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A
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T
he L

A
r T

P
C

 technique is based on the
fact that ionization electrons can drift over
large distances (m

eters) in a volum
e of

purified liquid A
rgon under a strong

electric field. If a proper readout system
 is

realized (i.e. a set of fine pitch w
ire grids) it

is possible to realize a m
assive "electronic

bubble cham
ber", w

ith superb 3-D
im

aging.
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L
iquid A

rgon T
P

C
 properties

•
H

igh density, heavy ionisation m
edium

•
ρ =

 1.4 g/cm
3, X

0 =
14 cm

, λ
int  =

 80 cm
•

E
xtrem

ely high resolution detector
–

3D
 im

age 3x3x0.6 m
m

3 (400 ns sam
pling)

•
C

ontinuously sensitive
•

Self-triggering or through prom
pt scintillation light

•
Stable and safe
–

Inert gas/liquid
–

H
igh therm

al inertia (230 M
J/m

3)
•

R
elatively cheap detector

–
Liquid argon is cheap, it is “stored” not “used” in the experim

ent
–

T
P

C
 : no of channels proportional to surface

•
C

ryogenic tem
perature

–
T

 =
 88K

 at 1 bar
•

H
igh purity required for long-drift tim

e
–

0.1 ppb of O
2  equivalent for 3 m

s drift
•

N
o signal am

plification in liquid
–

1 m
.i.p. over 2 m

m
 yields 10000 electrons

A
rgon purification

L
ow

 noise electronics

C
ryogenic plant
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IC
A

R
U

S liquid argon im
aging T

P
C

D
etecto

r is read
o

u
t w

ith
 a w

ave-fo
rm

 an
alyser an

d
 is co

n
tin

u
o

u
sly sen

sitive...

T
im

e -- drift

Real event
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F
irst cryostat delivery

Pavia (Feb 29, 2000)

T
he developed

technology allow
s 

(relatively)
easy transportability

20m

T
he IC

A
R

U
S T

600
m

odule (cryostat &
 internal

detector) can be fully
assem

bled and then
shipped to the

defined experim
ental

beam
 site

E
xt. insulation,

E
lectronic &

 D
A

Q
installation

L
A

r filling, R
U

N

IC
A

R
U

S T
600 prototype
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¥ A
 first sem

im
odule of the T

600 prototype has been built (97- 00) and
fully successfully tested (on surface, A

pr.-A
ug. 2001).

¥ C
om

plete T
600 detector layout currently being finalized (2002):

 C
ryogenics:

 cryostat divided in 2 half-m
odules (about 20X

4X
4 m

3)
 passive insulation (L

N
2  cooling system

)
 L

A
r purifier (forced L

A
r re-circulation) + G

A
r purifier

 Internal detector
: L

A
r T

PC
 (4 cham

bers), tot. 58.000 w
ires

T
PC

: 3 planes at 60
o, 3 m

m
 pitch, 3 m

m
 space betw

een planes
 1.5 m

 m
ax drift distance (T

PC
-C

athode)
 [i.e. 1 m

s drift tim
e at nom

inal E
.F. of 500 V

/cm
]

 60 PM
T

s per half-m
odule (U

V
 sensitive by w

.l.s. deposition,

 10
 fl

, Q
.E

.  10%
, 

 5 M
eV

 m
in. detectable energy deposition).

 Slow
-control

 H
igh-voltage system

 R
eadout electronics: individual w

ire w
aveform

 recorder
 A

nalog B
oard (A

m
plifiers) +

 D
igital B

oard (A
D

C
 conv. &

 hit finding)
 D

A
Q

IC
A

R
U

S T
600: the existing detector
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bly of the T
600 internal detector (M

ar-Jul 2000)

D
irty

o
b

server

C
lean

w
o

rkers In
tern

al
d

etecto
r
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D
etector during construction

Cryostat (half-m
odule)

20 m

4 m

4 m

View of the inner detector

IC
A

R
U

S T
600 prototype
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W
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re ten
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Slow
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T
600 half-m

odule technical run (2001)
•

C
lean up (vacuum

):  10 days
�

7 days to find and recover the leaks

�
3 days to reach 10

-4 m
bar�

•
C

ooling:  14 days
�

11 days for pre-cooling (dow
n to -50 °C

)

�
  3 days to reach -178 °C �

•
L

A
r filling:  10 days

•
T

rue running tim
e:  68 days

•
C

ryostat em
ptying:  7 days

C
lean up

C
ooling

L
A

r filling
running time

C
ryostat em

ptying

T
ot. 109 days

D
etector has been carefully m

onitored during all phases of running and
dem

onstrated to behave as expected !
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Full 2D
 V

iew
 from

 the C
ollection W

ire Plane 

2
4

12
6

18

2

W
ire coord. (m

)

D
rift 

C
oord

.
(m

)

Z
oom

 V
iew

Z
oom

 V
iew

3.1 m

0.9 m

A
 spectacular event show

ing
a dense A

ir Show
er form

ed by
hundreds of parallel tracks 

(m
uons and pions) and low

 energy
γγ γγ

s converting into electrons.

