\_/e—’eJ’




The Platinum Channel

e+

> Ve V€

Vyu —'Ve—’a The Signal




The Platinum Channel

The dominant background

e+
U > Ve Ve e
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The Platinum Channel

e’ The dominant background
U > VeV e
—Ve—e” The Signal

To look for the signal, we need e charge
identification
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The Platinum Channel

e’ The dominant background
U > VeV e
—Ve—e” The Signal

To look for the signal, we need e charge
identification

# Liquid Argon
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The Platinum Channel

e’ The dominant background
U > VeV e
—Ve—e” The Signal

To look for the signal, we need e charge

identification
# Liquid Argon #

4 )

LAr TPC

\ J
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Liquid Argon TPC

158 MeV

Feasibility proved at T600

19 reconstruction

140 MeV

752 MeV

e B FE | Miny =140 MeV

Lfi. " Drift Length (1.5 m)_

" i ll_mmum;!m!-lm.:i}it*i{ -.rJr =\

T600 test @ Pavia:

Run 201 - Evt 12

UV e tht v —— <N = 10-100 K M
a&' Structure.- e TR R 1 - ton aSS

Field : , , Trodes
Oduringfinstallation)

jueves 19 de junio de 2008 44



Channels Combination

The main limitation of silver and platinum channels
IS statistics

107"

1072

sin®26,5 sensitivity limit

1074

30

GLOBES 2006 | I—ECQ = Lmip

Golden only  e—
Golden + Silver® -
Golden + Platinum®™ ¢« = = = =

All three channels = = = = = -

2000 4000 6000 8000
Lyvip [km]

o . Mass hierarchy for sop=31/2 8)

—
<
N

-
<
w

True value of sin®26;3

Golden+Platinum®

-4
10 - Golden+Silver”

Lecc = Lmip
All three channels GLoBES 2006
2000 4000 6000 8000

Lvip [km]

Huber, Lindner, Rolinec and Winter ‘06
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The Magic Baseline

sin“26,3=0.001, VL baseline only

4000 km reference
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The Magic Baseline
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Enlightened

The crucial improvement is
to lower the threshold
for muon identification
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Enlightened MINDs

The crucial improvement is
to lower the threshold
for muon identification

For the standard NF
setup,

the first oscillation peak 5o

is around 7 GeV:
a good
efficiency below this
value acts as a
degeneracy-solver

signal efficiency
s o o
| R o e

S
=)

From the ISS Detector Group Final Report
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A[The v

disappearance channel

L

| .2 2 . 2 2 \ - A L
P(_V# —> v#)zl—(sm' 260,; — 53 510 20, cos” 20, )smz(—"z’”'—)

) [s5 sin” 26, + J$3; COS 5]3111(Aa,,,,L)

5

) [c3: sin® 26, + 57 sin” 26, cos(AmL)]

Where

| | | _ Am;
J =C0s6; 5126, s 26, s 26, A= "
| Am; (AMLJ~
simn 26,, <04 am = o -
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y
% / Preliminar analysis at the NuFactory

Syrv, + Syr v, exposure with a 40Kt iron calorimeter for the NF

= Possible Setups:
= L =3000Km E = 20, 50 GeV
= L =7000Km E = 50 GeV

= 5 GeV bins considered
= Efficiency:

- 8“ = 0.5 for neutrinos “Cervera et al. hep-ph/0002108"

= &, = 0.33 for antineutrinos

= Systematics = 2%

See e.g. Bueno et al. hep-ph/0005007 for an Icarus analysis
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%{ Neutrino Factory

0.003

'ﬁo.oozs |

0002, 40 45 50 55 35 40 45 50
623 63
E =50 GeV E =20 GeV
L = 3000 Km L = 3000 Km

Input: 6,;=40°, 6,;,=6° &6=0°

55
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%{ Neutrino Factory

0.003

Fooms| ozs|
0.002 _ _ . 0.002- AN | f,;tfff”:'f
35 40 45 50 55 35 40 45 50 55
Oas 623
E =50 GeV E =50 GeV
L = 3000 Km L = 7000 Km

Input: 6,, =40°, 6,,=6° &=0°
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%{ Neutrino Factory

0.002;5 40 45 50 55 0.002, —- \40 45 s'o"'/ s
6 623
E =50 GeV E =50 GeV
L = 3000 Km L = 7000 Km

Input: 6,, =40°, 6,;=4°, &=0°
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%{ Neutrino Factory

%40 45 s ss O o
s 0
E =50 GeV F =50 GeV
L = 3000 Km L = 7000 Km

Input: 6,, =40°, 6,,=3° &=0°
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%{ Neutrino Factory

0.003

]ftxoozs'

0.002 - - -
35 40 45 50 55
62

E =50 GeV

L = 3000 Km

Input: 6,; = 40°,

T 40 45 50 55

E = 50 GeV
L = 7000 Km
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(...the forgotten channel...)

