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Outline of talk

® ICARUS is a large underground experiment which is based on the new

liquid Argon TPC technology, originally proposed at CERN by
Carlo Rubbia (CERN-EP/77-08 (1977)) and supported by INFN over many

years of R&D

® ICARUS T3000 acts as a sort of observatory for the study of
neutrinos and the instability of matter at the Gran Sasso
Underground Laboratory

® The Liquid Argon TPC is a new kind of detector, effectively an
electronic bubble-chamber

w |[CARUS T3000 at Gran Sasso is an important milestone for
this technology and acts as a full-scale test-bed with a total of
3 kton of liquid Argon to be located a difficult underground environment

w This technology has also great potentials in other applications, such as
future very large underground experiments

® In this talk:
w Physics aims
w Technology
- Status

w \\What kind of CERN neutrino beams could take advantage liquid Ar
detectors? (this is a seminar, not a proposal, meant for discussions...)
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The ICARUS collaboration (25 institutes, =150 physicists)
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Electronic bubble chamber

85cm

\ Muon decay

Run 960, Event 4 Collection Left
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Neutrino masses and mixing: the standard view
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Figures from G. Raffelt
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Studying the leptonic mixing matrix

® The leptonic mixing matrix (MNSP) can be parameterized as the product of
several rotation matrices, that turn out to be experimentally accessible in
different experiments

® Note: the quark mixing matrix (CKM) has been studied for more than 50 years
and there are still planned experiments, like LHCb, to study it in the future

® The complex phase & could play a fundamental role in the matter-antimatter
asymmetry of the Universe

(1 0 0Y ¢ 0 se”Vfc, s, O o
UMNSP:LO Cos SzaJ 0 1 0 L_Slz Cio OJ°diag(lela1elﬁ)

0 -s, Cuyl\-se™ 0 ¢, /\O 0 1
Atmospheric, * Solar,
Accelerator Reactor
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“Large” Am? data
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Neutrino masses: viewpoint from fundamental theory

® Non-vanishing neutrino masses are a clear indication of new physics beyond
the Standard Model (so far the only one)

= Dirac mass: Even if Higgs boson is discovered at LHC, Higgs
mechanism cannot explain neutrino masses unless we postulate the
existence of right-handed neutrinos

= Majorana mass: completely beyond the SM, since implies lepton
number violating terms in the basic theory.

= Mixed: See-saw mechanism, explains why neutrinos are so light, but
Implies existence of super heavy neutrinos: new physics beyond SM
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Matter instability: radioactive decays
7>10%years ?

B-decay: G /e+ Proton decay e*

Radioactive nucleus Nucleus (which would otherwise be stable)
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Proton decay: baryon number violation

® The baryon number violation could be mediated through very heavy
particles. This would make this process possible, but rare at low
energy.

Super heavy gauge boson

e

U U
Super heavy SUSY

u : 2 Y,

d_

U U
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Force unifications: GUT physics
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Galilei Gravity
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Grand Unification of forces: coupling constants
LEP precision measurements

l

® Even though we do not know
whether GU is actually occurring,
there are experimental “hints”
which support it 50 -

® The forces seem to unify at an
energy that will not be reachable by 40 +
accelerator techniques (at least for
a long time)

® Extreme precision measurements
or extremely rare decay searches
(sometimes called “propagator” 20 -
physics) are the only way to probe
the GUT scale 10 - ,

e Complementary to high la,
energy accelerator physics L SN ETE ENEEEE BV
frontier 0 10° 10" 10"
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André Rubbia, CERN AB seminar, November, 2003 2103 Gev lel?il Gev 13



Gran Sasso Underground Laboratory
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ICARUS T3000: “A Second-Generation Proton Decay Experiment
and Neutrino Observatory at the Gran Sasso Laboratory”

~3 kton of liquid Argon

""r_l| ..........
_______
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The Liquid Argon TPC (1)

Readout planes: Q UV Scintillation Light: L

TN\ Ty //'v

Density 1.4 g/cm?
Radiation length 14 cm
Interaction length 80 cm
dE/dx(mip) = 2.1 MeV/cm
T=88K @ 1 bar

M W, =24 eV
—— W20 eV
Drift direction Charge recombination (mip)
?ﬁm @ E =500 V/icm = 40%
|_
:»fT P—p eHigh density

Preamgpiifier Shaping Amplifiar

Py

Low noise Q-amplifier

eNon-destructive readout

eContinuously sensitive

Readout

«Self-triggering

Continuous

waveform recording . .
André Rubbia, CERN AB seminar, November, 2003 e\/e ry gOOd scintillator: TO 16



The Liquid Argon TPC (1)

® Cryogenics: Detector must be maintained at cryogenic temperatures, safety
Issues must be addressed for large detectors, in particular underground

® LAr Purity: lonization tracks can be transported practically undistorted, by a
uniform electric field, for distances of the order of several meters in a highly
purified (electronegative impurities < 0.1 ppb O, equiv.) liquid argon (LAr).