A
lso visible in the zoom

 view
s a 

hadr. show
er, an el.m

. show
er and

a highly collim
ated m

uon bundle.
el.m

. show
er

had. show
er

µµ µµ
 bundle

 T
600 test @

 P
v: R

un 308 - E
vt 4 (July 2nd, 2001)
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R
un 909 E

vent 21 C
ollection view

83 cm

30 cmw
ire coordinate

drift coordinate

R
un 909 E

vent 21 Induction view
 0 deg

178 cm

40 cm

w
ire coord

drift coord

R
un 909 E

vent 21 Induction view
 60 deg

130 cm

33 cmw
ire coord

drift coord

collection

Induction 1

Induction 2

M
ultiple

plane readout

C
an reconstruct 3D

 im
ages !
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2

El.m
. shower

Full 2D
 View from

 the Collection W
ire Plane 

2
4

6
18

12
W

ire coord. (m
)

2
D
rift coord. (m

)

Zoom
 views

1

3
2

2

3

µµ µµ stop and decay in e

D
etail of a long (14 m

) µµ µµ track 
with δδ δδ-ray spots

El.m
. shower

 T600 test @
 Pv: Run 201 - Evt 12

1
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R
un 308 E

vent 7 C
ollection view

275 cm

75 cm

w
ire coordinate

drift coordinate

R
un 308 E

vent 332 C
ollection view

173 cm

74 cm

w
ire coordinate

drift coordinate

Show
ers
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R
un 969 E

vent 18 C
ollection view

90 cm

45 cm

w
ire coordinate

drift coordinate
V

0 candidate
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R
un 308 E

vent 160 C
ollection view

270 cm

80 cm

w
ire coordinate

drift coordinate

H
adron interaction
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IC
A

R
U

S T
600 installation in L

N
G

S

Transportation and re-m
ounting at GranSasso

underground facility during 2002.
Initial physics program

: hep-ex/0103008

N
eutron shield



N
N

N
02, A

ndré R
ubbia, Jan 2002

T
600

T
1200

T
1200

IC
A

R
U

S T
600+2xT

1200 in L
N

G
S proposal

L
N

G
S-E

X
P

 13/89 add.2/01
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E
xternal m

uon spectrom
eter

B
eam

C
oil

Iron core m
agnet

D
rift tubes

Iron µ
r ≈

−
100

150

B
T

≈
1

8. 
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E
xternal m

uon spectrom
eter (top view

)

B

B
B

B

w

L

B
T

≈
1

8. 

8 m
 m

atched to
L

A
r transverse

dim
ensions

W
idth w

2 or 3 m
eters

L
ength L
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M
uon m

om
entum

 resolution

L
A

r
µ

B
=

1.8 T

0.08

0.1
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0.14
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0.18

0.2

5
10

15
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25
30

35
4 0

L
iro

n  = 1.0 m

L
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n  = 1.5 m

L
iro

n  = 2.0 m

L
iro

n  = 2.5 m

L
iro

n  = 3.0 m

µ m
o

m
en

tu
m

 (G
eV

)

∆p/p (%)

R
esolution m

ultiple scattering
dom

inated
σ

x
m

m
=

0
5.

 

∆
pp

for
L

m
≈

=
13

2
%

  
  

E
stim

ated w
rong sign confusion:

w
sµ

≈
−

10
5
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M
uon acceptance
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1
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2
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4
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4
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5
0

P
 (G

e
V

)

Events/0.5GeV

µ

1

234

123

4

�
ν

µ  C
C

 events generated

uniform
ly inside one T

1200
m

odule w
ith spectrum

 from
C

N
G

S

�
M

uon spectrom
eter: tw

o
8x8 m

2, 3 m
 long Fe blocks

w
ith tw

o m
iddle drift tubes

planes
1.

Initial sam
ple inside L

A
r

2.
M

uons that do not stop inside
L

A
r

3.
M

uon inside F
e spectrom

eter
transverse dim

ensions
4.

M
uon that do not stop inside iron
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)

P
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)

νν νν
µµ µµ     C

C
 inside L

A
r

νν νν
µµ µµ     C

C
 w

ith µµ µµ hitting
drift tubes

M
uon acceptanceA

for
P

GeV
>

>
50

5
%

  
  

 
µ

T
his is optim

ized for
a C

N
G

S-type of
beam

.
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Is this the subject of the w
orkshop?

