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The renaissance
The renaissance of neutrinos (I)

 of neutrinos (I)
ß

The evidence for neutrino m
asses and neutrino m

ixing (two
surprises) has triggered an enorm

ous excitem
ent and activity

around the subject
Â

Solar neutrino experim
ents (see J. Bouchez’s talk)

Â
Atm

ospheric neutrino experim
ents

Â
Accelerator neutrino experim

ents
Â

Double beta decay experim
ents

ß
It was not obvious ! It cam

e with som
e reluctance !

Â
Theory:

–
First “breaking” of the Standard M

odel since it was founded in 1967 (which
otherwise dram

atically confirm
ed by all experim

ents to very high precision) !!
–

Cosm
ological (HDM

) n
t  ?

–
Large m

ixing angles?
Â

Experim
ent:

–
M

isunderstood backgrounds? Statistical treatm
ents? etc...

ß
In fact, the issue is NO

T solved: neutrino is hot topic !
Â

E.g. LSND, double-beta decay signals, etc…

In this talk
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Renaissance of neutrino physics (II)
Renaissance of neutrino physics (II)
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Neutrino m
ass is NEW

 physics...
Neutrino m

ass is NEW
 physics...

ß
From

 point of view of theory, electrically neutral neutrinos can
possess two types of m

ass term
s:

ß
Experim

entally it appears that:
Â

The state of neutrinos is fully n
L

Â
The state of antineutrinos is fully n

cR

ß
Dirac m

ass term
: If n

R and n
cL exist in Nature, new physics beyond

SM
 to describe their interactions (sterile in SM

 other than due to
m

ass)
ß

M
ajorana m

ass term
: n

R and n
cL do not need to exist, but then

coupling between neutrino and antineutrino: Lepton num
ber L not

conserved. Cannot be generated by standard Higgs-m
echanism

.
Dim

-5 operator L
i Tl

ij L
j ff/M

 !!(fi
 SM

 is an effective theory fi
 new

physics beyond SM
).

Dirac-M
ass term

M
ajorana-M

ass term

  

†
 

-L
=

m
D

n R n
L

+
h.c.

(
)

+
m

L
n L n

R c
+

h.c.
(

)
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Neutrino flavor oscillation probability
Neutrino flavor oscillation probability

ß
The case with three neutrinos: (c

ij =cosq
ij , s

ij =sinq
ij )

ß
Solar and atm

ospheric data are com
patible with q

13 ≈0 and
present lim

it from
 CHO

O
Z is sin

22q
13  < 0.1:

Â
 experim

entally decouple two 2x2 m
ixing m

atrices U
1 (q

12 ) and U
2 (q

23 )
Â

And |D
m

212 |<
<

 |D
m

223 | w
here D

m
2 =

 m
ass squared difference

ß
The two-flavor oscillation probabilities are then essentially:

w
here

 L =
 distance betw

een source and detector
 E

 =
 neutrino energy

†
 

U
=

1
0

0
0

c
23

s23

0
-s

23
c

23

Ê Ë Á Á Á 

ˆ ¯ ˜ ˜ ˜ 

c
13

0
s13 e

-id

0
1

0
-s13 e

-
id

0
c13

Ê Ë Á Á Á 

ˆ ¯ ˜ ˜ ˜ 

c
12

s12
0

-s12
c12

0
0

0
1

Ê Ë Á Á Á 

ˆ ¯ ˜ ˜ ˜ 

†
 

P(n
e
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n

m
/t )

ª
sin
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12 sin

2
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2)

L(km
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E
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eV
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O
scillation m

ap - 
O

scillation m
ap - “ “allow

ed regions
allow

ed regions” ”

Dm
2solar  ≈ 10

-5 eV
2

sin
22q ≈ 0.8 or 0.008

M
atter enhanced (M

SW
 effect)

Dm
2solar  ≈ 10

-10 eV
2

sin
22q ≈ 0.8Vacuum

 oscillation

Dm
2atm  ≈ 10

–3–10
–2 eV

2

sin
22q ≈ 1

Dm
2LSN

D  ≈ 1 eV
2

sin
22q ≈ 0.003

n
m Æ

n
e

n
m Æ

n
x

n
e Æ

n
x

Electron excess

M
uon deficit

Electron deficit

Tw
o-neutrino oscillation
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†
 

n
m

Æ
n

X
with

†
 

Dm
2

ª
O(10

-3eV
2)

and large m
ixing

P
hys.R

ev.L
ett.81:1562-1567,1998
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p,K
m

e

R
=

n
m

+
n m

n
e

+
n e

ª
2

hadronic cascade + decays

Earth is a splendid neutrino beam
 line!