® Charge Readout: A set of electrodes (wires) placed at the end of the drift
path senses the ionization charges and provides a two-dimensional view of the
event (wire co-ordinate vs drift co-ordinate)

= No charge multiplication occurs in LAr ==» several wire planes can
be installed with the wires having different orientations =»=» non-destructive
charge readout = =» multiple views ==» 3D reconstruction
e UV light Readout: LAris also a very good scintillator 2=
scintillation light (A = 128 nm) provides a prompt signal to be used for triggering
purposes and for absolute event time measurement == immersed pmt
coated with WLS

André Rubbia, CERN AB seminar, November, 2003 17



Past experience and results - 50 liter prototype in CERN WANF

® Active volume : 50 liters
® Readout planes: 2 (0°,90°)
® Max drift distance: 45cm

v'Reconstruction of vertices of v-interactions

v Fermi-motion

v'Track direction by &-rays

v'dE/dx versus range for K,rt,p discrimination
v'Max. electron lifetime > 10 ms

 LAr purification by Ar vapour filtering and re-
condensation

e LAr purity monitors

e  Optimization of front-end electronics for
Induction and collection planes

« Warm and cold electronics

* Readout chain calibration studies

e Signal treatment

« Collection of scintillation light

o 1.4 mdrift length (special test)




3D reconstruction stopping muon with first T600 unit
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Run 939 Event 95 Right chamber
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The path to massive liquid argon detectors

“I"'_‘"“ : 2dcmdit | cERN

L = wires chamber

; _ g 1087 First LAr TPC. Proof of principle.
= Measurements of TPC performances

3 ton prototype 1

of the LAr TPC on large masses.

]
|
1891-1995: First demonstration 1

Measurement of the TPC [ Lab aCtIVItIeS' 50 litres prototype
perarmances. TMG doping. _ b L .4 m drift chamber| CERN
CERN = (|~ -‘ 2
' - 1897-1899: Naulring bearn
— |.|| I ‘ — events measuremeanis.
ik ey Readout edectronics
e T - | L A0 optimizaton. MLPS
/ e === devalopment and study T600 detector
1.4 m drift test.

2001: First T600 module

10 m3 industrial prototype

\4

1990-2000 Test of final indusinal sclutions for the
wire chamber mechanics and resdout electronics.

Cooperation with industry

-
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The “first unit”: T600 Module

- High Vallags Fesdthvowgh
- Calfogas

- Valtage degraders
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e Two separate containers

w inner volume/cont. =
3.6x3.9x19.6 m3

e Sensitive mass =
476 ton

e 4 wire chambers with 3
readout planes at 0°, £60°
(two chambers / container)

w =~ 54000 wires
None broke during test

® Maximum drift=1.5m
wHV =-75kV @ 0.5 kV/cm

e Scintillation light
readout with 8” VUV
sensitive PMTs
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Cryostat (half<
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e Approved and funded in 1996
e Built between years 1997 and 2002

e Completely assembled in the
INFN assembly hall in Pavia

i LY e Full scale Demonstration test
 orift[engii i 5 i, B ¢ : run of half-unit during first half

TR e

2001
w Three months duration

w Completely successful

w Data taking with cosmic rays
w Detector performance
w Full scale analyses

eFull unit Assembly terminated
in 2002

e \Waiting to be installed at LNGS
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Long longitudinal muon track crossing the cathode plane
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dE/dx distribution along the track
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Single wire

performance .

T600 Data

1.8 MeV
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Measurement of the muon decay spectrum and p parameter

Run 939 Event 95

Collection view

€3
Author Value Assnmption
Peoples 0.750 £+ 0.003 n=10
Sherwood (LTG0 £ (L0059 n=il
Fryberger 0.762 £ 0.008 =10
Derenzo 0.752 + 0.003 —0.13 < 5 < 0LOT
SLD (.72 =+ (.08 4+ (U0 hrpluu UIVEES.
CLEO 0.747 + 0.010 £ 0.006 lepton univers.
ARGUS 0.731 + 0.031 lepton univers.
L3 0.72 + 0.04 + 0.02 lepton univers.
OPAL .78 = 0.03 £ 0.02 lepton univers.
DELPHI 0,78 + 0.02 + 0.02 lepton univers.
ALEPH 0.742 =+ 0.016 lepton univers.
This analysis | (.72 £ 006 0.08 | —0.020 < g < (L006
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ICARUS detector configuration in LNGS Hall B (T3000)

First Unit T600 + T1200 Unit T1200 Unit
Auxiliary (two T600 (two T600 Magnet
Equipment superimposed) superimposed)

~ 35 Metres ~ 60 Metres

(final co-location of magnet not yet finalized)
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The T1200 “Unit”

EVACUATED INSULATION PAMELS

&T. STEEL PLATE
(RETAINING TANK)

3815

135

&T. STEEL STRUCTURE

11050

5400

335

10300

Detailed engineering project was
produced by Air Liquide (June 2003)

T1200 cryostat ready for
tendering

André Rubbia, CERN AB seminar, November, 2003

@ Based on cloning the present T600
containers

w A cost-effective
solution given tunnel
access conditions

| —

e Preassembled modules outside
tunnel are arranged in
supermodules of about 1200 ton
each (4 containers)

w Time effective solution
(parallelizable)

o Drift doubled 1.5 m = 3 m

w sensible solution given
past experience

@ Built with large industrial support
(AirLiquide, Breme-Tecnica, Galli-
Morelli, CAEN, ...)

w “Oorder as many as you
need” solution

31




Safe installation of T3000 @ LNGS

Safe installation /s possible even though it takes time to design in concordance
with safety and laws. This is a very sensitive subject given the Borexino accident
(the justice has been ceased against the LNGS laboratory).

w |terations needed, close cooperation between safety experts, risk analysts and
engineers

Basic guidelines
w A full Definitive Project of installation of T3000 was prepared by industry

w |n parallel, LNGS subcontracted a specialized company to provide a Safety
Risk Analysis Document (SRA)