•
L

arge detectors…
–

T
600 in 2002, 3 kton planned for 2005

–
B

ig
g

er m
asses en

visag
eab

le fo
r >2005

•
for proton decay…
–

B
ackground free searches, unbiased in all decay channels

–
Linear gain in sensitivity w

ith exposure up to 1 M
egaton×yr

–
T

he right w
ay to go into the unkow

n…
•

supernovae (and solar!)…
–

S
ensitive to ν

e (anti-ν
e ) only via C

C
 reaction and all other flavors via E

S
–

Instrinsic threshold dow
n to 150 K

eV
 deposited energy, actual threshold for

solar (≈5 M
eV

 on prim
ary electron) dictated by backgrounds

•
and atm

ospheric neutrinos…
–

A
ll neutrino flavors (including ν

τ ) dow
n to kinem

atical thresholds
–

E
xcellent event classification, N

C
/C

C
, L/E

 resolution
•

and low
 energy neutrinos from

 high intensity beam
s

–
E

xcellent e and µ identification
–

E
xcellent π

0 background rejection
–

E
lectron charge accessible if LA

r em
bedded in B

-field
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Scaling the IC
A

R
U

S m
odules

•
A

s already discussed in the SuperI docum
ent (C

E
R

N
/SPSC

98-33, SPSC
/M

620) the IC
A

R
U

S m
odules could be scaled

up in order to m
ore easily and affordably reach larger

m
asses

•
For exam

ple, scaling up the IC
A

R
U

S T
1200 m

odule
proposed for L

N
G

S by a factor 2 in each direction, w
e

obtain

i.e. a 10 kton basic building block m
odule (3t →

 T
15 →

T
600 →

 T
1200 →

 …
).

•
T

his extrapolation seem
s conceivable w

ithin a tim
escale

beyond 2005. 2
1200

10000
3×

≈
T

T
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D
rift velocity, H

.V
. and signal attenuation

•
W

orking drift field
E

=
500 V

/cm
 ⇒

 drift velocity
v

d =
1.6 m

m
/µ

s
•

For a 6 m
eter drift:

–
H

.V
drift =

300kV
,

m
axim

um
 drift tim

e
tm

ax =
3.75 m

s
•

R
equires high level of purity

in order to avoid charge
attenuation

•
M

easured electron lifetim
e:

50 liter T
PC

 τ >
 10 m

s, T
600

prototype (after ≈10 w
eeks): τ

>
 1.8 m

s, w
as still grow

ing

0 0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9 1

0
1

2
3

4
5

6

Drift distance (m)

Fraction collected signal

30 ms
20 ms
15 ms

10 ms

5 ms

1.8 ms
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chieved electron lifetim
e in T

600

hours since M
ay 24th 0:00

1800 µµ µµs

1 µs/hr
2 µs/hr

LA
r recirculation O

F
F G

A
r recirculation O

F
F

M
axim

u
m

 electro
n

 lifetim
e: 1800 µµ µµs
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W
hich type of design ?

•
B

igger L
A

r m
asses and three possible layouts:

–
A

) LA
r only

–
B

) LA
r +

 external spectrom
eter

–
C

) M
agnetized LA

r
•

L
A

r in m
agnetic field w

as already discussed in the past, as
part of the original IC

A
R

U
S proposals

•
T

he building of the m
agnetized L

A
r is essentially an

engineering and cost problem
–

L3 m
agnet could roughly enclose an IC

A
R

U
S

 T
1200

–
C

M
S

 and A
T

LA
S

 are building very large m
agnets

–
S

uperconducting or standard is an engineering
choice
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W
hich detector configuration ?

•
W

e can a priori conceive the « do it all » detector.
–

S
ee LA

N
N

D
D

•
R

ealistically, w
e can consider different detector

configurations, depending on the kind of physics  w
e w

ant
to achieve, e.g.
–

N
on-accelerator physics,

•
proton decay, atm

ospheric, S
N

, solar
�

3xT
10000, m

agnetic field not m
andatory

–
A

ccelerator physics:
•

S
uperbeam

 or N
eutrino factory

�
2xT

10000 w
ith external spectrom

eter,
•

N
eutrino factory and electron charge for direct

T
-violation search
�

1xT
10000 im

m
ersed in B

-field
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Sim
ulated νν νν

µµ µµ  C
C

 event in B
=0.1 T

Drift coordinate

W
ire coordinate

r
r

E
B

⊥
(

 
 

 
)

rB
out

of
slide

e
+

µ
–

Space point resolution in drift direction: ≈400µ
m

 for m
.i.p
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easured space point resolution

C
o

llectio
n

 p
lan

e 60
o

0 5 10 15 20 25 30 35 40 45
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1240
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1280

1300
T

im
e sam

p
les (x 400 n

s)

ADC counts

R
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 data

F
it

Fit of T
600 signal data (C

.R
. m

uons)
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C
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M
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-01
 0.1512E

-01
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a
 0.3149

 0.1197E
-01

∆
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Hits

T
im

e residuals (C
.R

. m
uons in T

600)

σ
d

m
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T
≈

µ
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T
rack m

om
entum

 determ
ination by m

agnetic deflection in L
iquid A

rgon dom
inated

by m
ultiple scattering

10
-2

10
-1

1 10

0
0.1

0.2
0.3

0.4
0.5

0.6
0.7

0.8
0.9

1

B
(T

)

δp/p (%)
(fo

r 12m
 lo

n
g

tracks, i.e.
m

u
o

n
s!)