alm
ost isotropic source

(apart from
geom

agnetic effects)

Predicted ratio of m
uon to

electron neutrinos

Interaction rate:
≈150 CC events/kton/year
Average energy:
≈400 M

eV
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Neutrino detection
Neutrino detection

•Tau neutrino not expected in atm
ospheric flux (if no oscillations)

•In any case, atm
ospheric tau neutrinos are very difficult to detect

because (1) energy threshold (i.e. very low rate) (2) hard to distinguish
from

 n
e  or n

m  interactions

p,n,p,K,…

n
e

e
–

N
eutrino

s interact V
E

R
Y

 rarely w
ith m

atter - w
hen they d

o
, they

o
ften p

ro
d

uce a charg
ed

 lep
to

n o
f their “o

w
n character”:

p,n,p,K,…

n
m

m
–

p,n,p,K,…

n
t

t –

N
O

TE: a m
inim

um
 am

ount of energy is needed
            (to create the m

ass of the lepton):
            m

e  = 0.5 M
eV,    -    m

m  = 106 M
eV    -    m

t  = 1770 M
eV

n
t

e –,m –,p –,…n
e
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SuperKam
iokande 

SuperKam
iokande Detector

Detector

O
peration from

 April 1996 till Novem
ber 2001 (currently under repair)

Very large W
ater Cerenkov detector: Fiducial m

ass 22.5 kton

O
verburden:
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Electron and
Electron and m

uon 
 m

uon events in
events in SuperK

 SuperK



André Rubbia, ETH/Zürich, 4/18/02, Four Seas Conference

K. Nakamura, NUFACT00, Monterey (USA), May 2000
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Zenith angle distribution

P
n

m
Æ

n
m

(
) =

1
-

sin
22q

sin
2( 1.27Dm

2L
E

)



André Rubbia, ETH/Zürich, 4/18/02, Four Seas Conference

Deficit

Deficit

Deficit

Deficit

Dow
ngoing

Upgoing
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Param
eters and m

ode determ
ination

Param
eters and m

ode determ
ination

ß
Fit of m

uon disappearance
data and no apparent electron
appearance

ß
Uses FC,PC,up m

u and m
ulti-

ring events
ß

Very good c
2 (175.0/190)

ß
Consistent with m

axim
al

m
ixing q

23 =45°

n
m -n

t  indirectly favored m
ode

†
 

Dm
2

ª
(1.5

÷
4)¥10

-3eV
2,

sin
22q

23
>

0.88
at 90%

 C.L.

1290 days data taking
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K. Nakamura, NUFACT00, Monterey (USA), May 2000

Not so consistent with Kamiokande data (!),
but OK with other lower statistics
experiments Soudan2 & MACRO
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O
scillation into som

ething non-interacting?
O

scillation into som
ething non-interacting?

sin
2x controlled by (1) size of m

atter effects (2) NC disappearance

†
 

n
m

Æ
(cosxn

t
+

sinxn
s )
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Appeal from
 Director

Appeal from
 Director

D
ear colleague,

As a director of the Kam
ioka O

bservatory, w
hich ow

ns and is responsible to operate and m
aintain the Super-Kam

iokande detector, it is
really sad that I have to announce the severe accident that occurred on N

ovem
ber 12 and dam

aged the significant part of the
detector. W

e w
ould like to express our deep regret to Japanese, U

S and Korean people w
ho have generously supported the Super-

Kam
iokande experim

ent. The cause and how
 to deal w

ith the loss in future w
ill be discussed by new

ly founded com
m

ittees.
H

ow
ever, even before discussing w

ith m
y colleagues of the Super-K and K2K collaborations, I have decided to express m

y intention
on behalf of the staff of the Kam

ioka O
bservatory.

W
e w

ill rebuild the detector. There is no question. The strategy m
ay be the follow

ing tw
o steps, w

hich w
ill be proposed and discussed

am
ong m

y colleagues.
1. Q

uick restart of the K2K experim
ent.

(1) W
e w

ill clear the safety m
easures w

hich m
ay be suggested by the com

m
ittees, (2) reduce the num

ber density of the
photom

ultiplier tubes by about a half, (3) use the existing resources, (4) resum
e the K2K experim

ent as soon as possible; the
goal m

ay be w
ithin one year.

2. Preparation for the JH
F-Kam

ioka experim
ent.