Status:

w The “definitive project” of the T600 installation at LNGS has
been approved in March, 2003

w |[nstallation foreseen in 2004 (installation contract (1.6m<€)
should be signed by infn by end of 2003)
w |Nn the meantime, a new director has been appointed at LNGS

w A new working group led by A.Scaramelli (CERN/ST) has been
formed to re-assess the safety aspects. Expect answer by end of
2003.
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T3000 “definitive” project at LNGS Hall B

i I
1%L 1 i -l % [ | 1 | ﬁ
- lJl % !
T1200 T1200 T600
= R PR Ly ROREY [Raeeey RO =ri= = —pF- tr"":E
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Complete engineering
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LN2 release from broken connections of storage tank

S

(Q:ZKg/s) - Isotherm 0°C after 2 min

11/6/2003
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A. Scaramelli
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Atmospheric neutrino events

50 cm
<
4 '
Mass is not the only issue! I
In 1 year of T600 running ICARUS will collect about 100 7 -
events of this quality (in presence of oscillations) - X,
e 3 2 '
(@)
L0 ¥
(o)
!
2 ktomx<year i
Solar minimmm Solar maximum
Noope,  Amg, = 2,5 2 1077 eVs Moose,  Amgy = 2.0 = 1077 eV e-
Muon-like 266 + 16 182+ 13 240+ 16 171+ 13 p
(At p L E S 7148 3+6 il
Prupion < 400 MeV 111+ 11 B0+ 8 g% =+ 10 63 £ 8
j+p 322 20 £ 4 28L5 18 + 4
Electron-like 150 £ 12 150 + 12 | 136 + 12 138 + 12
e+ 3516 ;L6 40 L6 A0 L6
Piepon < 400 MeV 7449 iR 66+ 8 66+ 8
€+ p W+ 20 + 4 18+ 1 18+ 1
NC-like 192 + 14 102 £ 14 175 = 13 175 £ 13
TOTAL GOR £ 25 524 + 23 562 + 24 484 + 22




K'[AB] — u'[BC]— e’[CD] Proton decay

65 cm

— |

53 cm

‘ H‘“ﬁnﬁhfihh““-l ‘J‘
Test of GUT 02425 MV Py
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Supernova and solar neutrinos
@ Four distinct signatures (see JCAP 0310:009,2003)

(-) (-) (-)

vx+e — yx+e Vxt

PAr—“Ar" + v«

v, +PAr—=K" +e” v +“Ar—"Cl +e’

(-)

Scenario 1

Reaction Mo Oseillation (n.h.) Oscillation (ih.)
oscillation Large &4 Small #;4 Large #;4 Small 844
Elastic
T 20 20 20 20 20
S by H sl sl sl
(W + )™ T T T 7 7
(B, + ) e G G G G G
total e 41 4] 41 41 41
Absorption
i i, WAr 188 062 730 730 730
7, WAr 15 33 33 75 33
NC v AT 492 492 492 492 492
P WAy 419 419 419 419 419
Total 1155 1947 1715 1757 1715
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Type I SN

D=10 kpc (galactic)
Eg=3x10 erg

Rate: =1 every 30 years!
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ICARUS and CERN-LBL program

® ICARUS as a LBL neutrino oscillations experiment between CERN and LNGS
using SPS was discussed in the 1993 proposal already

w |[CARUS-II. A Second Generation Proton Decay Experiment And Neutrino
Observatory At The Gran Sasso Laboratory Proposal, VOL | (1993) & I
(1994), LNGS-94/909.

® The final proposal for T3000 has been written and submitted to

w [NFN directorate and Comm. Il in November 2001
w | NGS SC iIn  November 2001
w CERN SPSC In  March 2002 (SPSC-P-323)

® It was recommended/approved by:
w [talian “Direttivo INFN” (December 2001),

w | NGS SC (for the atmospheric, solar neutrino and proton decay physics
program, March 2002),

w [talian “Commissione Scientifica II” (for the whole scientific physics
program, June 2002),

w CERN SPS Committee (for the CNGS neutrino beam physics program,
September 2002).

w CERN RB approval: CNGS-2 (March 2003)

André Rubbia, CERN AB seminar, November, 2003 38



Main reactions at the CNGS

Expected v, and v_ contamination (in absence of oscillations) is of the order of
10+ and 10 relative to the main v, component

(eVV 18%
—> . Hwv 18%
Vu Ve » Tty 50%
Charged current (CC) h-h*h-nh%y  14%
—_ -
VH Ve ve+Ar—>e+J et (cc)
'\/u% '\/S VX+Are VX+J et I\(I;zlté’gral current
Control sample vu+Ar—>|J,+jet (cc)
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280 cm

CNGS v_ interaction, E =18.7 GeV
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Vertex: 17%,2p,3n,2 v,1e

CNGS v, interaction, E =16.6 GeV
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CNGS beam profile measurement

v, energy beam profile for a T600 + T1200 detector configuration

E _I TTT I TTTT I TTTT | TTTT I TTTT I TTTT | TTTT | TTTT I TTTT I TTT I_
% 140 |- 1
S ] 7 v (CC si ol E
S 5? v, CCsimulated E, ;1
g 120 -~ 4;,‘ "V CC measured Eﬂ_‘ —
LE ?/ L _
oo L ‘ One year
[ % data taking
w L 1800 events
I % )
60 I i
ol . i
20 B i / —_
E, W ///// |ty

50
E, {Ge‘.’}

After one year, precise measurement of
The CNGS beam profile

André Rubbia, CERN AB seminar, November, 2003

0.06

Resolution in Ev.y measurements

#t

Average neutrino energy resolution

around 7%
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CNGS Optimization for v, Appearance
- — cin2 . 2( 2L
P(v, = v;) = sin” 26sin"{1.27 Am E> P r I =7

O'T/O'u CC increases with energy

(kin. suppr. due to T mass)

0.6 - . e

0.4 ¢ H =
4 Mﬂﬁ,ﬂ
0 A T R T il
0 25 S0 75 10

Neutrino energy (GeV)

T proV

,"f..