50 G
eV

25 G
eV

10 G
eV

M
ultiple scattering

D
etector resolution

T
rack m

om
entum

 resolution

B
(T

esla)

∆
pp

 (%
)

4%
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e
+

2.5 G
eV

B
=

1T

Hard bremsstrahlung

a)
P

rim
ary electron m

om
entum

 …
 curvature radius obtained by the calorim

etric energy m
easurem

ent

b)
S

oft brem
sstrahlung γ ’s  …

 the prim
ary electron rem

em
bers its original direction         long effective x for bending

c)
H

ard initial brem
sstrahlung γ ’s  …

 the energy is reduced         low
 P

          sm
all curvature radius

M
easuring the electron charge

A
. R

ubbia, hep-ph/0106088



N
N

N
02, A

ndré R
ubbia, Jan 2002

10
-5

10
-4

10
-3

10
-2

10
-1

0.2
0.3

0.4
0.5

0.6
0.7

0.8
0.9

1

B
(T

)

Charge confusion

B
m

in  (T
)

e+  Charge confusion

B
 ≈ 1 T 

C
h.conf  ≤ 10 – 3

C
h

arg
e sig

n
 d

iscrim
in

atio
n

5 G
eV

1 G
eV

2
3

4

B
(T

esla)

10
–4

10
–3

G
iven the interesting level of charge confusion required (see later), this appears to be  only

practically conceivable for electron energies <≈ 5 G
eV

 and requires a field of ≈ 1 T

E
lectron charge discrim

ination
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scin
tillato

rs

L
iq

u
id

 A
rg

o
n

 (φφ φφ    == ==    35 cm
)

N
itro

g
en

 b
ath

V
acu

u
m

W
e are building a prototype of L

iquid A
rgon T

PC
 in a m

agnetic field. U
ses a 0.5 T

 m
agnetic field

and a 2 m
 x 0.35 m

 L
iquid A

rgon cylinder to understand the perform
ance of liquid A

rgon im
aging T

PC
 in a

m
agnetic field (free electron drift properties, ability to m

easure sagitta, etc
)

T
P

C
 in m

agnetic field
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2 m

L
A

r b
ath

M
ag

n
et (0.5 T

 )

1.2 m

T
P

C
 in m

agnetic field
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N
ucleon decay searches

T
hanks to excellent

tracking and particle
id capabilities

L
A

r unique 
tool for

E
xtrem

ely efficient
background rejection

H
igh detection efficiency

B
ias-free, fully exclusive

channel searches!

p→→ →→
e

+ ππ ππ
00 00    decay

p→→ →→
νν ννK

+    decay
n→→ →→

νν ννK
0    decay
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N
ucleon decay analyses

•
N

ucleon decay searches are an integral part of IC
A

R
U

S physics
program

.
•

D
etailed sim

ulation of nucleon decays in A
rgon, including nuclear

effects
•

F
ull sim

ulation of the atm
ospheric neutrino background up to the

m
egaton-year exposure

•
N

uclear effects are im
portant as

–
T

hey change the exclusive final state configuration
–

T
hey introduce a distortion in the apparent kinem

atics of the event
•

T
hey are included in signal and background

–
B

ased on F
LU

K
A

 nuclear m
odel.

•
N

eutrino background estim
ates based on N

U
X

-F
L

U
K

A
 generator

See IC
A

R
U

S-TM
/2001/04 for details

See A
. R

ubbia et al., N
U

IN
T

01, T
sukuba, Japan 2001.
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E
xposure: 1000 kton x year

p→→ →→
e

+ ππ ππ
0 decay kinem

atics

0 20 40 60 80

100

0
0.2

0.4
0.6

0.8

π
0 absorbed

π
0 detected

Total M
om

entum
 (G

eV
)

N / 20 MeV

0

100

200

300

400

500

0.4
0.6

0.8
1

π
0 absorbed

π
0 detected

M
easured E

nergy (G
eV

)

N / 20 MeV

≈45%
 π

0 absorbed in A
r nucleus

15 M
eV

 w
idth at peak

T
otal m

om
.

M
eas. energy
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0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9 1

0
0.2

0.4
0.6

0.8
1

1.2

Invariant M
ass (G

eV
)

Total Momentum (GeV)

Signal
B

ackground

Selected
region

p→→ →→
e

+ ππ ππ
0
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E
xposure: 1000 kton x year

p→→ →→
K

+νν νν  decay kinem
atics

0 1 2 3 4 5 6 7 8 9

1
0

0
1

2
3

4
5

6

In
v

a
ria

n
t M

a
ss (G

e
V

)
Total Momentum (GeV)

S
ig

n
a

l
B

a
c
k

g
ro

u
n

d

S
e
le

c
te

d
re

g
io

n

R
elies on K

identification
A

ll decay
m

odes of K
used.
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K
aon identification

0 2 4 6 8 10 12 14

0
5

10
15

20
25�

R
ange (cm

)

dE/dx (MeV/cm)

W
ires pitch =

 5m
m

N
oise =

 20 keV

K
aons

P
ions

0 20 40 60 80

100

120

-1
-0.5

0
0.5

1
1.5

2
2.5

3

D
istance from

 the fit function (M
eV

)