(1) Restore the full Super-Kam
iokande detector arm

ed w
ith the state-of-the-art techniques. (2) The detector w

ill be ready by the
tim

e of the com
m

issioning of the JH
F m

achine.
N

eedless to say, w
e w

ill be able to study atm
ospheric neutrinos and search for proton decay w

ith the step-1 detector. W
e w

ill be able to
m

aintain our w
atch for supernova w

ith a som
ew

hat higher-energy threshold.
To achieve our objective is form

idable but w
e are determ

ined to do so. W
e certainly need your encouragem

ent, advice and help. I
should appreciate it very m

uch if you could support our effort as you have kindly done so before.

Best regards,
Yoji Totsuka
director, Kam

ioka O
bservatory

O
n behalf of the Kam

ioka O
bservatory staff
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†
 

n
m

Æ
n

X
with

an independent, second-generation technique,
offering an im

proved detection of atm
ospheric events
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G
ran Sasso Underground Laboratory  (LNG

S)
G

ran Sasso Underground Laboratory  (LNG
S)

http://w
w

w
.lngs.infn.it/

Three experim
ental

halls, each 100m
long, 18m

 height,
18m

 wide

Earth shielding of
3800 m

eters of
water equivalent

•Access through highway (tunnel)
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LNG
S physics program

LNG
S physics program

1.
Solar neutrinos

2.
Atm

ospheric
neutrinos

3.
Neutrinos from

 star
collapses
(Supernova)

4.
M

ajorana M
ass

5.
Dark M

atter search
6.

Nuclear cross
section
m

easurem
ents

•1400 m
 rock overburden

•Cosm
ic ray flux attenuation ≈ 10

–6
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Novel liquid Argon im
aging TPC technique: Initial m

ass 0.6 kton
ICARUS detector
ICARUS detector

Planned start data taking in 2003

≈20 m
≈6 m

≈4 m

2x300 tons
≈50000 readout wires

1.
Solar neutrinos

2.
Atm

ospheric neutrinos
3.

Supernova neutrinos
4.

CERN-NG
S neutrinos

5.
Proton decay
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≈300‘000 kg LAr
        = T300

ICARUS T300 cryostat
ICARUS T300 cryostat
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Cryostat (half-m
odule)

20 m

4 m

4 m

View of the inner detector

ICARUS T300 prototype
ICARUS T300 prototype

Readout electronics
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T3000 Detector in Hall B of LNG
S (cloning of T600)

≈ 70 M
etres

First Unit  T600 +
Auxiliary

Equipm
ent

First Unit  T600 +
Auxiliary

Equipm
ent

T1200 Unit
 (two T600

superim
posed)

T1200 Unit
 (two T600

superim
posed)

T1200 Unit
 (two T600

superim
posed)

T1200 Unit
 (two T600

superim
posed)

T600: 
installed in LNG

S early 2003
T3000: operational by sum

m
er 2006

T600: 
installed in LNG

S early 2003
T3000: operational by sum

m
er 2006

Future extension
 to additional m

odules

ICARUS T3000 (proposed)
ICARUS T3000 (proposed)

1.
Solar neutrinos

2.
Atm

ospheric neutrinos
3.

Supernova neutrinos
4.

CERN-NG
S neutrinos

5.
Proton decay

Im
proved statistics for:
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R
un 960, E

vent 4   C
ollection L

eft

25 cm

85 cm

Electronic bubble cham
ber (I)

Electronic bubble cham
ber (I)

176 cm

434 cm

R
un 308, E

vent 160   C
ollection L

eft

265 cm

142 cm

M
uon decay

Shower

H
adronic interaction
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16,4 m

R
un 975, E

vent 93   C
ollection L

eft

91 cm

R
un 975, E

vent 61   C
ollection L

eft

262 cm

17,8 m

Electronic bubble cham
ber (II)

Electronic bubble cham
ber (II)

Long track

Very long track
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Particle identification
Particle identification

K
+[AB]Æ

m
+[BC]Æ

e
+[CD

]

Collection view

Run 939 Event 95

Induction 2 view
A

B

C

D
K+

µ+

e+
A

A

B

B

C

C

m
+[AB]Æ

e
+[BC]

A
B

BC

K
+

µ+

Run 939 Event 46

µ+

e+

µ+

e+
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Atm
ospheric neutrinos in ICARUS

Atm
ospheric neutrinos in ICARUS

ß
The atm

ospheric neutrino analysis will be characterized by
Â

Unbiased, system
atic-free observation of atm

ospheric events
Â

Precise prediction of neutrino flux (M
C developed within the Collab.)
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E
n  =