0 25 50 7D 100
Neutrine energy (GaV)

rate (GeV kt year)!

Vz
00)

I

Posc * O, (arb. units)

22

100

Neutrine energy (GeV)

400 GeV protons

[HN
®»

=
N

/ Ideal V_rate
Can be matched
by a focusing system

with two magnetic lenses
(Horn + Reflector)

E,~ 7+24GeV

E. ~ 20 + 50 GeV

20 40 60 80 100

E (GeV)

42



Total rates with T3000 @ CNGS

® Detector configuration
w T3000
w Active LAr: 2.35 ktons

® 5 years of CNGS running
w Shared mode

- 4.5 x 101° p.o.t./year
(conservative?)

e 280 v, CC expected for

Am?,,=3 x 10-3 eV? and
maximal mixing

André Rubbia, CERN AB seminar, November, 2003

Process Expected Rates
v, CC 32600
v, CC 652
v, CC 262
v, CC 17
v NC 10600
v NC 243

v, CC, Am? (eV?)
1x 103 31
2 x 103 125
3x103 280
5x 103 750

43



v,—> v, appearance search summary

® 13000 detector (2.35 kton active, 1.5 kton fiducial)
® Integrated pots “nominal”= 5x4.5x101° = 2.25 x102° pots
® Several decay channels are exploited (electron = golden channel)

Super-Kamiokande: 1.6 < Am? < 4.0 at 90% C.L.

Signal Signal Signal Signal
r decay mode Am? = Am? = Am? = Am? = BG
1.6x 1073 V2 | 25 x 1073 V2 | 3.0 ¢ 1072 ¢W?2 | 4.0 x 1073 oV2
T AT 9 13 23 0.7
T = p DIS 0.6 1.5 2.2 3.9 < )1
T »p QE 0.6 1.4 2.0 3.6 ik
Total 4.9 11.9 17.2 30.5 0.7

@ Straight-forward kinematical analyses ala NOMAD experiment @

CERN, however with typically factor 100 less background rejection

required

® Backgrounds measured in situ (main background is v, CC)
® High sensitivity to signal, and oscillation parameters determination

André Rubbia, CERN AB seminar, November, 2003
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Kinematical criteria: the NOMAD experience
NOMAD

Wl } Structure of Ty candidate
g

® In NOMAD it was demonstrated that
kinematical criteria provide a powerful way
to separate tau signal from backgrounds

® It was also realized that kinematical closure Y-
depends on many subtle effects

w Nuclear effects at vertex
w Hadronization

w Detector ineffiencies
-

® NOMAD never managed to reproduce
exactly the kinematics of the events

w NOMAD had a good muon
measurement and relied on the “data
simulator” technique

EveninT 06 Geic

.. . —_— vy L M DERMCE
" - + + via ¥y CCMC
| ‘|’ +‘*+ * v, CCDATA
i N
| g s
FYR I N SO N T N U PRI T R TN T U N R .|.+l-r||-||+l =+.1'Hnln-n—--
' [¥] [ ne na i g i i) ] ]

André Rubbia, CERN AB seminar, INOvember, 2uU3 Missing 1ransverse momentum (Gevin B



Kinematical vs emulsion: NOMAD vs CHORUS

+ Ly — Ly . + 1, v /-
: T
= -‘:‘;_m‘— ] o
o0l l}llun -
S| {(Nomap
S INIA L I" :_ E
I = B
1 F [ e =
9% O U T CHOOZ E
CDHS F
" - > " _ > T i
sin” 2 sin~ 2
Final results with F&C published in Nucl. Phys. B 611 (2001) 3-39:
S = 250 x 107* 90%CL Spe—vy = 110 x 107= 90%CL
L, .. = 1.63x107" o0%CL Ly —v. = 0.74 %1072 90%CL

P(<L) = 37% P(< L) = 39

Rabertn Peti CHORUS limit; sin?20 < 7x10~* 90% C.L. (Phys.Lett.B497:8-22,2001) cran



Vu

— v, appearance: 0,; search

® 13000 detector (2.35 kton fiducial)

® Integrated pots “nominal”= 5x4.5x101° = 2.25 x102° pots
e Profits from unique e/n® separation in ICARUS

“Intrinsic”

/'
\

+ V=V,

v,+tAr—e+jet

v,tAr— VXHLEO + jet
N “e77

v,+tAr—e+jet

André Rubbia, CERN AB seminar, November, 2003

EXxcess...
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CNGS neutrino fluxes and rates

E i v flux ot GranSasso CERN SL-note 2000-063 EA
a i Energy region £, [GeV] 1-30 1- 100
o vy = pot] 36X 107 | TTE X 107
E (I {'_"[' events pot S KT 505 10°17 | 585 x 1017
= CE) s fhuence [G0V] 7.7
[ fraction of other neutrino events:
:“h i, __-"|-'lh .5

Ty 2.1°A

a1,

—
fi X i

e Small v, contamination
v, [v,=0.8%
U
e Error on knowledge relative to v,

Av, v, = (iS%ve)/vH
~+4x107°

André Rubbia, CERN AB seminar, November, 2003
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Pi zero candidate (preliminary)

