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Outline
 Introduction : The fascinating v (hi)story

* Neutrino Experiments

(Past , Present and Future):

- v mass and v nature (3, Bp, Ovpp decays)
Covered by J.J.Gomez Gadenas

— “Solar” vews
— “Atmospheric” vews
— “Cross mixing” vews

« Summary / Outlook
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F v Hi-story : The “smooth” part

Thev must exist If they exist they interact weakly

They do exist since we can detect them
; 3

They are at least two flavours, we can make There are more than two flavours of
neutrinos and study them in accelerators leptons (and neutrinos)

J. Steinbe-ifgx
988 Nobel Prize

: He have directly
..observed the third one
~—— (DONUT Experiment)

There are three
active light
neutrinos

4 3Verage measurements,
eror bars increasad
by a factor of 10

86 &8 90 o o
Eom (GeV)
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Solar neutrino “anomaly”

R. Davis and J.Bahcall
Homestake experiment

Neutrinos from the Sun
less than expected!

Atmospheric neutrino “anomaly”

Kamiokande and IMB
experiments

Neutrinos from the atmosphere
less than expected!
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What do we know about missing vews

vews are “missing”

gained in the past

because they oscillate, knowledge

10 years'

Oscillation Results for 2.50E20 POTs MINOS Prehmlnary
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Missing vews still...

EXPERIMENT
Is 0,; maximal ?
What is the value of the third mixing angle 6,5 ?
Do neutrinos violate CP symmetry ?
Which neutrino is the heaviest one?
Are there sterile neutrinos?
What are the neutrino masses ?
Are neutrinos their own anti-particles? (Majorana-Dirac)

THEORY

(How) Do neutrino masses relate to quark masses?
(How) Does neutrino mixing relates to quark mixing?
Origin of Matter — Antimatter Asymmetry in the Universe?

What is happening with Flavour?

N.Saoulidou DISCRETE'08, Valencia, Spain
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4 3-Flavor v Oscillation Formalism

If neutrinos oscillate, then the Interaction eigenstates (or
weak eigenstates, which is what we observe) can be
expressed in terms of the mass eigenstates as follows:

3
Ve(uye) = ZU e(u)(e)i Vi
7=l

i “Atmospheric” - “Cross Mixing” o “Solar” i
U= 1 0 0 Ci3 0 _5139_15 Ci) S12 0
0 Cy; —Sn 0 1 0 —Sp G 0
—i5
_O 523 623 B _S]3e ! O C]3 1L O O 1_
» “Ovpp decays”
3 4 % [ _ia /2 ]
(e 0 0
C..=cos. =10 e™? 0
’ ’ Sl o 0 1
S; =sin@; o L -
=
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= 2-Flavor Neutrino Mixing

* In certain experimental situations only one g contributes, in which
case one can write the oscillation probability as :

1.267€Am" 5

Physics Experiment
Different neutrino experiments , depending on what components of the mixing
matrix they want to measure involve:
- Different baselines
- Different neutrino energies
- Different neutrino flavors

When the region of parameter space (Am2, sin? (20)) is ~ known then Am?
determines the L/E ratio for which the oscillation phenomenon will be
maximum and therefore “easier” to observe (in reverse, L/E determines the
experiment sensitivity).
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The solar v sub-matrix, were all the
“anomailies” started...

3
Ve(u) = Z U e(u) )i Vi
=1

“Solar”
“Atmospheric” “"Cross Mixing" B ] " “OVBp decays”
P . Ciy Sio 0 g
1 0 0 Cs 0 —-spe © < |e” 0 0
U= 10 ¢, -s, _ gl 0 e®'? 0
L S Oy ] {5132"5 (1) 0(1)3 ] Slz Cl2 O _g_[ 0 0 1]
2
0 0 1
Atmospheric High energy neutrinos
<
B
| | | | | | | | | | | | | | | | | |
6 9 12 15 18 21
10 10 10 10 10 10
Energy (eV)
N.Saoulidou
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3 SNO (Canada) : The solar v *anomaly” Is
Indeed an anomaly...

Confirm the Solar Neutrino “anomaly” 30 years after is was first
observed (Davis and Bachalll and made measurements that give
confidence that the Solar Model (J. Bahcall) is PRECISE!!

"I feel very much like the way |

§ | expect that these prisoners that are
k| sentenced for life do when a D.N.A.

| test proves they're not guilty, for 33

| years, people have called into
gquestion my calculations on the
Sun."”

Better Late Than Never
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3¢ Solar v Oscillations : What do we know

By (X 10° em2s7)
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Counts/ (10 keV x day x 100 tons)

P(Ve = ve)

First real time detection of 'Be solar neutrinos by Borexino arXiv:0805.3843

First Results from BOREXINO
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107!