 370 M
eV

P
m  =

 250 M
eV

T
p  =

 90 M
eV

n
m  quasi-elastic interaction

E
n  =

 450 M
eV

P
e  =

 200 M
eV

T
p  =

 240 M
eV

n
e  quasi-elastic interaction

90 cm

90 cm

m
p

e

100 cm

90 cm

p
e

Sim
ulated atm

ospheric events in ICARUS
Sim

ulated atm
ospheric events in ICARUS

M
uon event

E
lectron event
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Sim
ulated atm

ospheric events in ICARUS
Sim

ulated atm
ospheric events in ICARUS

n
m nÆ

m
-D

+ Æ
mpp

0

M
ultiprong

n
m N

Æ
m

-X

n
e nÆ

e
-p

Single-π

Quasi-elastic
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Rates for upw
ard/dow

nw
ard events

Rates for upw
ard/dow

nw
ard events

For a 2 kton x year exposure,
significant deficit of upw

ard-going  m
uon-like events
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Atm
ospheric up-dow

n asym
m

etry
Atm

ospheric up-dow
n asym

m
etry

U
-

D
U

+
D

=
-0.228

±
0.100

(2kton
xyear)

U
-

D
U

+
D

=
-0.228

±
0.060

(5ktonxyear)

U
-

D
U

+
D

=
-0.057

±
0.100

(2ktonxyear)

U
-

D
U

+
D

=
-0.057

±
0.060

(5ktonxyear)

A
ll particles

Lepton only

2s effect for 2 kton x year

4s effect for 5 kton x year

N
o discrim

ination
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Reconstructed L
Reconstructed L/E distribution

/E distribution

ß
O

scillation param
eters:

Â
Dm

232  = 3.5 x 10
-3 eV

2

Â
sin

2 2
Q

23  = 0.9
Â

sin
2 2

Q
13  = 0.1

ß
Electron sam

ple can be used
as a reference for no
oscillation case

E
lectrons

M
uons 25 kt year

P(n
a

Æ
n

b )=
sin

22qsin
2

1.27
Dm

2 LE
Ê Ë 

ˆ ¯ 

D(L
/E)RM

S
ª

30%
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†
 

n
m

Æ
n

X

†
 

Dm
2

ª
1

-
4

(
)¥10

-3eV
2

sin
22q

ª1
with
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p + C Æ
 (interactions) Æ

 p
+, K

+, (m
+) Æ

 (decay in flight) Æ
 m

+ + n
m

+ few %
 of ( n

m
 , n

e )

Proton accelerator

Boone Horn

K2K m
uon m

onitor

M
agnetic focusing
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M
otivation

M
otivation

ß
Long-baseline neutrino experim

ent with accelerators aim
to establish the neutrino oscillation in
Â

A w
ell defined neutrino flight path length (L)

Â
A w

ell understood flux of pure (m
ainly n

m ) beam
Â

An priori “tunable” neutrino energy spectrum
 (E

n )

Earth

source
detector

Baseline L

L/E
n  ª 500 km

/GeV

Dm
2 ª 2.5 10

-3 eV
2

to m
axim

ize
oscillation probability !
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K2K Experim
ent

K2K Experim
ent

Far D
etector: SK

50kt W
ater C

 D
etector T

he First L
ong B

aseline (250km
)

N
eutrino O

scillation E
xperim

ent
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K2K (KEK-to-
K2K (KEK-to-Kam

ioka
Kam

ioka) )
ß

Accelerator: 12 G
eV proton

synchrotron
Â

Intensity 6x10
12 protons/pulse

Â
Repetition rate: 1 pulse/ 2.2
sec

Â
Pulse width: 1.1 µs

ß
Horn-focused wide-band
beam
Â

Average neutrino energy:
1.4 G

eV fi
 below

 t-threshold
ß

Near detector: 300 m
 from

target
ß

Far detector: SuperK@
250km

 from
 the target

Â
L/E ≈ 180 km

/G
eV

ß
G

oal: 10
20 protons on target
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neutrinos
Near detectors:
Near detectors:

1ktW
CD: Sam

e Type Detector as SK
M

RD and SciFi: Fine G
rained Precise Detector

M
RD: M

assive and Large Solid Angle Detector

Beam
 steering and beam

prediction at far detector !
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Delivered Protons on Target (PO
T)

Delivered Protons on Target (PO
T)

Date

4.8x10
19 PO

T

for A
nalysis

G
oal:10

20 PO
T

 (for A
nalysis)
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Neutrino Profile: Centroid Stability
Neutrino Profile: Centroid Stability