I 441 *Reconstruction of y-showers
. }/ :- i \
{,\ -4 il 158 MeV T600

o 0 c-'":f* .il 6 = 1410

\_‘ R | > M., = 650 MeV

N P

1
o ‘ 752 MeV | ——— g = 250
‘:“":1 Wi 140 Mev M., =140 MeV
{

¥

Collection view

Run 975, Event 151

André Rubl

e ACDA L AD H AL ) ann
Id, CCRIN AD Steitidr, Nuvertioer, ZUuU

3

(error evalulation in progress)
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A fully simulated and digitized a° event

Collection

Induction 2

full simulation,diqgitization, and
noise inclusion

André Rubbia, CERN AB seminar, November, 2003 50



Rejection m, based on imaging

Imaging provides

André Rubbia, CERN AB seminar, November, 2003

® Based on full simulation, digitization,
noise and automatic reconstruction of Single photon rejection
events 5 200 T
® Algorithm: cut for 90% eff. electrons E..s:. s cut Preliminary
1. Events with vertex: conversion within
1lcm (3 wires) of vertex R;=19 L [ e
2. Single/double mip R,~30 .. | il
(preliminary) : I
120 — I
130 — I :n
ﬁ |
= B0 | I E
*-:"’-..s.:....,.,.;iﬂr o - 60 - !
= : R I:-'
a0 - | I.': :,-:
20 —J -'ull; IL"-'-.
1 7i° (MC) R R s ST S

<dE/dx> MeV/cm

~#2x10-3 efficiency for single =,

o1



Rejection m, based on imaging

e 1 surviving dE/dx separation cut (total 31 events out of 1000 1GeV 1)
w 21 events: Compton scattering
w 5 events: Asymmetric decays (partners have less than 4 MeV)
w2 events: positron annihilation immediately
w 1 event: positron make immediate Bremsstrahlung taking >90% of energy
@ T rejection improves with energy: 5% @ 0.25 GeV, 4% @ 0.5 GeV, 3% @ 1 GeV, 2% @ 2 GeV

Compton electron | -

e ™

¥
.
:

Full simulation+digitization+noise

® Further rejection by kinematical cuts (depends on actual beam energy profile)
w E.g. vn — vi°n : precise mass reconstruction

Finally: NC EVENT rejection: F(NC) <®1x10-3

André Rubbia, CERN AB seminar, November, 2003 52



Events/20kton x year[

Am?,,=3.5x10-3 eV?; sin%20,,= 1 ; sin?20,, = 0.05

Total visible energy

700
I ® [ CC+ oscillated -
600 e OgeCl
e Oscillated M1 [
- Oscillated [ 1.
500 .
- HCC + Oscillated [ )]
400 +++
300+ ++ ++
200~ +
i oo e e %
i TR RGN A KK ARl
: B s ot S o
Ly B 70700 %0 %0 %0 e 2o S e s s O s P sV ® (90 N Pe 0% 9% %!
I £2C0525 50K 08000 4 28K KRG K GGG ICIL A P
----- T et ato s el 08 9548
100 [COSKHKILERLEPCICARKIKICICKICARKICICIKAKICAKICICICICKARKKLY
5oL RHRLIIILIIILIKKS
[ XXOCERCICEAGREHCICRCHEIE KKK AKX CHK X
' R R SRR
""" JCOSRSREESEALEEIGEI KDL KRCI AL EICEIEISEIEEEEAEL
L KSR IR
SRR ILRHAPEICIK IR I
: e et sateton
o= ARSI
o0 50 100 150 200 2500

P(v, = v,) = cos’ 6,,5in° 20, A’
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Events/20kton x year[]

Transverse missing Py

700

600

500

400

300

200

100

Illllllll T I T T llllllllllllllllllllll

i
® [ JCC+ oscillated ],
U CCO
Oscillated [0 M}
Oscillated [ MY [,
— UJCC + Oscillated [ [

E[L K20 GeV and ELIRIL GeV]

20 2.50 30
Missing PLIGeV)O

P(v, = v,) =sin’ 20, 5in° 6,,A’s
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Predicting beam components ()

® CERN-NGS has no “near station”

w Beam components cannot be “measured” in absence of
oscillations (near/far comparison)

w Note however that near/far also relies heavily on MC calculations
since near/far spectra are different

e Neutrino beam components must be calculated
w Precise knowledge of all elements in beam line

w Precise monitoring of proton beam impinging on target (beam spot
position + tails)

w Precise alignment of elements and monitoring of geometry
(A.E.Ball et al., CERN-EP-2001-037/CERN-SL-2001-016 EA)

w Muon monitors
w Dedicated hadron-production experiment : NA56/SPY experiment
w A good MC program (FLUKA)
® Preliminary estimate (Guglielmi et al., INFN note):
= systematic error at CNGS: 3% onv.lv,

André Rubbia, CERN AB seminar, November, 2003
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Predicting beam components (I): in situ
® 10% of v, CC events have E >50 GeV

.E T , @ Precise measurement for p above 50 GeV and
s [ vV charge discrimination help in the prediction of
; -| H the v, component

- '! ® See PREDICTION OF NEUTRINO FLUXES

. IN THE NOMAD EXPERIMENT.By NOMAD
Collaboration (P. Astier et al.). CERN-EP-
2003-032, Jun 2003. 43pp. Submitted to NIMA
e-Print Archive: hep-ex/0306022

120 140
André Rubbia, CERN AB seminar, November, 2003 NEUIFRS Energy (GEV)



For Am?,3 =25 x 103 I

| (sin? 013)ones < 0.04 or By < 6

(sin® 265 )0z < 014 or fy < 11°

IZ."j‘lllﬂ Eﬂ]:gﬁ}_uj_u;s < (06 or ﬂ[,—; < 7

pots “nominal”=
5x4.5x101° =

2.25 x1020 pots

Limited by statistics
of CNGS!