— Fit: y?/NDF = 55/60

[—"Be: 29%3 cpd/100 tons| 0.8
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Reactor vews
What are reactor news telling us?
Well...First of all they told us neutrinos
DO EXIST

The first successful neutrino detector Thev do exist since we can detect them

L) I~ _F
:| 1.;53 . =
Detector Il —

kB [

'w
Detectar I n .
/‘:% F. RZines
i Nobel Prize 1995
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3¢ Reactor vews: For long time they were telling
us neutrinos do not oscillate (wrong L)... until

KamLAND
14F
1.2 ¥
10 | ...# b s e s *---—..m..,_—._ —————— R H
o T eactor experiments
5 08| also determined the
' A ILL 3 i . .
% - i“ upper limit of mixing angle 0,
2 061 o Bugey (sin220,3<0.17 - Chooz)
X  Rovno
04 @ Goesgen 17 :
A Krasnoyark = More on this later...
02+ O PaloVerde
B Chooz ® KamLAND
0.0 | L | |
10" 10° 10° 10" 10°

Distance to Reactor (m)
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Events / 0.425 MeV

KamLAND

Altermmate Hypotheses Disfavored at > 3o

————— Best-Fit Decay: y*/dof = 46 .53/16 (3.90)
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Unambiguous Oscillatory Behavior!
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KamLAND

-

Solar Global KamLAND
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= The atmospheric v sub-matrix
(birth of the “too few numu” anomaly...)

3
Ve(/l)(f) = Z Ue(ﬂ)(z-)j V;
=1

“Atmmospheric:
_ — “Cross Mixing" “Solar” . “Ovpp decays”
1 O O Ci3 0 _51364 |: € S g] -‘é;- e? 0 0
= 0 1 0 —Sp Cp =] e
Y 0 Cr; — Sy s.e 0 ¢, 0 0 1 E{ g 0 X
_O 523 Cz3 | )
Solar SN Atmospheric High energy neutrinos
< # '4 <
I -
| | | | | | | | | | | | | | | | | |
6 9 12 15 18 21
10 10 10 10 10 10

Energy (eV)
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F Super-Kamiokande
First Strong Evidence of v Oscillations
o J-Raaf Neutrino 2008 SK-collab. Phys.Rev.Lett.97:171801,2006
350 NN analysis

.E 300 100 _
% 250 Neural Network — Tau+BG
HEEDI] o] + - EaGta
2 150 2 |
£ 2 |
3 100 5%[ ]

50 ; : |

: Eommll s
E 1.6 — 'g:ciILatiun . 2 L §
214 L becay ol Ov_interactions is
212 ' - disfavored at 2.4 &
S 1 : S
= 08F E 1 0.5 n ns 1
% 0.6 # ;_* 4 ﬁ COSezenith
L 0af r LY Fitted number
T 02} of t events 134 =48(stat) + / -16(syst)

’, o 100 100 108 Exp'd number f 7g 47 (syst)
L/E (km/GeV) of T events

Neutrino decoherence (5.00)
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Why use accelerator vews to study v,
oscillations??

Atmospheric neutrinos

=2 Very wide neutrino flight length
=2 Wide neutrino energy

=> Mixture of v, anti-v,, v, and anti-v,

s

Long baseline Experiments

=>Single flight length
=2 Controlled neutrino energy

=> almost pure v, (or anti-v,)

o A ——

Initial discovery 1

N.Saoulidou

Precise studies
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2+ Basic Idea of accelerator v oscillation
two-detector experiments

Basic Idea : 2 detectors “identical” In
all their important features.

Intense Beam

Target D .
ecay Pipe
\ Target Hall yHp _u
120 GeV x+ = —
protons N —F——T i ' .
Main Injector Horns#2 t -

Cross Section (o) & Beam —
Modeling (®,) uncertaintiesto |i- /
high accuracy cancel out
between the two Detectors

o(E)®,"(E) < o(E)-® Br(E)
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3¢ MiniBooNE : One-detector experiment can
do it as well..

Long Standing LNSD “anomaly” solved

(at least as an interpretation of muon neutrino to
electron neutrino oscillations)

Limits from fits to open data z
1uz"l'lll' '|'._|III"' T T T TFTTIT T™TTTITE -':
el : : I R < 000 ¢
R : =
’k | l 3GL =
= | =55 CL _'J"E L 2% Compatibility
10 o P
é | l_,.' Fust WE TEL 9595 G L mit é E 2.010 4
L Fisl WE. TEL 37 C L. find J F
I 2 “
1 T e
i e N —
3 0.25 075 1.25 1.7 2.2 2.7
1 Am? (eV2)
10—
L Pt s Win B aNE date K:
b bestAU O (LBEI0M, 755 g
[ Tneshaam MiniBooNE is incompatible with a
;"_I:Hlﬂnlﬂ . .
gofloil i Rt EETEERTTEY v, >V, appearance only interpretation of LSND
= +3
10 10 1 at 98% CL

o’ 1
S.Brice Neutrino 2008 "
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MiniBooNE Prospects
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e Further investigation of the “low energy excess”. New LAr experiment,
MicroBooNE, to further investigate received Stage | approval.