(M
uon Range Detector)

(M
uon Range Detector)

 Horizontal
←

+1 m
rad

←
 -1 m

rad

     V
ertical

←
+1 m

rad

←
 -1 m

rad

Beam
 centered

to ±1 m
rad
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Neutrino Beam
 Profile (M

RD)
Neutrino Beam

 Profile (M
RD)

ß
O

ne M
onth Data

ß
Yellow belt: Fitting
Error

ß
Dot-dashed line:
Center from

 G
PS

survey
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T
. Ishii, LaT

huile 2002

Atm
ospheric neutrino background reduced by 10

6 by precise tim
ing
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87.3
+11.9
-11.9

Cf. M
RD

:                      SciFi :                          
87.4

+12.7
-13.9

4
.8
x1
0
1
9pot (Jun9

9
-Jul0

1
)

N
o disappearance hypothesis is disfavoured at 97％

 C
L.

O
bserved SK events

O
bserved SK events

O
bserve m

uon disappearance !
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K. Nakamura, NUFACT00, Monterey (USA), May 2000

With sufficient statistics and a good reconstruction of
the event energy, the disappearance as a function of
Evis will be studied (so far not too convincing)
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NUM
I-M

INO
S program

NUM
I-M

INO
S program

Two detector Neutrino O
scillation Experim

ent
(Start 2004)

beam
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M

. M
ezzetto, N

B
I 2002

NUM
I neutrino beam

NUM
I neutrino beam

“Sacrifice neutrino flux to fit the expected energy of oscillated events”

M
agnetic focusing
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R

.C
. W

ebb, LaT
huile 2002
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R

.C
. W

ebb, LaT
huile 2002

M
INO

S schedule
M

INO
S schedule

ß
146 planes m

ounted as of 1
M

arch 2002 (1.6 kt m
ass)

Â
2%

 of detector per day at present
rate of assem

bly
ß

Finish installation of far
detector (2001-2003)

ß
Near detector assem

bly
(2001-2003)

ß
Beam

 line com
m

issioning
(2004-2005)

ß
Plan to start with cosm

ic ray
data-taking with half detector
and B-field in sum

m
er 2002

Far detector at SO
UDAN
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†
 

n
m

Æ
n

X
fi

n
m

Æ
n

t  ?

†
 

Dm
2

ª
1

-
4

(
)¥10

-3eV
2
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Atm
ospheric

Atm
ospheric tau 

 tau appearance in 
appearance in SuperK 

SuperK (I) (I)
M

. S
m

y, M
oriond 2002
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Atm
ospheric

Atm
ospheric tau 

 tau appearance in 
appearance in SuperK 

SuperK (II)
(II)

M
. S

m
y, M

oriond 2002

O
nly two bins!!!
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Atm
ospheric

Atm
ospheric tau 

 tau appearance in
appearance in SuperK 

 SuperK (III)
(III)

M
. S

m
y, M

oriond 2002

A very tough job !
≈80 kt¥yr exposure
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Sim
ulated atm

ospheric 
Sim

ulated atm
ospheric t t appearance in ICARUS

 appearance in ICARUS

•Com
pare N

C(top) to
N

C(bottom
) at high energy

•Exploit precise kinem
atical

m
easurem

ent of all final state
particles provided by IC

A
R

U
S

im
aging
-Im

proved discrim
ination by

a study of the event
kinem

atical properties

>3s effect 
after 40 kt x year exposure

Still a tough job !
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“Long Base-Line” n
m

 Æ
 n

t  oscillation experim
ents

• build an intense high energy n
m  beam

 at CERN
-SPS

• optim
ized for n

t  appearance search at Gran Sasso laboratory
                                               (730 km

 from
 CERN

) 

G
oal of the CNG

S project
G

oal of the CNG
S project
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s
t /s

m
  CC increases with energy

(kin. suppr. due to t m
ass)

P
osc 

E
n

s
t

s
m

t prod. thr.

CNG
S O

ptim
ization for 

CNG
S O

ptim
ization for n n

t t  Appearance
 Appearance

P(n
a

Æ
n

b )=
sin

22qsin
2

1.27
Dm

2 LE
Ê Ë 

ˆ ¯ 

nt rate (GeV kt year)-1
0 4 8 12 16

0
20

40
60

80
100

Can be m
atched

by a focusing system
with two m

agnetic lenses
(H

orn + Reflector)

E
n  ª   7 ÷ 24 GeV

E
p  ª 20 ÷ 50 GeV

E (GeV)

Ideal n
t  rate

400 G
eV protons

P
osc  * s

t  (arb. units)
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LEP/LHC SPS

•New extraction line
•Target cham

ber
•Decay tunnel (1 km

)
•Connection to LHC for
auxilliary instrum

entation
•Access & services galleries
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Aim
ing at LNG

S
Aim

ing at LNG
S… …

4 M
arch 11:00
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S Schedule

 Present CNG
S Schedule

“today”

CN
GS is on schedule!