André Rubbia, CERN AB seminar, November, 2003

Three neutrino mixing

}\\\\\\

. e ) -w;l '.;:h\"'l '...
o N
e

", 0
o =
R

v, => V,
MINOS, 10 kton—years
ICARUS, 2.35 kton, 5 years CNGS, \’,.+4.6

irs

JHF+SK, 22.5 kton, 5 years
-
107

1
sin® 20,5
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SPS-CNGS beam optimization for 6,4 (1): what?

We have investigated the possibility to improve the CNGS beam
performance for 6,, searches

We showed that by an appropriate optimization of the target and
focusing optics, we could increase the flux of low energy
neutrinos by about a factor 5 compared to the current optimization

This turns out to be the most sensitive setup for 6, searches of the
currently approved long-baseline experiments and is competitive with
the proposed JHF superbeam

PLEASE NOTE: this is not a proposal, it is a study by “physicists”
trying to optimize “physics” output. In particular, technical feasibility,
cost, cost vs physics optimization have NOT been addressed.

More details In:

w A [ ow-energy Optimization Of The CERN-NGS Neutrino Beam For A
Theta(13) Driven Neutrino Oscillation Search,
JHEP 0209:004,2002

André Rubbia, CERN AB seminar, November, 2003
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SPS-CNGS beam optimization for 6,5 (I1): Motivations

e The confirmation that v ,—v_ oscillations will be an important milestone

= However, the main focus of neutrino ghysics IS shifting towards the
subleading v,—v, oscillations driven by the so-called 8,; angle
® The measurement of a non-vanishing 6,; would

= Be a discovery, proving that the mixing matrix is 3x3 and opening the door
to search for CP-violation searches in the leptonic sector !

(note that CP-violation effects will only be visible for relatively large 0,5)
® The advantage of a “general purpose” detector like ICARUS
w Can fully exploit a low energy beam !
w Profits from unique e/n° separation in ICARUS

Am?(eV ?)
L 1 x 107 2 x 107 3 % 107 4% 107
(km) || Eviae | Evin || Emar | Emin || Emaz | Emin | Enae | Emin
MeV | MeV || MeV | MeV || MeV | MeV || MeV | MeV
730 590 295 1180 590 1771 885 2361 | 1180

Maximize flux between 0 and 2.5 GeV !

André Rubbia, CERN AB seminar, November, 2003




Maximum & minimum of oscillation
L=730 km

=l A AM° =2.6x107°eV?
< o8
S
E 0.6
0.4
0.2

59
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Low energy CNGS optimization

The current CNGS optimization for T appearance is not optimal for
the search for subleading v, ,—v, oscillation. Try to optimize

Maximize flux between 0 and 2.5 GeV

10 p.o.t. < B, = CC

F., [focus|decay tunnel| @, flux v, Hux o, li'[:‘l v, CC v, i i, 1y, 2,
eV length (m) 1 fem? ev / lcton (e CC

400 | pf 350 1.3-10 2 |2.6-10 |19, 0.12 [1.8] 1.8 |13%
400 [ horn 350 6.107 0.0-10°"% 4.5 |4.2 - 10-2]1.8 1.4 0.9%
A0 [:1 CNGS 1.6 -10~ 143 2. 1015 1.8 |||2.2 - 102|2.1 1.7 1.2%

100 | 77 CNGS 1-107" [94-107'7 1 0.9 |I8.7-10-*]|1.8 1.8 0.9%%
Table 3: Neutrino beam parameters for the CNGS baseline, with E,. < 2.5 GeV. The

T cases correspond to the present CNGS design for target., acceptance and focusing

sy sten.

Factor of 5 improvement at low energy

60
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André Rubbia,

Low energy CNGS target and optics

Target

Material

Total target length
Numbwer of rods
Rl sparcing
Dianeter of rods

Huorn

Distance beginning of target-horm entrance
Length

Chiter condnetor radins

lnner conductor max. radins

lnper conductor min. radius

Chirrenl

Reflector

Distance besinning of targei-retector entrance
Lengtl

Chiter eomductor racdins

lnner conduetor max. radins

lnner comdyetor min. radins

L urrent

Decay tunnel
Distanee bheginning of target-tunne] entranee
Length

Ralinis

CNGS 7

Carlion
21
[
first 8 with O em dist.
first 2 5 mim, then 4 mm

320 rm
65 m
Hid em
6,71 em
L2 v

[ Ak A

B4 m
G405 m
.8 e
28 cm
T
180k A

1K) m
e m
122 rin

CNGS L.E.

Carlwon
1 m
1

Tehe

dmim

25
4 m
# em
L1.06G ¢
(.2 ¢m
00k A

6.25 m
4 1m
Wl em
2.0 om
fin
| Wk A

atl
Aall m

3500 e T

lable 2: Parameter list for the present CNGS design and the "new” beam for low
energy ¢, For the parameters Hageed with o 7, a full optimization has not been
performed and possible improvements have not been stodied ver

New compact
target

New focusing

Decay tunnel
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Focusing horn (1963)

CERN-CDS
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Reflector (1966)

CERN-CDS
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v/cm?/GeV/p.o.t

Predicted neutrino fluxes

400 GeV proton beam
? .;' x 16"
: v, flux {- 0.45 v, flux
[ >
Iy full. CNGSL.E. | & osf full CNGSL.E.
N dashed CNGS T E oss | dashed CNGS 7
2 o
0.25
0.2
0.15
0.1
0.05 | 1 eeeeeeeeeeendTimmmms S
0 10 20 30 40 50 60 70 80 90 100 o0 -0.2-5 0‘5 075 126 15 1,75 2 225 25
E. (GeV) E, (GeV)
e Full FLUKA simulation Maximum oscillation
® Factor 5 improvement at low energy For Am2=3x10-3 eV2