77 %
 of kaons inside,

no pions

kaons

kaons decaying
in flight

pions

(b)
(a)

E
nergy loss profile along kaon and pion tracks and distribution of the

distance from
 the kaon fit function along pion and kaon tracks.
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A
R

U
S P

roton D
ecay: E

xpected B
ackgrounds

1 10 10
2

10
3

1
10

10
2

10
3

p 
 e

+ 
0

p 
 e

+ (
0)

p 
 K

+ ν –

p 
 

- 
+ K

+

p 
 e

+ 
+ 

-

p 
 e

+ 
+ (

-)

p 
 e

+ (
+ 

-)

p 
 

+ ν –

p 
 

+ 
0

p 
 

+ (
0)

E
xposure (kTons × year)

Expected Backgrounds (# events)

C
hannel          # B

kg. events
( 1kTon × year )

p 
 e

+ 
0

0.001
p 

 e
+ (

0)
1.945

p 
 K

+ ν –
0.001

p 
 

 
+ K

+
0.001

p 
 e

+ 
+ 

-
0.025

p 
 e

+ 
+ (

-)
1.202

p 
 e

+ (
+ 

-)
3.935

p 
 

+ ν –
0.782

p 
 

+ ≠
0

0.008
p 

 
+ (≠

0)
4.162

π π

π
π

ππ
π

π
ππ

π
π

π

π π
π

ππ
π

πππ

µ

µ
µ

µµµ

P
roton decay: expected backgrounds vs channel

p→
e

+π
0

p→
K

+ν

p→
e

+X

1 M
ton x yr

E
xtrem

ely good exclusive
signal signatures

⇒
 E

xcellent background
rejection

D
iscovery w

ith a single
event!

N
uclear effects in backgrounds: fully

em
bedded in F

L
U
K
A

 nuclear m
odel
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IC
A

R
U

S: L
im

its on P
roton D

ecay

10
30
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10
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p 
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p 
 

+ ν –

p 
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0

p 
 

+ (
0)

E
xposure (kTons × year)

τp/B upper limit at 90% CL  (years)

C
hannel            E

ff (%
)    # B

kg. events
( 1kTon × year )

p 
 e

+ 
0

45.3
0.001

p 
 e

+ (
0)

15.1
1.945

p 
 K

+ ν –
96.75

0.001
p 

 
 

+ K
+

97.55
0.001

p 
 e

+ 
+ 

-
18.6

0.025
p 

 e
+ 
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-)

29.5
1.202

p 
 e

+ (
+ 

-)
16.3

3.935
p 

 
+ ν –

41.85
0.782

p 
 

+ 
0

44.8
0.008

p 
 

+ (
0)

17.85
4.162 µµµ

µ µ

µ

ππ ππ
π

π
π

ππππ
π

ππ

ππ
π

π
π

π
ππππ

Sensitivity vs exposure

N
uclear effects in signal: fully em

bedded
in F

L
U
K
A

 nuclear m
odel

p→
e

+π
0

p→
K

+νSensitivity grow
s

essentially linearly
w

ith exposure for all
considered channels.

10
34

10
35

10 kton x yr



N
N

N
02, A

ndré R
ubbia, Jan 2002

U
nderstanding atm

ospheric neutrinos
•

IC
A

R
U

S thanks to its unprecedented im
aging properties

w
ill provide

–
A

n observation of atm
ospheric neutrino events w

ith very
high quality.

–
A

n unbiased, m
ostly system

atic free, observation of
atm

ospheric neutrino events
⇒

C
C

/N
C

 separation, clean e/µ discrim
ination, all final

states accessible, excellent e/π
0 separation, particle

identification (p/K
/π) for slow

 particles
–

A
n excellent reconstruction of incom

ing neutrino
properties (energy and direction)

A
 tool to understand atm

ospheric neutrinos, in term
s

of their basic properties (flux, flavor) &
 of the physics

of neutrinos (oscillations)
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A
tm

ospheric ν events

E
νν νν  = 370 M

eV

P
µµ µµ  = 250 M

eV
T

p  = 90 M
eV

νν νν
µ  quasi-elastic interaction

E
νν νν  = 450 M

eV

P
e  = 200 M

eV
T

p  = 240 M
eV

νν νν
e  quasi-elastic interaction

90 cm

90 cm

µ
p

e

(sim
ulated νν νν

µµ µµ  event)

100 cm

90 cm

p
e

(sim
ulated νν νν

e  event)
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L
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 distribution

•
O

scillation param
eters:

∆∆ ∆∆
m

232  = 3.5 x 10
-3 eV

2

–
sin

2 2ΘΘ ΘΘ
23  = 0.9

–
sin

2 2ΘΘ ΘΘ
13  = 0.1

•
E

lectron sam
ple can be used as a

reference for no oscillation case
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tm
ospheric direct ττ ττ appearance