But… SPS will stop from
O

ct.2004 to A
pr.2006, due

to the critical financial
situation of CERN



André Rubbia, ETH/Zürich, 4/18/02, Four Seas Conference

LNG
S Laboratory and the CNG

S beam
LNG

S Laboratory and the CNG
S beam

ICARUS
T3000

Two planned experim
ents to study neutrinos from

 CERN
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T600

T1200

T1200

ICARUS 
ICARUS T3000

T3000  proposal
proposal

G
SSC

 M
arch 2002: « (…

) the proposed experim
ent is to be considered

only if the detector volum
e is not reduced and the starting tim

e is around
2006. »

T600: 
installed in LNG

S early 2003
T3000: operational by sum

m
er 2006

T600: 
installed in LNG

S early 2003
T3000: operational by sum

m
er 2006
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enn
m

nn

h
-nh

0n

h
-h

+h
-nh

0n

Ï Ì Ô Ó Ô Ô 

18%
18%
50%
14%

tÆ
n

m Æ
 n

t
Charged current (CC)

n
t +A

rÆ
t+jet;

n
m Æ

 n
e

Charged current (CC)

n
e +A

rÆ
e+jet

Direct detection of flavor oscillation
Direct detection of flavor oscillation

The expected n
e  and n

t  contam
ination of the CNG

S neutrino beam
in absence of oscillations is in the order of 10

–2 and 10
–7 relative to

the m
ain n

m com
ponent

Golden channel
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e search: 3D likelihood
e search: 3D likelihood

ß
Analysis based on 3
dim

ensional likelihood
Â

E
visible , P

T m
iss,      r

l ≡P
T lep/(P

T lep+

P
T had+P

T m
iss)

Â
Exploit correlation betw

een
variables

Â
Two functions built:
–

L
S  ([Evisible, P

T m
iss, r

l ]) (signal)
–

 L
B  ([Evisible, P

T m
iss, r

l ])     (n
e  CC

background)
Â

Discrim
ination given by

ln
l ≡L([Evisible, P

T m
iss, r

l ]) =  L
s / L

B
ln

l

V
ertex cuts
applied
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n n
m m Æ Æ

 n  n
t t  appearance search sum

m
ary

 appearance search sum
m

ary

IC
A

R
U

S T3000 detector
(2.35 kton active LA

r)
5 year C

N
G

S “shared” running
(2.25 x 10

20 p.o.t.)   

Super-K
am

iokande: 1.6 < Dm
2 < 4.0 at 90%

 C
.L.
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The
The O

PERA detector structure
 O

PERA detector structure

~ 10 m
n

m
 spectrom

eter
M

agnetised Iron D
ipoles

D
rift tubes and R

P
C

s

superm
odule

n target and t decay detector
E

ach “superm
odule” is

 a sequence of 24 “m
odules” consisting of

- a “w
all” of P

b/em
ulsion “bricks”

- tw
o planes of orthogonal scintillator strips

scintillator
strips

brick w
all

m
odule

brick
(56 Pb/E

m
. “cells”)

8 cm
(10X

0 )235,000
bricks
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n

8 m

T
arget

T
rackers

P
b/E

m
.

target

E
lectronic detectors

Æ
 select n interaction brick

A A “ “hybrid
hybrid” ”

experim
ent

experim
ent

at work
at work

E
m

ulsion analysis
Æ

 vertex search

E
xtract selected

brick  

P
b/E

m
. brick

8 cm
P

b
1 m

m

B
asic “cell”

E
m

ulsion

Æ
 decay search

m
 spectrom

eter

Æ
 e/g ID

, kinem
atics

Æ
 m

 ID
, charge and p

n
t

(D
O

N
U

T)
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ber of events

Expected num
ber of events

5 year run w
ith 1.8 kton average target m

ass, nom
inal n  flux

F
ull m

ixing, Super-K
am

iokande best fit and 90%
 C

L lim
its

  as presented at the 2001 Lepton P
hoton C

onference
D

ecay m
ode

     Signal
  1.2*10-3

    Signal
  2.4*10-3

    Signal
  5.4*10-3

 B
kgnd.