64
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Table 4: Events from the CNGS L.E. beam, assuming Am3, = 3% 107%V=, 8y = 45°,

Expected number of events

By |[sin®28,4 . ©0 by — 1,
(dlearees) E. <4 GeV|E, < 50 GeV|E, <4 GeV|E, < 50 GeV
a 085 15 +4 [ (s o
o LOT6 iy 1 13 15,

T (a4 0 it 10 13
5 IR h 44 5 T

3 0.011 3 + 1.8 2.5
2 0.005 3 44 (.8 |.1
1 (L0001 3 4+ 0.2 (.3

CNGS
L.E.

o vears of operation and 2.35 kton liducial mass,

Table 5: Events from the CNGS 7 beam, assuming Am2, =3 x 107%eV=, fy3 = 45°. 5

s sin-20, 4 O T
{desrees) E., < 4 GeV|E, < 50 GeV|E, < 4 GeV|E, < 50 GeV
t 0.0495 1.5 150 | 42
5 0,076 1.2 150 3.1 5B
i 0.059 1.5 150 2.4 26
o 0.030 1.5 150 1.2 14
3 0.011 1.5 150 0.4 5
2 0.005 1:5 150 0.2 2.2
l AR 1.5 150 1 0.5

CNGS

yvears of operation and 2.35 kton fducial mass,

ANdré RUce.w, <uaie .

N Uvrrnnivagy

TNvvLinivury evuw
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For Am?,3 =25 x 103 I

(sin® 26;3) < 0.02,

CNGS,L.E.
or 013 < 49

pots “nominal”=
5x4.5x101° =

2.25 x102%0 pots

(Still) Limited by
statistics of CNGS
but optimized

André Rubbia, CERN AB seminar, November, 2003

107
CHOOQZ
EXCLUDED
"‘:ﬁfp._ 90% C.L.
%,
107 .
~— SUPERK (-
O ALLOWED NN
e0%CL
107
Vy —* ¥,
MINOS, 10 kton—vyears
ICARUS, 2.35 kton, 5 years CNGS, v’ +4.6
JHF+SK, 22.5 kton, 5 years
1

=4
107 107 107" o,
sin” 20,



Overall fit of oscillation parameters

Maltoni et al., hep-ph/0309130 20 T i
parameter best fit 2a da : o
AmZ, [10-5eV?] 6.9 6.0-8.4 5.4-9.5 15 7]
2 | _ 2
Amj, [10-%eV?] 2.6 1.8-3.3 1.4-3.7 ; :
sin? f;2 0.30 0.25-0.36 | 0.23-0.39 N%-ﬂ 0 -
sin® foy 0.52 0.36-0.67 | 0.31-0.72 i )
sin” fya 0.006 < 0.035 < (0.054 5L _'
Warning: N2 in 2 E g
g SIN 26 =~ 4S|n H (013 <<1)
13 13 0 .3 oy, «]
10 10 10
. 2
sin 0.,
Assumptions:

*Only 3-mixing neutrinos

elgnore LSND result - 2
«Atmospheric oscillation is tau appearance ‘ (Sln 2613)best ~ 0025

«Combine solar, atmospheric, reactors
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Sensitivity of CNGS L.E. optimization

- Three neutrino mixing

Increasing the proton intensity of PS and j
SPS, (R. Cappi et al., CERN-PS-2001-

041-AE)
l 1 G_z.

pots “upgrade”=
1.5X7%x4.5x101° =
4.7 x102° pots

JHF
107

ICARUS, 2.35 kton, 7 yeors CNGS1.5 .
ICARUS, 2.35 kton, 5 vears CNGS
) JHF 45k, 22.5 kton, 5 years
107 -

107

For Am?2 = 2.5x10-3 eV?;

107
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Proton beam optimization for 0,

® Upgraded proton driver intensity ??7? YES!

= |n case of evidence for non vanishing 0,, at CNGS, a more intense
“superbeam” will be required to gain more statistics to understand better
the phenomenon

w |n case of negative result, more sensitivity will be required...
® New types of neutrino beams have been proposed
w Neutrino factories (mu ring) require high intensity proton source (+ €'s)
w 3-peams (“Zuc-beams”)
= “Conventional low energy” using high intensity SPL @ E,=2.2 GeV
w All are very good match to large underground ICARUS-like detectors
® \We ask a question concerning conventional pion beams:

w Given the oscillation parameters and a given baseline, is there a best
proton energy from the point of view of proton “economics”™?

® More details in;

w “Proton Driver Optimization For New Generation Neutrino Superbeams To
Search For Subleading v, — v, Oscillations (Theta(13) Angle)”, New

J.Phys.4:88,2002
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Swiss-French border

View of the neutrino area (1967)

CERN-CDS

70



Baselines...
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...heutrinos do not care, provided they have the right energy

Am? (eV?)
1 %1079 2 %10 3% 1077 4x 107
L Emu.:' Em.r'.r:. E”HLE' Eifm'n -Elnm;i' Emm Errm.i' -E'-m..:'n
(km) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
100 81 40 162 81 243 121 323 162
150 121 61 243 121 364 182 485 243
200 162 81 323 162 485 243 647 323
300 243 121 485 243 128 364 970 485
400 323 162 047 323 970 485 1294 047
500 404 202 809 404 1213 606 1617 309
600 485 243 970 485 1455 728 1940 970
730 590 295 1180 590 1771 8835 2361 1180

André Rubbia, CERN AB seminar, November, 2003
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Proton driver optimization

target _focus Decay pipe

protons ] On-axi
- » On-axis
E, \ A

|

Pion energy

Neutrino energy
.

