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Living in the Dark Side

Are there any other new detector ideas in there?



A. Bueno University of Granada
Terrestrial and Cosmic Neutrinos, leptogenesis and Cosmology

Benasque
2004, July 4 -- July 23

E   X     E     L   O    U    N     X

A   C     W    T   L     I     D     P

U    I             E   U    D    E     E

T    T            R   T           R     R

I      I            N    I     A    G     I

F    N           A    O    R    R    M

U    G           T    N    G    O    E 

L                   I           O    U    N

V           N    N    T

&                  E                 D    S

BENASQUEBENASQUE
L

I



Liquid Argon Detector : Why?Liquid Argon Detector : Why?
Easy to obtain with very high purity by specialized Easy to obtain with very high purity by specialized 
industriesindustries
–– Concentration on atmosphere ~ 0.9%Concentration on atmosphere ~ 0.9%
–– Cheap: 1 liter cost below 1 Cheap: 1 liter cost below 1 €€

Homogeneous medium simultaneously acting as target Homogeneous medium simultaneously acting as target 
and detectorand detector
Interesting physical properties for a tracking device: Interesting physical properties for a tracking device: 
–– Boiling point = 87.3 K at 1 bar; not flammableBoiling point = 87.3 K at 1 bar; not flammable
–– Density = 1.4 g/cmDensity = 1.4 g/cm33

–– Radiation length = 14 cm; interaction length = 80 cmRadiation length = 14 cm; interaction length = 80 cm
–– Electron mobility = 500 cmElectron mobility = 500 cm22/Vs/Vs
–– dE/dxdE/dx = 2.1 MeV/cm= 2.1 MeV/cm

Propagation of charged particles inducePropagation of charged particles induce……
–– Ionization Ionization 

Minimum ionizing track: 88000 electron-ion pairs per cm
After recombination @ 500 V/cm: 55000 pairs/cm

–– Scintillation Scintillation 
UV Spectrum UV Spectrum λλ=128 nm=128 nm

–– ČČerenkoverenkov light  (given that light  (given that ββ > 1/n)> 1/n)

A. Bueno (Granada University)
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Summary of Summary of LArLAr TPC StudiesTPC Studies

Discussion on possible LAr TPCs follow-ups
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The The LArLAr TPC Working PrincipleTPC Working Principle

Continuously Continuously 
sensitive sensitive 
SelfSelf--triggering triggering 
t0 provided by t0 provided by 
scintillation lightscintillation light
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The ICARUS CollaborationThe ICARUS Collaboration
Research project jointly approved by INFN and Research project jointly approved by INFN and 
CERN CERN 

CERN/SPSC 2002CERN/SPSC 2002--027 (SPSC027 (SPSC--PP--323) LNGS323) LNGS--EXP 13/89 EXP 13/89 

–– CNGS Physics Program: ICARUS is an official CERN CNGS Physics Program: ICARUS is an official CERN 
experiment known as CNGS2 (April 2003)experiment known as CNGS2 (April 2003)

ICARUS COLLABORATION
25 INSTITUTIONS, 150 PHYSICISTS

CIEMAT
Granada

UCLA

ETHZ

INR

IHEP

Katowice Krakow
Warsaw, Wroclaw

L’Aquila, LNGS, 
Milano, Napoli, 
Padova, Pavia, 

Pisa, Torino
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The path to massive liquid argon detectorsThe path to massive liquid argon detectors

T600 detector

20 m

2001: First T600 
module

Lab activities:

Cooperation with specialized industries:

Originally proposed by C. Rubbia (CERN-
EP/77-08)



A. Bueno (Granada University)

The T600 DetectorThe T600 Detector

Cryostat (semi-module)

20 m

4 m

4 m

Internal view

ICARUS T300ICARUS T300

Readout electronics
≈ 54000 channels

300 Tons of LAr
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ElectronicElectronic BubbleBubble ChamberChamber
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ElectronicElectronic BubbleBubble ChamberChamber

After many years of R&D at lab scaleAfter many years of R&D at lab scale……

The road for construction of The road for construction of very massivevery massive
detectors at industrial level is now open!detectors at industrial level is now open!

cathode

Anode: 3 wire planes (at ±60o and 0o)

EE

µµ
Argon
(87K)