t Æ
 e   long

       0.8
3.1

       15.4
   0.15

t Æ
 m   

long
       0.7

2.9
14.5

   0.29
t Æ

 h   long
       0.9

3.4
16.8

   0.24
t Æ

 e  short
       0.2

0.9
 4.5

   0.03
tÆ

 m  short
       0.1

0.5
         2.3

   0.04
T

otal
      2.7

     10.8
53.5

   0.75

kink
q

kink

L
ong decays

P
b

(1 m
m

)

plastic base

I.P
.Short decays

em
ulsion layers
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O
PERA Status

O
PERA Status

ÿ
 A

chieved
•

Studies,  construction of full scale prototypes
•

D
etector design finalised

•
C

onstruction started, but “m
oratorium

” follow
ing the C

E
R

N
 crisis

•
P

rogress in autom
atic scanning in E

urope and Japan
•

 t detection efficiency im
proved since C

N
G

S approval
•

C
ollaboration funded and organised for construction

ÿ
 D

etector construction and installation
•

L
arge and com

plex detector, w
ith a “challenging” schedule

•
P

rom
pt reaction to overcom

e problem
s arising from

 C
E

R
N

 crisis
•

A
im

: detector ready at beam
 start-up in 2006
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†
 

n m
Æ

n e
with

and sm
all m

ixing

†
 

Dm
2

ª
O(1eV

2)

P
hys.R

ev.L
ett.77:3082-3085,1996
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Beam
 Stop

(p  m)

Proton Beam
800 M

eV
Shield

D
etector

n

                                LSN
D

                     KA
RM

EN
                                 (U

.S.A
.)                                 (U

.K.)
   A

ccelerator               LA
M

PF                            ISIS
   Proton Current            1 m

A
                              0.2 m

A
   Beam

 Pulse                  500 ms                          2 x 100
ms

                                   8.3 m
s pause                   20 m

s pause
   M

ass                          180 tons                         56 tons
   D

istance                       17 m
                              30 m

   A
ngle with beam

           17
0                                90

0

D
etector

D
etector M

edium
 Energy Accelerator

M
edium

 Energy Accelerator
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N
eutrinos produced from

N
eutrinos produced from

  p p  and
and  m m  decays

decays

m
+

(97%
 decay at rest)

Stopped
decay at rest

n
m

n
e

p
+

e
+n
m

n
m

Stopped, captured by nucleus

Stopped,
captured

D
ecay in flight (5%

)
D

ecay in
flight (12%

)

p
-

m
-

m
 -   Æ

 e
 - n

m n
e

Sm
all contam

ination
Sm

all contam
ination

searching for
n

e
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LSND DAR O
scillation Result

LSND DAR O
scillation Result

ß
Data collected at Los Alam

os
800 M

eV proton accelerator
ß

Data collected 1993-1998
ß

Signal reaction (DAR):
Â

n
e p Æ

 e
+n followed by n-capture

on protons np Æ
d+

g(2.2M
eV)

ß
O

bserved excess:
Â

87.9±22.4±6 events
Â

3.6
s statistical significance

Â
4 tim

es the expected rate from
 beam

anti-n
e

ß
Could be explained in term

s of
neutrino flavor oscillation
Â

Probability:
(0.264±0.067±0.045)%

Â
Apparently in contrast with solar
and atm

ospheric data which favor
large m

ixing angles!
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LSND and KARM
EN Results

LSND and KARM
EN Results

ß
KARM

EN lim
its

Â
 Solid curve
calculated w

ith
the Feldm

an &
Cousins
approach

Â
 Dashed curve is
experim

ent’s
sensitivity

ß
 LSND signal region
Â

 +  90%
Lm

ax - L < 2.3
Â

 +  99%
Lm

ax - L < 4.6

A sm
all window of opportunity …
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LSND Im
plications

LSND Im
plications

1.
If w

e believe all experim
ental results are due to neutrino

flavor oscillations
Â

W
hat we know from

 other experim
ents

–
Atm

ospheric n
m ’s oscillate at Dm

2 ~ 10
-3 eV

2 with m
axim

al m
ixing: n

m  Æ
 n

t  favored
–

Solar n
e ’s oscillate at Dm

2 < 10
-4 eV

2 ( see J. Bouchez’s talk ): n
e  Æ

 n
t/m  favored

Â
LSND results has Dm

2  ~ 1 eV
2 for n

m  Æ
 n

e
–

hence require ≥ 4 neutrino m
ass states

Â
O

nly 3 active flavors ( LEP precision data )
–

hence sterile n’s are required
O

R
–

neutrino ≠ antineutrino

2.
O

r w
e believe all experim

ents but not all effects are due to
neutrino flavor oscillations (new LFV contact interaction, exotic
decays, …

)
3.