 Further analysis of neutrino data including exotic models for the LSND
effect and anti-neutrino results soon !
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150__ J MINOS Far Detector
3.5 =
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Entering a Precision Measurements Era !
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MINOS

Decay:
15l ] V. Barger et al., PRL82:2640(1999)
n = ]
5 | 1 v2/ndof = 104/97
A + L] Ay?= 14
C_) = i .
@ T disfavored at 3.70
o
CC) | Decoherence:
= MINOS data 1 G.L. Fogli et al., PRD67:093006 (2003)
O Best oscillation fit -
EU Best decay fit - XZ/ ndof = 123/97
I Best decoherence fit | 2 _
O PR R R R NN S S S N NN NN N N N N R | | | AX 33

b 5 10 15 203050
Reconstructed neutrino energy (GeV)

Unambiguous Oscillatory Behavior!
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MINOS : Most likely i1t I1s not v, ->v

Assume Am?,,=0 50r -
41
] _ _ - MINOS Preliminary: 2.46 x 10 POT
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MINOS

Vi

MINOS Sensitivity as a function of Integrated POT
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OPERA :lIsitreally v, ->v.?

The OPERA Collaboration

(13 Countries, 35 Institutions,~ 200 members)

Belginm
ITHE{ULEB-VUB) Brussels
Bulgaria
Sofia
Croatia
IFE Zagrab
France
LAPP Anmnecv, IPHL Lwvon,
IRES Strasbourg
Germany
Hamburg, Minster, Rostock
Izrael
Technion Haifa
Ttaly
Bari, Bologna, LINF Frascat,
L'Aqula, LINGS, Naples Fadanee I,
Padova, Fome Sapienza, Salsmmo
Japan
Archn, Wagova, Eche,
Toho, Tisunomiva
Korea
Gyveongsang Jingu
Bussia
ME Moscow, LPI Moscow,
ITEP Moscow, SINPMST Moscowr,
JINE. Dwubna, Obnimsk
Switzerland
Bern, Neuchatel, ETHZ Zurnich
Tuniszia
UPHNE Tunis
Turkey
METU Ankara

N.Saoulidou

CERN to Gran Sasso Neutrino Beam

=rom the deek of (¥our hame Here]

—J

Emulsion Cloud Chamber

Gran Sasso

Target pspectrometer
g Irackers
Ph/Em.
target

OPERA

Extract selected
brick

Electronic detectors
— select v interaction brick
— 1 ID, charge and p

DISCRETE'08, Valencia, Spain

MONUT)

™ . ]
- A “hybrid"
Vv i1 P/Em. brick exper'lmen'r
et |l el at work
i ‘ Basic “cell” V’IZ

Pb  Emulsion 1 mm

Emulsion analvsis
—» vertex search
— decay search
— e/y ID, kinematies

27



he

OPERA : Goals

Physics goals:

— Verify oscillation of v is to v,
— Search for v, appearance

CNGS L/E =0.04km/MeV (17GeV E,)

T_L S T (17.4%)

BV VW (17.8%) L. Kink
h~v. nn®  (49.5%)
wta v, mm® (14.5%) Multiprong

October 2 2007 : First neutrino
Interaction in the emulsion
bricks of the OPERA
Experiment! (Many more
recorded since then)

2 interaction vertex
from test exposure at
NuMI beam
(FERMILAB):
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OPERA : Emulsion Data
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« Now 10100 on-time events and 1700 candidate Iinteractions In
emulsion target.

In located event sample 2 charm candidates with an expectation of ~2

. B0710388: X2 project 201 ]
g ano
el T o - Event 179673325 QE-like topology ‘ a charm candidate! z
F e i ! 5
400 B -
[ c
» E ity o =
S - -
60 400 -z00
e [ Event 180718368: ¥Z projection, 7 G 2007 16:18 (UTE)__|
it |— é
00 % =
e Wiy~ =~ —~
v T 1 H =P
(3 400
-60 -400 201
300 pm

Nuclear fragment ° @ o

jliclear: fRggment Flight lenght: 3247.2 pm

i - - - - ikt 0.204 rad
o Muon h‘-‘uck g | The visual inspection allows the le, .3 ;E‘H 7.09) GeV
i Y g Fr T | observation of nuclear fragments and the danghter T e
{ ' vatio Pr: 796 MeV (> 606 MeV )
classification of the event as DIS

@ yNuclear fragment

Two e. m. showers pointing to vertex
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= OPERA : Status + Prospects

10 events expected with 1 bkg. after 5 yrs (4.5 x 10%° pots/year, 1.35 kton target mass)
2008 CNGS Run : 2.4-2.6 x 10*° pots, 1.2 v_events expected!