EE

ee−−

33--dimensional imagesdimensional images

LAr acts as target and detector Real EventsReal Real EventsEvents

µµ→→ee

EM EM ShowerShower

HadronicHadronic InteractionInteraction

Energy
measured in 
each point:

bubble size ≈
3 x 3 x 0.2 mm3

ee−−

ee−−

ee−−

ee−−

ee−−

ee−−

ee−−

T600
detector



A. Bueno (Granada University)

T600 Detector: Cosmic Ray DataT600 Detector: Cosmic Ray Data
More than 27000 triggers collected during More than 27000 triggers collected during 
technical run on surface (summer 2001)technical run on surface (summer 2001)
–– Detector performed according to expectationsDetector performed according to expectations
–– Testing 3D reconstruction, particle ID capabilities, Testing 3D reconstruction, particle ID capabilities, ……
Publications so farPublications so far……

Design, construction and tests of the ICARUS T600 Design, construction and tests of the ICARUS T600 
detector, detector, accepted for publication by NIM A on 31/12/03accepted for publication by NIM A on 31/12/03..
Measurement of the muon decay spectrum with the ICARUS Measurement of the muon decay spectrum with the ICARUS 
T600 liquid Argon TPC, T600 liquid Argon TPC, EurEur. Phys. Journal C33 (2004) 233. Phys. Journal C33 (2004) 233--
241.241.
Study of electron recombination in liquid Argon with the Study of electron recombination in liquid Argon with the 
ICARUS TPC, ICARUS TPC, NuclNucl. Inst. . Inst. MethMeth. A523 (2004) 275. A523 (2004) 275--283283..
Analysis of Liquid Argon Purity in the ICARUS T600 TPCAnalysis of Liquid Argon Purity in the ICARUS T600 TPC,   ,   
Nucl. Inst. Meth. A516 (2004) 68Nucl. Inst. Meth. A516 (2004) 68--7979. . 
Observation of long ionizing tracks with the ICARUS T600 Observation of long ionizing tracks with the ICARUS T600 
first halffirst half--module,module, Nucl. Inst. Meth. A508 (2003) 287Nucl. Inst. Meth. A508 (2003) 287--294294. . 
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Liquid Argon PurityLiquid Argon Purity

Long drift distances demand ultra Long drift distances demand ultra 
pure Argonpure Argon
– Impurities: 0.1 ppb Oxygen-

equivalent

Two independent and 
complementary methods to 
measure the LAr purity:

– Purity Monitors : on-line
information on a fixed position of 
the chamber (punctual
measurement).

– Muon tracks: off-line analysis 
measuring the collected charge 
attenuation from crossing muon 
tracks (average measurement).

For future modules, the present 
technology would allow to expand 
drift distances up to 3m
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Michel Electron SpectrumMichel Electron Spectrum

Study of stopping muon Study of stopping muon 
sample sample 
–– 3000 events analyzed and 3000 events analyzed and 

fully reconstructed in 3Dfully reconstructed in 3D
ρρ parameter parameter 

measurementmeasurement

Standard Model Standard Model ρρ = 0.75 = 0.75 

Energy resolution for Energy resolution for 
electrons below ~50 MeVelectrons below ~50 MeV

)(08.0)(06.072.0 sysstat ±±=ρ

%2%11)(
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EE
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Momentum measurement: Multiple ScatteringMomentum measurement: Multiple Scattering
Essential to measure kinematics Essential to measure kinematics 
properties of nonproperties of non--contained eventscontained events
–– Interest focused on atmospheric eventsInterest focused on atmospheric events

Full simulation of muon events for a broad Full simulation of muon events for a broad 
momentum range momentum range 
–– Include all detector effectsInclude all detector effects

Split track into segments. Measured Split track into segments. Measured 
angles have two contributions:angles have two contributions:

Momentum extracted from fit over a Momentum extracted from fit over a 
sample of different segment lengthssample of different segment lengths
Resolutions Resolutions ≈≈2020--25%25%
Future analysisFuture analysis……
–– Resolution improvement with alternative Resolution improvement with alternative 

methods (e.g. methods (e.g. KalmanKalman Filter)?Filter)?
–– Validate conclusions with real data: large Validate conclusions with real data: large 

sample of stopping muonssample of stopping muons
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ParticleParticle IdentificationIdentification
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Particle IdentificationParticle Identification
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Full generation and 3D Full generation and 3D 
reconstruction of muons, reconstruction of muons, pionspions, , 
protons and protons and kaonskaons
Analysis based on neural Analysis based on neural 
network. Discrimination given by: network. Discrimination given by: 
–– Different stopping power for each Different stopping power for each 

particle type particle type 
–– Difference on secondary particle Difference on secondary particle 

production after decay/interaction production after decay/interaction 
of parent trackof parent track