O
r w

e do not believe som
e experim

ents…
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The 
The M

iniBoone 
M

iniBoone Neutrino Beam
Neutrino Beam

ß
8 G

eV proton from
 FNAL

Booster
ß

Repetition rate: 5 Hz
ß

Average neutrino energy
1!G

eV
Â

L/E
boone ≈L/E

LSND ≈1 km
/G

eV
ß

Intrinsic n
e  contam

ination
can be ..
Â

Inferred from
 n

m  events
Â

Sim
ulated using

hadroproduction
m

easurem
ents

Â
M

easured using m
uon

counters in and around the
decay pipe

Â
Checked by com

paring 50m
and 25m

 absorber results

1 G
eV
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The M

iniBoone 
M

iniBoone Detector
Detector

ß
The detector is a 40ft (12.2m

) diam
eter sphere filled with

800 tons of pure m
ineral oil and instrum

ented with
~1500 8” PM

Ts.
An inner sphere with 1280 PM

Ts viewing a 445 ton
fiducial volum

e ( 10%
 photocathode coverage)

An outer veto shell 35cm
 thick m

onitored  by 240 PM
Ts.
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M
iniBoone at FNAL

M
iniBoone at FNAL

ß
W

ithin two years of running, should
Â

confirm
 or refute w

hether LSND
excess is due to neutrino flavor
oscillations (if it refutes LSND, it will
still not explain the LSND excess !)

ß
Start physics data taking in June
2002:
Â

All civil construction projects for
M

iniBooNE are essentially com
plete.

Â
The detector instrum

entation is
com

plete and the oil fill is well under
way.

Â
M

iniBooNE is on schedule for taking
first data later this sum

m
er.

ß
A fundam

ental result for the overall
understanding of the neutrino data in
term

s of neutrino oscillations !!!
ß

In case of positive result from
M

iniBO
O

NE the roadm
ap for the

future neutrino physics would have to
be re-thought !
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Event Reconstruction
Event Reconstruction

ß
M

iniBooNE will reconstruct quasi-elastic n
e  interactions by

identifying the characteristic Cerenkov rings produced by the
electrons ...

Pions,…

Electrons:

M
uons:

p
0:
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Approxim
ate # of Events after 2 Years

Approxim
ate # of Events after 2 Years

P. Kasper, NBI 2002

Backgrounds!

Signal!
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M
iniBoone 

M
iniBoone “ “calibration 

calibration µ µ tracker
 tracker” ”

Scintillator strips to tag
cosm

ic m
uons

Study stopping m
uons

and M
ichel electrons

Real event
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Lim
its on 

Lim
its on q q

13 13

†
 

U
=

1
0

0
0

c
23

s23

0
-s

23
c

23

Ê Ë Á Á Á 

ˆ ¯ ˜ ˜ ˜ 

c
13

0
s13 e

-id

0
1

0
-s13 e

-
id

0
c13

Ê Ë Á Á Á 

ˆ ¯ ˜ ˜ ˜ 

c
12

s12
0

-s12
c12

0
0

0
1

Ê Ë Á Á Á 

ˆ ¯ ˜ ˜ ˜ 

•Knowledge dom
inated

by CHO
O

Z reactor
disappearance
experim

ent
•Knowledge from
atm

ospheric neutrinos
lim

ited due to accidental
cancellation (flux m

uon ≈
2x flux electron)
• q

13  is crucial to prove
the existence of the 3x3
m
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The knowledge of q
13  is crucial to know if the d phase

(CP/T violation) could be observable !
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Conclusions: The roadm
ap

ß
The 80-90’s have seen a renaissance of neutrino
physics.
Â

Two surprises: neutrino m
asses and neutrino m

ixing
Â

This is “new physics beyond the SM
”

ß
A broad experim

ental has been triggered by those hints
in order to
Â

Cross-check the evidences, certify the neutrino flavor patterns
and to m

easure the oscillation param
eters m

ore precisely
ß

After the current round of running or planned
experim

ents, two very im
portant param

eters of the
neutrino m

ixing will still have to be m
easured !

Â
q

13  and the d-phase
Â

A program
 for >2010’s and beyond

ß
In case of positive result from

 M
iniBO

O
NE the roadm

ap
for the future would have to be re-thought !