• Search for ν
τ C

C
 at high energy

−30 ν
τ C

C
/year expected

• C
om

pare N
C

(top) to N
C

(bottom
) at

high energy
−R

equires good discrim
ination of

N
C

 event direction
• E

xploit precise m
easurem

ent of all
final state particles

− C
ount events as a function of

visible energy
−Im

proved discrim
ination by a

study of the event kinem
atical

properties
1
�

1
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2
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4
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2
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4
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6
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E
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 (k
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 x
 ye

a
r)�

Statistical Significance (�σ)�

>3σσ σσ
 effect 

after 40 kt x year exposure
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 neutrinos detection
�

R
eal-tim

e d
etectio

n
 o

f lo
w

 en
erg

y i.e. so
lar an

d
 su

p
ern

o
vae n

eu
trin

o
s

th
ro

u
g

h
 tw

o
 in

d
ep

en
d

en
t reactio

n
s:

ν
ν

x
x

e
e

+
→

+
−

−
ν

e
A

r
K

e
+

→
+

−
40

40
*

Elastic scattering on
atom

ic electron
νν νν absorption on A

rgon
nuclei (CC reaction)

�
D

o
u

b
le sig

n
atu

re fo
r C

C
 even

ts: prim
ary electron track even

tu
ally

su
rro

u
n

d
ed

 b
y lo

w
 en

erg
y seco

n
d

ary tracks ( 40K
*d

e-excitatio
n

).
�

E
lectro

n
 detection threshold = 5 M

eV
 (n

eed
ed

 to
 red

u
ce b

ackg
ro

u
n

d
co

n
trib

u
tio

n
 an

d
 to

 estab
lish

 th
e e

- d
irectio

n
 in

 elastic scatterin
g

).
�

S
en

sitive to
 8B

 and hep com
ponents o

f th
e so

lar n
eu

trin
o

 sp
ectru

m
.

Supernova:
ν

e
A

r
C

l
e

+
→

+
+

40
40

*
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Solar neutrino event rates
Solar neutrino events (1kton ×× ×× year)

E
lectron

energy
threshold

(M
eV

)
E

lastic
F

erm
i

G
am

ow
-

T
eller

0.0
782806

2011
4541

1.0
4560

1978
3287

2.0
1854

1848
3111

3.0
1465

1588
2762

4.0
1114

1212
2250

5.0
809

784
1644

5.5
676

579
1336

6.0
557

397
1042

6.5
450

247
774

7.0
358

135
540

7.5
278

63
349

8.0
212

26
205

8.5
156

10
107

9.0
112

5
49

9.5
77

3
20

10.0
51

2
8

10.5
32

2
4

11.0
19

1
3

T
thresh  =

 5 M
eV

N
ew

 solar m
odel:

B
P

2000 ν flux used

8B    
5.15 x 10

6/cm
2/s

hep 
9.3 x 10

3/cm
2/s

(BP98: 2.10)

(N
o oscillation

hypothesis)
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Solar neutrino analysis

ν
e

A
r

K
e

+
→

+
−

40
40

*

IAS

3.798 MeV

3.110 MeV
2.730 MeV

K
 deexcitation

E
 (M

eV
)

B
R

 (%
)

2.290
0.19

2.730
28.94

3.110
18.16

3.146
1.90

3.739
0.45

3.798
13.69

4.384
32.76

4.789
0.48

5.282
0.93

5.642
0.09

5.922
0.83

6.151
0.04

6.428
0.92

6.480
0.42

6.683
0.05

6.876
0.01

40K excited energy states

IA
S

�
E

lastic scattering

�
σ

 precisely know
n <1%

�
F

erm
i (F

) transition to
 4.38 M

eV
 IA

S
40K�

σ
 precisely know

n <1%

B
ahcall, J.N

. R
ev. M

od. P
hys., 50, 881(1978).

�
G

am
ov-T

eller (G
T

) to
 vario

u
s 40K

levels

�
σ

 less precisely know
n ¯ 10%

O
rm

and et.al, P
LB

 345 (1995) 343.

�
 σ

G
T  ≈ 2σ

F
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P
recise m

easurem
ent of the C

C
 rate

IA
S

3.798 M
eV

 lin
e

A
 precise m

easurem
ent of the

solar flux can be obtained by
distinguishing the

superallow
ed F

erm
i transition

am
ong the other excited

states

R
eco

n
stru

cted
 p

h
o

to
n

 sp
ectru

m

A
n accurate calibration of

the detector energy
response is fundam

ental

E
threshold  = 50 K

eV

(no background included) 
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IA
S discrim

ination vs energy threshold
Line resolution depends on energy detection threshold

P
lots norm

alized to 2 years running of 5 T
600 m

odules

E
threshold  = 50 K

eV
E

threshold  = 150 K
eV

IA
S

IA
S

3.798 M
eV

lin
e

3.798 M
eV

lin
e
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recision solar flux determ
ination

1.036

0.968

1.052

0.948

αα αα
 ⇐

 IA
S

 norm
alization

ββ ββ ⇐
 G

T
 (3.798 M

eV
) norm

alization

A
t 70%

 C
.L

., αα αα
 could be determ

ined w
ith 5%

 p
recisio

n
(E

threshold  =
 150 K

eV
) in 2 years w

ith 3 kton

E
threshold  = 50 K

eV
E

threshold  = 150 K
eV

5 T
600 m

odules  2 years running
5 T

600 m
odules  2 years running

αα αα
αα αα

ββ ββ
ββ ββ

(no background included) 
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M
ain background source

n
eu

tro
n

s
A

ble to generate electro
n

s in the
region E

e-  >
 5 M

eV

• E
xtern

al so
u

rce : n
atu

ral rad
io

activity
present in the rock ( 40K

, U
ranium

,
T

horium
,…

).