»
N;ﬂ 1 Decay Channels Signal Background
© e —>p 2.9 0.17
T—>€ 3.1 0.17
2.5x1073 e\ Tt —>h 3.5 0.24
o’ t—>3h 0.9 0.17
E— ALL 10.4 0.76
----- High intensity (+50%) CNGS
0" . i Bl
N v : sin” 20,
0,5 | Signal v, Beam T—>€ v, CC NC
9o SLE 18 4.5 5.2 1.0
7 5.8 18 4.5 5.2 1.0
50 3.0 18 4.5 5.2 1.0

N.Saoulidou DISCRETE'08, Valencia, Spain 30



he

|, cCollection .

E =500 V/em

N.Saoulidou

ICARUS (T600)

Minimum ionizing track: 88000 electron-ion pairs per cm
8 After recombination @ 500 Vicm:

Anode: multiplane readout
3 wire planes at 0 and £ 60 deg

Wire separation = 3 mm

¢ Induction 1
kS

Induction 2

lonization electrons drift (msec) over
large distances (meters) in a volume of
highly purified liquid Argon (0.1 ppb of
O,) under the action of an E field.

 With a set of wire grids (traversed by
the electrons in ~ 2-3 us) one can
realize a massive, continuously
sensitive electronic “bubble chamber”.
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ICARUS (T600) : Goals

1) Prove avery promising detector technology for next generation
neutrino oscillation and proton decay experiments...

2) ...While doing interesting physics

Atmospheric

neutrinos A modular approach :
T600 + T1200 +T1200

to reach the design mass

Solar neutrinos

Long Baseline ‘
Nucleon stability 9 neutrinos
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Bo{l:)m and lateral insulation + Straight chimneys mounting - ; y Invar containment'plate

Sl Ldd 4 * Extraction of cables/fibers et r

- - P, » Detector inspections (man-holes)
I * HV feed-throughs mounting
+ Diffusion pipes for LAr (new)

.

o '

g a
i Ihsulationpool andEpreens
v 4

|

A
il

T300 modules in position

1

:r!l’WStructure |
B —_—

. . |
% |
\ -

Insulation reinforcing structure completion
andT600 topfIGBIMounting for racks

“y LAr anl/LIN2 30 m3 storages
in the final position

King
Data within
the coming

year!

33

= Reinforced bellow:

Top ihsulation mounting

Skids in position



a The “cross—mixing” v sub-matrix : The big
unknown!!

Daya Bay cores

m l T T
3 .
Ve = 20U e(u)r)i Vi
=1
“Cross Mixing”
“Atmospheric” — e ™ “Solar” “Onbb decays”

—10
o ¢ U =g
U= {0 Cy —523] 0 1 0

0 523 023

eial/Z 0 0
0 eiaz/z 0
0 0 1
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* v, -> v, oscillations : Sub-dominant

effect and many parameters in play
To a good approximation oscillation probability:

P ,~>v,)=sin" 26,7, —asin26,,7, -asin26,,T, +a’7,

A’
a:Am2
31 - 2
. 1-—x)A
R S (P YTY

(1-x)’ sin(xA) sin[(1 - x)A]

T, =sinop sin 26,, sin 26, sin A CP Violating
X (1-x)
T, =cosdp sin 26, sin 26, cos A SI(XA) sm[(il — ‘X;)A] CP Conserving
. X - X
: A
T, = cos’ @, sin” 26, sm;;x )
2
. sl P 2V2G, N, E, Matter Effects
4E Am’s

1%
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Degeneracies (ghost solutions) ...

1300 km On Axis new WBB

Unoscillated v, CC events

Oscillation Probability , at
least, 3 parameters

Appearance Probability x 10 : v Scp=0

Appearance Probability x 10 : ¥ Scp=0

CPV or not?

Multiple Combinations of the 3
parameters can Yyield the “same”
number of events, especially if
parameters are “doing” similar things
(like and )

3
=
o
wn
o
S
o
w
b
=
x
=
]
et
g
>
w
Q
&)
___:I
-

6 7 8 9 10
True Neutrino Energy (GeV)

WHAT DO WE NEED :

a) Large Number of neutrinos since we know the effects
are small' (0,5 < 11 9)

b) Multiple measurement of number of events as a function
of energy , E, and as a function of distance, L.

c) Longer Baselines to enhance matter effects

d) Nature to be kind to us !!!