ot
Vyu=Vr=>T" 2" ) The Signal
Vu= V= Yo

The dominant background




(...the forgotten channel...)

ot
Vyu=Vr=>T" 2" ) The Signal
Vu= V= Yo

The dominant background

Best channel to look for new physics
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(...the forgotten channel...)

ot
Vyu=Vr=>T" 2" ) The Signal
Vp2? V= o

The dominant background

Best channel to look for new physics

Emulsions +
Spectrometers
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(...the forgotten channel...)

ot
Vyu=Vr=>T" 2" ) The Signal
Vp2? V= o

The dominant background

Best channel to look for new physics

—

4 )

“OPERA”

\ J

Emulsions +
Spectrometers
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The NuFact Sensitivity

Huber, Lindner, Rolinec and Winter ‘06
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Add magic baseline
| Improve detector, Lower E,
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The NuFact Sensitivity

Huber, Lindner, Rolinec and Winter ‘06

1 Mass hierarchy 1 CP violation
,’ GLoBES 2006
f
Ir.u’
0.8} r: 0.8 |
% / 5
LS fﬂ" L
5 0.6 | K 5 0.6 |
— ! —
© ©
- -
.% 0.4 | .% 0.4} dard NF, Opt._ for écp -
© © d magic baseline
U " | /mprove detector, Lower E,
0.2 0.2 Utilize platinum channel
- Reference beta beam
0 ] GLoB 06
107° 107* 1073 1072 10 1073 1072 107

True value of sin®26; ue value of sin®26;5

Burguet-Castell, Casper, Couce, Gomez-Cadenas and Hernandez ‘05
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The NuFact Sensitivity

Discovery reach in sin220;
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From the ISS Physics Group Final Report
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ﬁz'c"'é\(( pBeam

EURISOL

”, -~

’ \

Proton
driver

[sol target
& lon source

New RFQ

Linac

R O R TER TR R TR RN TR TR TR TR TER TR TER R TR TR TR TR W W R W e

- s Eh es S Gh S Gh S Gh S GE W Gh W Gh W G = e = e
-

1. with ¢He/18Ne

Existing at CERN /\

DECAY
RING

e T

<E,> =300 MeV
L =130 Km

L
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The CERN-Memphys project

o =iy
/ » /'
W g g
# .

Detector options

.65 M toniotal mass' |

Electronic crates -
"
L AB®

.ﬂ“ ut

Experiments for CP violation: a giant liquid Argon scintillation, Cerenkov and charge
J imaging experiment.
| A Rubbia, Proc. IT Int. Workshop on Neutrinas in Venice, 2003, hep-ph/0402110

jueves 19 de junio de 2008

60



)
ﬁz'c",;\(( pBeam

EURISOL

Proton
driver

[sol target
& lon source

New RFQ

Linac

R RS TR RN TEE RN TEE RN TEE RN TR RN TEE RN TEE RN TEE RN TEE RN TR R O WE WE  We

- s Eh es S Gh S Gh S Gh S GE W Gh W Gh W G = e = e
-

2. with 6He/18Ne

e T

<E,>=1.2 GeV
L =650 Km

vy ~ 350

DECAY
RING

L

J. Burguet-Castell et al. hep-ph/0312068
J. Burguet-Castell et al. hep-ph/0503021
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%c"é\(( pBeam

EURISOL

”, -~

Proton
driver

[sol target
& lon source

New RFQ

Linac

WE O TR N TR RN TR TN TR RN TSR N TR RN TR RN TR N TR W MR R WE W e
-

PSB

- s Eh es S Gh S Gh S Gh S GE W Gh W Gh W G = e = e
-

2. with 6He/18Ne

e T

<E,>=1.2 GeV
L =650 Km

vy ~ 350

LHC luminosity upgrade

O\

DECAY
RING

N

J. Burguet-Castell et al. hep-ph/0312068
J. Burguet-Castell et al. hep-ph/0503021

jueves 19 de junio de 2008

61



%C'Q(( fBeam 3. with 8Li/sB

__________ Existing at CERN /\

| o DECAY

| Proton | . RING

E driver -

| Li/B !

[ TIonization | |

: Cooling '

' Linac 5

. PSB L \/

C. Rubbia et al. hep-ph/0602032

<E>=13GeV v~ 100 C. Rubbia et al. hep-ph/0609235

L =650 Km
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ﬁl'c'g([ fBeam 4. with 8Li/sB

DECAY

Proton RING

driver

Li/B
Ionization
Cooling

R RS TSR RN TER RN TEE RN TEE RN TR TEN TER RN TEE RN TR RN TEE RN TR R O WE WE  We
W R R R R R R R R R R R R R R R R R e e e

A
S /
___________

<E,> =4.5 GeV
L = 7000 Km v~ 350
Magic Baseline!