• In
tern

al so
u

rce: radioactive co
n

tam
in

atio
n

of structural m
aterials.
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Solar νν νν’s background events in T
600

N
atural

radioactivity

Spontaneous fission or
Spontaneous fission or

( (α α
,n) reactions
,n) reactions

C
aptures in the detector

C
aptures in the detector

( ( 40 40A
r, 

A
r, 27 27A

l, 
A

l, 56 56Fe,
Fe,… …

) )

n flux
γγ γγ-rays

e
-

energies in
energies in
the 
the 8 8B and

B and
hep
hep range

 range

n/cm
3/s

capt/cm
3/s

N
eutron
shield

(F
ull F

LU
K

A
sim

ulation)
Y

(cm
)

X(cm)

Y
(cm

)

X(cm)
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B
ackground in T

600

Fraction ES

IA
S

GT

C
ontam

ination from
 (n,γ) capture on 40A

r +
36A

r

�
 F

ully correlated photon

em
ission.

�
 V

ery little background

expected for IA
S

 photon at

4.384 M
eV

.

�
T

o be tested in situ at

LN
G

S



N
N

N
02, A

ndré R
ubbia, Jan 2002

Supernova rates
A

ssum
e Ferm

i-D
irac energy spectra and no oscillations.

E
M

eV
E

M
eV

E
M

eV
E

M
eV

e
e

ν
ν

ν
ν

µ
τ

µ
τ

=
=

=
=

11
16

25
25

, 
, 

, 
 

,
,

A
ntineutrino electron absorption not yet included.
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M
ezzetto, N

U
FA

C
T

01

C
E

R
N

 superbeam
 option:

S
P

L (S
uperconducting P

roton Linac)

2 G
eV

, 4 M
W
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M
ezzetto, N

U
FA

C
T

01

E
xpected event rate for 200 kt x year exposure:
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SP
L

 neutrino superbeam
•

Signal: νν νν
µµ µµ  →→ →→

 νν νν
e  appearance (U

e3)

–
E

xpected to appear at the ν
µ  disappearance

dip
•

B
ackgrounds:

–
 ν

µ  m
isidentification <

 10
–5

–
 π

0 (N
eutral currents) background <

0.001

–
 ν

e  contam
ination dom

inant: ≈0.002-0.003
•

P
roblem

: recom
puted neutrino flux rate :

disagreem
ent!
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P
R

E
L

IM
IN

A
R

Y
Full FL

U
K

A
 sim

ulation (including horn)

10
23 pot

10
23 pot

C
om

parison of rates: no focus, prelim
inary horn, ideal focusing
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P
R

E
L

IM
IN

A
R

Y
Spectrum

 at L
=732 km

:
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n isotropic SP
L

 neutrino beam
?

A
. Blondel, J. Burguet-C

astell, D
. C

asper, M
. D

onega, S. G
ilardoni, J.J. G

om
ez-C

adenas,
P.�H

ernandez, M
. M

ezzetto, N
ufact N

ote 95, O
ctober 2001
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C
E

R
N

 neutrino factory option:
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            µµ µµ
−− −− →→ →→

e
−− −− νν νν

e νν νν
µµ µµ

ν
µ →

ν
e

 
     appearance

ν
µ  

                         disappearance

ν
µ →

ν
τ

 
     appearance

ν
e

   disappearance

ν
e →

 ν
µ

   appearance

ν
e →

 ν
τ

   appearance

P
lus their charge conjugates w

ith µ
+

beam T
he oscillation physics program

 at the N
F

Ideal detector should be able
to m

easure 12 different
processes as a function of

L
 and E

νν νν

νν
ν

ν
ν

ν
ll

l
l

l
l

ll

N
hadrons

N
hadrons

N
hadrons

N
hadrons

→
+

→
+

  
→

+
→

+


−+
      

1. P
article ID

: charged lepton tags incom
ing neutrino flavor

2. C
harge ID

: sign of lepton charge tags helicity of incom
ing

neutrino

3. E
nergy resolution

: R
econstructed event energy is E

νν νν == ==E
l +

E
had
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m

e at the N
F

•
W

ith a m
agnetized liquid argon T

P
C

, w
e can do the m

easurem
ents proposed w

ith
m

agnetized F
e  calorim

eter

–
S

ince m
uons are very w

ell m
easured:

•
M

om
entum

 threshold in LA
r T

P
C

 can be very low
 (dE

/dx ≈ 200 M
eV

/m
)

•
M

uon w
ell separated from

 jet thanks to detailed im
aging

•
T

his m
eans

–
P

recise determ
ination of ∆

m
223  and θ

23

–
S

tringent lim
it/precise m

easurem
ent of θ

13

–
D

eterm
ination of ∆

m
223  sign

–
S

tudy m
atter effects

–
S

earch for C
P

 violation
•

H
ow

ever, the better granularity offers in addition new
 possibilitities! :

–
D

etection of ν
e →

 ν
τ  oscillations

–
O

ver-constrain the oscillation param
eters (m

atrix unitarity)

–
S

tudy the δ phase by direct search of T
 violation

A
. B

u
en

o, M
. C

am
p

an
elli, S

. N
avas-C

on
ch

a, A
. R

u
b

b
ia, h

ep
-p

h
/0112297, D

ec 2001
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R
ight sign µ

W
rong sign µ

E
lectrons

(no charge info)
N

C
-like

C
om

bining all classes⇒
 (over-constrained) sensitivity to all oscillations!

A
. Bueno, M

. C
am

panelli, A
. R

ubbia. , N
ucl.Phys.B589 (2000) 577

Study four event classes
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•∆δ≡ P(ν
e →

ν
µ ;δ=π/2)– P(ν

e →
ν

µ ;δ=
0)

C
om

pares oscillation probabilities as a function of E
ν  m

easured w
ith w

rong-sign m
uon event spectra, to

M
onteC

arlo predictions of the spectrum
 in absence of C

P violation

•∆
C

P(δ)≡ P(ν
e →

ν
µ ;δ)– P(ν

e →
ν

µ ;δ)
C

om
pares oscillation probabilities m

easured using the appearance of ν
µ

 and ν
µ , running the storage ring w

ith a

beam
 of stored µ

+ and µ
-, respectively. M

atter effects are dom
inant at large distances

•∆
T

(δ)≡ P(ν
e →

ν
µ ; δ)– P(ν

µ →
ν

e ; δ)
C

om
pares the appearance of ν

µ  and ν
e  in a beam

 of stored µ
+ and µ

-. A
s opposite to the previous case, m

atter
effects are the sam

e, thus cancel out in the difference

•∆
T

(δ)≡ P(ν
e →

ν
µ ; δ)– P(ν

µ →
ν

e ; δ)
Sam

e as previous case, but w
ith antineutrinos. T

his effect is usually m
atter-suppressed w

ith respect to the
neutrino case.

H
ow

 to experim
entally observe the δδ δδ-phase?

A
. B

ueno, M
. C

am
panelli, S.�N

avas-C
oncha, A

. R
ubbia, hep-ph/0112297
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Scaling of the T
-violation effect

L
E

km
G

eV
/

 (
/

)

P
P

E
L

e
e

ν
ν

ν
ν

µ
µ

ν
→

(
) −

→
(

)
[

] ×
2

2

L=
732 &

 2900 km
and vacuum

�
T

h
e effect as fu

n
ctio

n
 o

f

L
/E

 is th
e ap

p
ro

xim
ately th

e

sam
e at L

=732 o
r 2900 km

an
d

 in
 vacu

u
m

.

�
T

he dependence to the δ-phase

is reduced by m
atter at L=

7400 km

δ=+π/2

δ=
–π/2

L=
7400km

See A
. Bueno, M

.
C

am
panelli, S.�N

avas-
C

oncha, A
. R

ubbia, hep-
ph/0112297, D

ec 2001
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B
inned ∆∆ ∆∆

T
 discrim

inant

T
he difference in probability

for w
rong-sign m

uons and
w

rong-sign electrons is a
direct proof of T

-violation.

M
atter effects are the sam

e,
and cancel out in the
difference.

L
=732 km

,

E
µµ µµ         = 7.5 G

eV

10
21 µ decays

10 kT
on detector

E
xpected statistical errors only

10
21 m

uons for L
 = 732 km
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T
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m
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ents

L
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εε εε
e   =  20%

10 kton detector

∆m2
21

δ

χ
2  90%

 C
L contours

10
21 µ
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5 �10
21 µ
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D
irect T

/C
P

-violation sensitivity

10
21 µ decays required to cover L

M
A

 solution !
A

. B
ueno, M

. C
am

panelli, S.�N
avas-C

oncha, A
. R

ubbia, hep-ph/0112297
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C
onclusion

•
T

he excellent properties of liquid A
rgon

im
aging provide a vast physics program

 of
extrem

ely high quality.
•

T
he IC

A
R

U
S L

iquid A
rgon T

PC
 has m

oved
from

 basic proof of principle to large kton scale
devices.
–

T
600 in

 2002 at L
N

G
S

–
3 kto

n
 p

ro
p

o
sed

 fo
r ≈≈ ≈≈2005

•
T

his is the proof that kton-scale L
A

r can be built
and operated underground.

•
R

&
D

 for m
agnetized L

A
r ongoing.