(11 1 n
Hunt for a non-zero 6,5 “cleanly”: Phasel 3

Reactor Experiments
Double CHOOZ Daya Bay

~ ~
A T T T 3
: MNear and Far simultaneously ——— i—] M ——
@) Far + Near 1.5 years later @) i
= Far detector only —— [
S o SO:
K EX S pt
S %
o) i e en
D \ \ —— —
o p— \-\H‘""‘-—-._ g
7 R e =
e ©n
u0l e~
0 1 2 3 4 5
2 .
10° ——
o 1 5 3 y - ‘ Run Time (Years)
Exposure time in year v, Well understood, isotropic source
~  of electron anti-neutrinos Oscillations observed
% E=8MeV as a deficit of v,

N

T =
v, \
R Q

1.0 t
sin’28,4

1=
=
E Unoscillated flux
%“ observed here
= Survival Probability :
PV, >V, )=1-sin"20,, sin*(1.27Am;L/E,) Dﬂva Bav cores
- o m l |
Distance 1200 to

1800 meters
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2

3 (m)

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

D_""l

CP phase & (degrees)

-100 |
-150 |

-3
10

50 |

Hunt for a non-zero 6,;+more : Phasel

Accelerator Experlments NOVA & T2K

3 o Sensitivity to sin (2913) =0

FL=810km, 15KT % "%
L Am2=2410"ev2% T
- sin“(26,) = 1 *

[ 3 yoars at 700 kW,

[ 1.2 MW, and 2.3 MW
[ foreach vand v

[ — Am? >0

= Am? <0

0 0.005 0.01 0.015 0.02 0.025 0.03

L 2. .2
28in'tez) sir'20,)

sin?20. .

NOVA

T2K

j
v B 8
X
v C
? ﬁ
suye Kamiokande ‘295km JAEHI
- (Toka)
4_; = 1 AEERey k\f
L Vo N KEK 2.
e e"i.i"l.@‘“ ) Wokyuy,.,_) /
it e lﬁﬁ*f"”“‘"‘m
!?Qﬁ %’E. ! Qﬁ i) '):J/r,l‘
S Yy ¥ .
ol -
{s) 2000 £8NI o - 4200 mi /676.8 km acroo

6 (m)

BONUS

2

16 |
14 |

12 |

0.8

0.6

02 |

0 L. L L L

- NOVA + T2K .
18 | :

L

[ L=810km, 15kT >
[ Am,,2=2410° 0V
[ sin“(26,) =1
[ Am?>0

04 |

3 years for each v and v

NOvA at 700 kW,
1.2MW, and 2.3MW
+ T2K 6 years of v
at nominal, x2, and

x4

Experiment :

the value of

from

0.1

. 2. .2
2 sin“(8,5) sin“(20,,)

the

0.15

o
L2

NOVA
Depending on
third

mixing angle NOVA is the
only Phase
could determine the

that

neutrino mass hierarchy
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3¢ Measure CPV, extend 0,; reach, extend v
mass hierarchy reach: Phase Il

Numerous studies world-wide over the past several years have studied
strategies to achieve the goals of PHASE Il and came to the same
conclusions. One needs:

— Massive cost effective detectors that are larger than those
of Phase | (>20KT)

— Intense neutrino beams with intensity possibly higher than
that of Phase | (> 700 KW)

— The ability to break inherent degeneracies between
gfefnume CP violation and “Fake CP violation” from matter
effects.
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3¢ Ingredients for achieving the goals of
Phase |l : Massive Detectors

Massive Detectors (Liquid Argon,Water Cherenkov, Liquid
Scintillator, etc) that are scalable in the Multi Kt scale

o B Su €K Water Cerenkov
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Wide vs Narrow Band Neutrino Beam
ON AXIS WBB : 1st and 2"d Oscillation Maxima 1 Detector

1300 km On Axis new WBB

v,CC Events/KT/1E20/250MeV

2

3 Unoscillated v,CC events

Appearance Probability x 10 : v ﬁcp=ﬂ

Appearance Probability x 10 : ¥ Scp=0

ocp=0

A I N TR I I I I I I B

True Neutrino Energy (GeV)

OFF AXIS NBB

810 (700) km Off Axis 14mrad (57mrad) NUMILE |

v,CC Events/KT/1E20/250MeV

0 1 2 3 4 5 6 7 8 9 10

5

Unoscillated v ,CC events

Ligekd

4.5

Appearance Probability x 50 : v ﬁcp=ﬂ
4

Appearance Probability x 50 : ¥ Scp=0
35
3

”‘ ocp=0

2

TTTT1]

15

1

BEREECEE S

u‘l"' | PO Y B oS Y
0 1 2 3 4 5 6 7 8 9

10

True Neutrino Energy (GeV)