K. Agarwalla et al. hep-ph/0610333
. K. Agarwalla et al. hep-ph/0611233
K. Agarwalla et al. arXiv:0711.1459

n u,vmom
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facx
TQ(( Resonant enhancement at the MB

0,5,=5° &=0,90, -90°

0.10—“ """""" S ] oio— ‘T - T - - T - :
0.08 0.08"
= 0.06" 1 "= 0.06] 7000km
L L Inverted Hierarch
= 0.04 // 7000km | < 0.04f y
o2\ [/ Normal Hierarchy = o0
0.00i voONs o.ooiM R ——
7 4 6 8 10 12 2 4 6 8 10 12
E(GeV) E(GeV)

Resonant enhancement depending on the hierarchy

Sensitivity to the mass hierarchy
down to sin‘ 20,5 = 10 for y = 350
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ﬁl'c'g([ fBeam 4. with 8Li/sB

Two baselines

Proton
driver

Li/B
Ionization
Cooling

Decay ring

R RS TSR RN TER RN TEE RN TEE RN TR TEN TER RN TEE RN TR RN TEE RN TR R O WE WE  We
W R R R R R R R R R R R R R R R R R e e e

e T

<E,> =4.5 GeV

Y ~ 350 S. K. Agarwalla et al. hep-ph/0610333
L ~ 1500 Km S. K. Agarwalla et al. hep-ph/0611233
S. K. Agarwalla et al. arXiv:0711.1459

L = 7000 Km P. Coloma et al. arXiv:0712.0796
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y
4 Add a second baselin
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y
facx
TB(( Add a second baseline and look for &
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facxr
TQ(( fBeam 5. A "cocktail” of 8Li/5B and °He/'Ne

__________ Existing at CERN /\

DECAY
RING

Proton
driver

Li/B
Ionization
Cooling

W RS TSR RN TR RN TEE RN TER RN TEE RN TEN RN TEE RN TEE RN TEE N TR R O WE W e

A
\ /
___________

<Ey>=1.2/1.3 GeV

~ 100 A. Donini and E. Fernandez Martinez hep-ph/0603261
L = 650 Km !

First and second peak at the same baseline
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facx

”( pBeam 6. A “cocktail” of 8Li/2B and ®He/!8Ne

H
— | emeeeseenseazeseeanen- N

DECAY DECAY
RING RING

Proton
driver

Li/B/
He/Ne
Tonization
Cooling

\

Two blaselines

\
-----------------------’
s ’
I I

<E,> =2/8 GeV
L =1000 Km
L = 7000 Km

R TR R R TR R TEE RN TEE TR TR RN TER TRE O TER RN TR TRE TR TR R R WE W e

Y ~ 100 A. Donini and E. Ferndndez Martinez hep-ph/0603261

vy ~ 650 s. K. Agarwalla et al. arXiv:0804.3007
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TASD

22.5 Kton Mass

An extrapolation of

Minerva

Suited for low energy

Muons

69
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22.5 Kton Mass

. SE—
An extrapolationof & "f E
Minerva i |
1 | Muon identification -
Suited for low energy w2l efficiency for I
muons Magnetized TASD -

Imitial MMomentum (Ze™ o)
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Definition of the CP-fraction
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Sensitivity to Sin? 20,3
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Sensitivity to Sin? 20,3
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Sensitivity to Sin? 20,3
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Sensitivity to Sin? 20,3
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Fraction of 6cp
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Sensitivity to the hierarchy
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Sensitivity to the hierarchy
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Sensitivity to the hierarchy

Fraction of dcp

1 ' |
2007 |
0.8
0.6 |
0.4 BLiBB |
LENF |
-~ —8SPL |
H |
0.2 o |
B | {
0 . s
1075 1074 1073 1072

True value of sin?26,3

1071

jueves 19 de junio de 2008



Sensitivity to the hierarchy
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® T[he goal: measure at the same time the
four parameters that we do not yet know:

013, O, the sign of AmZ3 and the B23-octant

® A plethora of possibilities (and we are still
thinking....). It is crucial to take a decision to
see which are the results of D-Chooz, T2K
and NOVA.

® |f O3is large, then it is time for precision
phyics AND to look for new physics
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U—eY in supersymmetric models with heavy
right-handed neutrinos
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Figure 7: BR(p — e7) as a function of |#y|, for arg#y = {0, —7/4, -7} (dots, times, diamonds, respec-
tively) and #y3 = 0°.5° (blue/darker, green/lighter lines). BAU is enabled by the choice 8 = 0.05e"2*
(#3 = 0). In all cases black dots represent points associated with a disfavoured BAU scenario and a
dashed(dotted) horizontal line denotes the present experimental bound (future sensitivity).
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® |t is also crucial that accelerator studies continue to
understand the feasability of the more extreme setups,
such as the Neutrino Factories or the (high-Yy)
BetaBeams

® The european neutrino community must take a
decision by 2012, according to what we have signed in
the FP7 of the EU
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