Pion ene\rgy |

A

Yield

Yield

L

If the neutrino detector Is far away:
* neutrino energy = 0.43 x pion energy

» Lorentz-boost gives a factor E, 2 on solid angle
For E;, we consider LE (2.2, 4.4 GeV), ME (20+50 GeV), HE (400 GeV)

(SPL) (“PS™) (SPS)
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Neutrino beam: scaling of pion production

- Estimated positive pion yields for different
Scaling: in order to compare incident proton energies (FLUKA)

spectra at different proton energies, | - s o4
we divide by the proton energy E, ci — s * i "é‘i
5 : 4.4
: '. p
All normalized spectra have s 20
similar shapes, with maximum £0
yield around p_ =~ 500 MeV/c i
Departure from “scaling” j 400
consist in difference at low =~
energy, and harder spectra at : b & iy
high E, N ‘LLH‘

" Momentum { GeV/c )
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Neutrino beam: scaling of neutrino production

Muon-neutrino charged

current interactions at
L=732 km for different =
incident proton energies

The superposition of the
curves at the lowest
energies (expect for 400
GeV) is impressive. o
The neutrino rate at low |
energy is simply

proportional to E !

The power factor:

Neutrino energy (GeV)
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Neutrino beam: scaling of oscillated events

We can now compute the number of v ,—v, oscillated neutrino events

‘|Ne « N pot xdeva(Ev)¢(Ev)P(EV’L’Amz’el?’)

One assumes for the moment “perfect focusing” with efficiency ¢=20%
and an acceptance of 1 rad

We compute the needed proton on target (N ) in order to have N,=5 in
a detector of 2.35 km for various proton energles and sin?26,, = 0.001

Similarly, we can also compute the number of v, charged current events
In the region of oscillation
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Results
proton energy

>
- 2.2 GeV 4.4 GeV 20 GeV 50 GeV 400 GeV
(km) N e N ot '“"':.:Ir].f'{" N ot N ce N por -'n"",lal_r'f' N pot N, cc N ot
a3 100 0.035 29 x 10*" 0.048 2.1 x 1070 0.20 5.1 x10% 03 34x 104 10 1.0x 10
S 150 0052 1.9 x 10240098 1.0 x 10** 045 2.2x10% 07 14x10% 23 4.4 x10%
T 200 0.046 22 x 10*' 0.122 8.2 x 10%30.65 1.5x 10% L1 9.5x10% 35 2.9 x 10%
vl 300 0023 4.3 x10°* 011289 x 10 090 1.1x10% 16 64x10% 54 1.9x10*
qw e’ ) o T - ; A0
O 400 0013 7.7 x 10 0081 1.2x 10* 097 1.0x 102318 56x10*2 64 1.6x 10%
500 0.008 1.2 % 10%% 0055 1.8 x 10 096 1.0 x 102319 53x10* 71 1.4 x 10%
600 0.006 1.8 x 10%° 0038 2.7 < 104 091 1.1x10* 19 52x10%275 1.3 x 1022
v 730 0.003 29 x 10" 0.025 4.0x 10* 083 1.2x10*% 19 5.2x10%*%78 1.3 x 10%?

For each baseline there is an optimal proton energy Epoptima', which minimizes the required

integrated proton on targets

Conversely, for each proton energy there is an optimal baseline L
integrated neutrino oscillation probability in the neutrino energy region which corresponds

to the largest weighted pion yield at that proton energy

opt which maximizes the

These results hold also in “real” focusing (see New J.Phys.4:88,2002)
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2.2 GeV SPL

Example |
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Example Ill: a new high intensity 20 GeV PS

E.=20 GeV, real focusing

v CC /kton/10™ p.o.t /GeV

For Am?2 = 2.5x1073 eV?;

bty (eV)

.9 .
I[Hll"l Zﬁlg}pﬁ'_'__'_jw 1021 pat fyear < (.016

a2y
{blll ZELS}PS-I—-I—,EHIII']EE pot /year 0.005
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2x10% pots/yr @ 20 GeV
L=732 km and 2.35 kton

Three neutrino mixing

107 ,
CERN PS++ 20 GeV
L=730 km
A) 2 107 pots/yr
e B) 2 10" pots/yr
Tt —
ICARUS, 2.35 kton, 5 yeors
| JHF4SK, 22.5 kton, 5 yeors
%0 10° 107 o
!H‘l: EE“



Conclusion

® The Liquid Argon TPC is a new kind of detector, effectively an electronic
bubble-chamber

w |[CARUS T3000 at Gran Sasso is an important milestone for this

technology and acts as a full-scale test-bed in a difficult underground
environment

w This technology has large potentials for future programs

® ICARUS T3000 acts as a sort of observatory for the study of
neutrinos and the instability of matter at the Gran Sasso
Underground Laboratory

w |[CARUS has a vast physics program in the domain of neutrinos and proton
decay searches which is highly complementary to collider physics (LHC).
w |t will take advantage of the CERN-NGS neutrino beam

= For v —v, searches, the maximum intensity will be required (8x10*?

pots/year would be welcome). It could be worth it. A low energy focusing
could optimize the sensitivity per p.o.t.

® Beyond CNGS, high intensity proton beams with x10-x100 the present
Intensities will be fundamental to stay at the forefront of accelerator neutrino
physics.
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