N.Saoulidou

1300 km On Axis new WBB |

v,CC Events/KT/1E20/250MeV

Unescillated v, CC events

Appearance Probability x 10 : v Scp=n!2

Appearance Probability x 10 : ¥ 8_,=n/2

f'IJ'IT,[ESJ"LJ [ ) {'L

ocp = 1/2

0 1 2 3 4 5 6 7 8 9

i
0 i e e b v b e b b Ly

10

True Neutrino Energy (GeV)

1st and 2nd Oscillation Maxima 2 Detectors

810 (700) km Off Axis 14mrad (57mrad) NUMI LE |

v,CC Events/KT/1E20/250MeV

5 e

Unoscillated v, ,CC events

Appearance Probability x 50 : v Eicp=11.'2

Appearance Probability x 50 : ¥ 5, =n/2

ocp = 1/2

0 1 2 3 4 5 6 7 8

9

10

True Neutrino Energy (GeV)
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Ingredients for achieving the goals of Phase II:
Powerful Neutrino Beams, JPARC

Slide by A.Suzuki,
KEK Roadmap Review
Committee, March 2008

Plan for Imoroving Neutrino Beam Intensity

- Assumed in
by Nain-xing Upgrade fesumedin
Linac : 181 MeV to 400 MeV this talk
0.60MW 0.91 MW 1.66MW
0.28 Hz 0.57 Hz 0.52 Hz

=%

RF system im prwgmfnt i

« Shorten acceleration time * More beam per pulse
* More RF system * Operation of 3 GeV RCS
* Magnet power system in harmonic number =1
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Ingredients for achieving the goals of Phase II:
Longer Baseline Tokai->Korea

Direction: J-PARC neutrino beam

Korea,
1000 - 1250km

N.Saoulidou

(under water...
400 — 1000 km) Okinoshima

But no discussion -1 Island, 660km Kamioka, 295km

In this talk... J

Fig: Senda NPQO4
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2¢ Physics Reach : JPARC with two 0.27 Mton WC
IN Kamioka and Korea

hep-ph/ 0504026
0.27 Mton fid. Mass at Kamioka and Korea (water Ch)

4 years v beam + 4 years anti-v beam, 4MW, 2.5 deg Off-axis

Mass hierarchy

CP violation (sind*0
A o
2| j normal
== Kamioka 0.54 Mton I
o — Kamioka 0.27 Mton + Korea 0.27 Mton E?::l'_ -
normal | I
ﬂjﬁ 1 1 1 I 1 1 1 1 I 1 11 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I- NE -_‘_J: 1 I 1 I 1 I
E 0 1 2 a 4 5 3 ‘W 0 1 2 5 B
| A BN O BN SO SN B L B 1y T T L B L
L N = -~ E 105 1§
- \-1'.I ! r|ll C I‘:‘
i J . inverted |
- §
3 g (thick) 2 @ (thin) inverted
I 1 I 1 I 1 1 I I 1 1 1 I I 1 1 I 1 1
0 1 2 a 4 5 = 1 2 5 G
o
N.Saoulidou
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2¢ Ingredients for achieving the goals of Phase Il :

Powerful Neutrino Beams, US (FNAL)

Powerful v beams of very high intensity Project X

2500 Fermilab vision :The Intensity
Project X

Frontier with Project X:
2000 . |

1500

1000

Beam Power (kW)

500

Project X = 8 GeV ILC-like Linac

Beam Energy (GeV) + Recycler
¥ + Main Injector
m SNuMI = NuMI (NOvA) = NuMI (MINOS) ,,‘T_U"’fﬁ,mff"_,‘f.'?ffjem w’-th.’f ema:onai Qo!laboraffq

Two options for neutrino beams and experiment baselines exist:
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2¢ Ingredients for achieving the goals of Phase Il :
Longer Baseline FNAL->Ash River, FNAL-> DUSEL

(A) L ~800 Km and NuMI Off Axis
Narrow Band Beam.

(B) L ~ 1300 Km (FNAL -> DUSEL)

New Wide Band Beam (On or off
AXIS)

Implications on v beam :

New beam has to be designed and
constructed (beginning design
considerations)
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2e Physics Reach : FNAL to DUSEL with 0.1 Mton LAr

—_ 3 o Discovery Potential for sin2(2(-)13)¢0 —_ Discovery Potential signAm§1 —_ 3 o Discovery Potential for 50 and ()
(] (2] (]
=] =) D
N N N
N S N
N N (3]
= £ €
(] (7] (]
101 107 10°
L [ NUMI offAxis NOvA
L L +NUMI OnAxis LAr5@Soudan
L L Project X NUMI offAxis NOvA
| | +NUMI OnAxis LAr5@Soudan
” NUMI offAxis NOvA L
+NUMI OnAxis LAr5@Soudan
Project X NUMI offAxis
10?2

Project X NUMI offAxis
with 2 LAr100-detectors (1st&2nd Osc.Maxima)

Project X NUMI of
with 2 LAr100 gétectors (1st&2nd Osc.Maxi

10°

Reach in v mass

hierarchy well f
* below 10-2 1l *

Normal Hhrxnry Normal m-an-y ‘ Normal HhmT«y
IH\I\H‘IIH‘\II\‘\II\‘HI\‘\ HI\\I\I‘HII‘\HI|HH|HH|I HHHH‘I\H|\IH‘III\‘\IH‘\

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

~ Project X with Wide Band Beam
L LAr100 detector 1300km baseline

CP-Violating phase § CP-Violating phase & CP-Violating phase 3

NOvA - NOvA+SktLAr -




What if 0,3 too small? We can still dream...

-y G
L.
Neutrino Factory
ﬁ%{f;ﬁxﬁ?ﬁ: R e -0 “Wrong sign”
17> m “Right sign”

neutrino factory o Mgzt
capre

—bm—b m “Wrong sign”
"'> “Right sign”

[TE

e whbeam to fur dtecter

'
~

(from: CERN Yellow Report

+ banm to near detactor

EURISOL Beta BEXISIII’I

3000-06-18 + Butar toubar, CERHES

Linac

__________ g at CERN /\ Neutrino Factory
. DECAY
' : RING
' SPL |
l B=S5T
 Isol target ' L =2500m
. & lon sourc :
New RFQ L

PSB

___________
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Summary and Conclusions

e Running and future experiments worldwide aim to
address many of these remaining Important
Issues with respect to neutrino physics and
neutrino oscillations.

e Stay tuned for the fascinating vews to come..
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Super-Kamiokande : SKI+SKIlI

Zenith Angle Analysis

' Best fit:

Am?2=21x 103 eV2
sin226 =1.02

xz =830.1/745d.of.

99% C.L.
— 80% C.L.
— 68% C.L.

-3
I

0.7 08 08
sin~26

J.Raaf Neutrino 2008

N.Saoulidou

Am® (eV®)

10

L/E Analysis

| Best fit:

Am2=22 x 102 eV?
sin220 =104
w2 =789/83doif

L

DISCRETE'08, Valencia, Spain

89% C.L. R ——
— 90% C.L. -
— G8% C.L.
3
1 |
0.7 0.8 5 0.9
sin“26

—



Open Questions with solar vews

« How large is ’‘Be neutrino flux?

— BOREXINO
— KamLAND

 |s8B spectrum distorted as expected from LMA
solution?

—SK-IlI plan to measure with lower energy threshold
—SNO data analysis with lower threshold

pp neutrinos by real time experiments?

—Future experiments (LENS, XMASS, CLEAN ...).

N.Saoulidou DISCRETE'08, Valencia, Spain
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3¢ B Decay Experiments, were it all started...
Absolute v mass

AZ) > AZ+D) +e+v,

10
l averaged
1 F const.offset~m%ve) .
i 8 5 o neutrino
=E |Ue.|| m.
0.8 mass

E
O' (—
= &
2056 [ ? 0eV
o 0.6 i m,=0e
hat i 4 Y
c i i /
5041 -13
S 2 F ~2%10

: 0

0

-5 =25 =2 —=1.% =1 —=0.5 o 0.9
energy B [keV] E—E, [eVv]
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3¢ B Decay Experiments : Absolute v mass

MAINZ: m2,=-0.6+22+21eV? m<23eV (95% C.L)
C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

Troisk: m?,=-23+25+20eV? m<205eV (95% C.L.)

Source Electron analyzer Electron counter

)

Sensitivity m, <0.2 eV

Improvement of AE: 0.93 eV
(4.8 eV for Mainz)

| Larger acceptance

AL oWl Statistics 100 days > 1000 days

Commissioning and start : 2010

. . / [
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BB(0)v Decay Experiments:
Dirac Or Majorana Particle?

e

2|
L]

n=p+e +ve
(RHWNLH v,)

vV,+n=p+e

(ZA)—=(Z+2A)+ € + &+ Ty + Ty (ZA)—(Z+2A) + & + &
n p n p
%w — 2w e
.
o Vay e
n w7, n Ew p
A

SU?-G EEmrg;ir for the Jﬁ?m Electrons {M:a') .
T Endpoint

N.Saoulidou
Energy
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BB(0) v Decay Experiments :

A positive unconfirmed signal

New Analysis: > 6 o effect
:Eur. Phys. J., A 12 (2001) 147 '

Unknown BB(Ov) ??? j Heidelberg-Moscow

~11 kg of enriched Ge
diodes in "°Ge (86%)

| { <m> =032+ 0.03 eV

Cownts

130Te
No Signal BB(0v) Cuoricino (bolometer)

~41 kg of TeO,

-

<m> < 0.2—1¢€V (90% CL)

|||||||||||||||||||

|||||

Energy (keV)
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3F BB(0) v Decay Experiments:
Depended on hierarchy of v masses

~ T
A 1
= I
W &
-
10 :
A

10 /;/ = — -

= | 1 |= /
— | =1 =
'ID_E Ell‘ ] | ] ;:li 1i Ll |% cuind
w1 et 1 10T e o
Mg A EY M S ey <mgE L ev

If neutrino mass hierarchy is normal (need accelerator v to study
this) then measurements become « difficult »...
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3¢ BPOv Decay Experiments:Very active field

Calorimeter Calorimeter  Tracking + Calorimeter  Xe TPC
Semi-conductors Loaded Scintillator Source = detector Source = detector
Source = detector Source = detector

Enriched isotope

mass (kg) Status

Experiment Isotope Ty, (yr) <m,> (eV) Start

CUORE 203 2.110% 0.03 - 0.07* 2011 Funded

17.9 3.10%
40 2.10%

0.2-0.5*
0.07 - 0.2*

2009
2011

Funded
Funded

GERDA phase |
phase Il

Majorana 6Ge 1.10%6 0.1-0.3* 2011 Funded

o
o
\'

EXO-200 136Xe 6.4 10% 0.2-0.7* 2008 Funded

LONINd "[e 18 Jsuune) “[e 18 usuoyns “[e 18 wipoy wolj JAN YIMm uolendfe)

2.10%
1026

=
o
o

0.05- 0.09*
Super-NEMO 2011 R&D

150Nd

=
o
o

CANDLES 48Ca ~0.5 2008 Funded

lOOMO
150Nd
150Nd

MOON I 0.09-0.13 &

N
Py
O

O

|_\
o a1

o

DCBA

Py

&
SNO++

a1
o
o

R&D
COBRA

116Cd 1130Te

N
N
o

R&D

o) ~ =
N o )
w Q) —
D D )



NuMI Neutrino Beam: capabilities & Advantages 2
By using a conventional, albeit more intense, neutrino beam:
" —= pty, < 1%,

In an Off-Axis detector location

Lew Energy Beam
L L

Mediumn Energy Beam
L T

L
=
T

]
.
1

10 F ]

__ 0.43E~
Eu - 1_{_,.?,:9.{;2

s |

& 8 R
T T
r
L]
1 1

Vi CC evems/ki/3.7E20 POT/0.2 GeV
=)

¥, CC events/kt/3.7E20 POT/0.2 GeV

L=} Lh

Advantages

- The Beam Exists and performs well (NUMI Beam took 6 years to be
built and cost ~ 110M$)

- There is a well defined upgrade plan

- The off - axis idea of obtaining a NBB is attractive. It reduces
the NC background resulting from high energy neutrinos.
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ICARUS (T600) Experiment
: Detector Capabilities

Tracking device
- Precise event topology
- Momentum via multiple scattering

Measurement of local energy deposition dE/dx
— e/ y separation (2%X, sampling)
- Particle ID by means of dE/dx vs range measurement

Total energy reconstruction of the events from
charge integration

- Full sampling, homogeneous calorimeter with excellent
accuracy for contained events

RESOLUTIONS
Low energy electrons: o(E)E = 11% / VE(MeV)+2%
Electromagn. showers: o(E)E =3% /VE(GeV)

Hadron shower (pure LAr): o(E)/E = 30% / VE(GeV)
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% TCARUS T600 : Data (cosmics & neutrino

evem's in a small prototype @ CERN)
Ly i lHadr'omc |r&erac’r|on T i

1.8 m B | l' i i)

(2.5 MeV

EM shower' | e

T l:l.l - !-.:: H ‘\ M Ji‘ I..I'- ' 'I _'\'::'-..",_ '. ;‘I ]“'I hl}l:‘.: i 1 :‘;‘ -I-'.. i

| -i"h . AR \ L‘ { i Vi 1341% )
| \ MUOH b U'nd le IF | ll. " _rI' :=I II"I'\
.._ul f :‘I. .

A A (R

'’4

e" e pair (24 MeV)

-

| el (9 MeV)

Collection view

Drift time

v
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o
Longer baseline (>>L) AND a new Wide Band Beam bl
|

45 e, NuMTLE 735 b

With new Wide Band Beam :

1)Increase ‘useful” flux (at first and
second oscillation maxima)

v, O Eventsiht/1e20/250MeV

2) With mcreasmg L oscillation maxima
T T ey "appear”  in more  “favourable”
Ty positions in the neutrino energy
spectra

= 3)Thus study of first and second
rat30km| 1 oscillation maxima fs easier (one
detector instead of two, higher
rates, etc)

Continous Line :Normal hierarchy
Dashed Line : Inverted hierarchy

4) With increasing L matter effects
B L increase and hence potential for mass

ALY T el fifeprarchy determination is increasing

True Neutrino Energy (GeV)
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