–– Key issuesKey issues: : 
Accurate energy measurementAccurate energy measurement
Good spatial resolution for Good spatial resolution for 
precise tracking reconstructionprecise tracking reconstruction

Very high identification Very high identification 
efficiencies efficiencies (>90%)(>90%) while low while low 
contamination levels contamination levels (few %)(few %) are are 
expected expected 

Preliminary
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T600 at LNGST600 at LNGS

Following LNGS DirectorFollowing LNGS Director’’s mandate, a s mandate, a 
working group of experts was set up to working group of experts was set up to 
review: review: 
–– ICARUS T600 (cryogenics, safety, installation, ICARUS T600 (cryogenics, safety, installation, 

commissioning, operation)commissioning, operation)
–– Risk Analysis: simulation of possible major Risk Analysis: simulation of possible major 

failuresfailures
–– Technical infrastructure and human resources Technical infrastructure and human resources 

at LNGS to cope with ICARUS needsat LNGS to cope with ICARUS needs
–– First approach to the T3000 projectFirst approach to the T3000 project
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Working Group Conclusions (Nov 2003)Working Group Conclusions (Nov 2003)

The ICARUS project is sound and innovativeThe ICARUS project is sound and innovative
Recommended improvements concerning the Recommended improvements concerning the 
cryogenic system will be implemented by our cryogenic system will be implemented by our 
collaboration collaboration 
–– Overall risk linked to LNGS activities is not increased Overall risk linked to LNGS activities is not increased 

when T600 becomes operationalwhen T600 becomes operational
A significant amount of work should be carried out A significant amount of work should be carried out 
at LNGS to upgrade Hall B infrastructure and at LNGS to upgrade Hall B infrastructure and 
technical utilitiestechnical utilities
T600 can be installed right now underground in its T600 can be installed right now underground in its 
““drydry”” versionversion
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Future Future LArLAr TPC DetectorsTPC Detectors

Detector Drift 
Distance (m)

Mass 
(Ktons)

Magnetic 
Field

ICARUS
T600 

1.5    
(demonstration that 

distances up to 3 m are 
feasible)

0.6 NO

ICARUS
T3000

3 3 NO

100 tons 3 0.1 ??

LANNDD 4-8 50-100 Eventually, 
yes

GLACIER 20      
(operation in bi-

phase mode)

100 Eventually, 
yes

We’re 
here
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ICARUS T3000 + Muon SpectrometerICARUS T3000 + Muon Spectrometer
A SecondA Second--Generation Proton Decay Experiment and Neutrino Observatory at Generation Proton Decay Experiment and Neutrino Observatory at 

Gran Sasso LaboratoryGran Sasso Laboratory

T600

T1200

T1200

Muon Spectrometer

LNGS-EXP 13/89 Add. 3/03

CERN/SPSC 2003-030

SPSC-P-323-Add. 1

Construction strategy:Construction strategy:
““CloningCloning”” the successfully the successfully 
operated T600 module operated T600 module 
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A Rich Physics ProgrammeA Rich Physics Programme

Atmospheric, Solar Atmospheric, Solar 
and Supernova and Supernova 
neutrinos neutrinos 
Long Baseline Long Baseline 
Neutrino Experiment: Neutrino Experiment: 
CNGSCNGS
–– Explicit search for Explicit search for 

ννµµ→→ννττ and and ννµµ→→ννee

BackgroundBackground--free free 
proton decay proton decay 
searches searches 

u
u
d

e+

d
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p
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Physics  Prospects
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CNGS: CNGS: ννµµ→→ννττ OscillationsOscillations

Main reaction Main reaction 

–– Search based on Search based on kinematical criteriakinematical criteria
–– Natural Natural ννττ contamination below 10contamination below 10--77 w.r.t. w.r.t. ννµµ

componentcomponent
–– Several decay modes investigated (electron decay is Several decay modes investigated (electron decay is 

the the ““goldengolden”” channel)channel)

–– 5 years of CNGS operation 5 years of CNGS operation (4.5 x 10(4.5 x 101919 p.o.t.)p.o.t.)
–– T3000 detector T3000 detector (2.35 kton active LAr, 1.5 kton (2.35 kton active LAr, 1.5 kton 

fiducial)fiducial)

Super-Kamiokande: 1.5 < ∆m2 < 3.4 at 90% C.L.

eνν
µνν

h−nh0ν

h−h+h−nh0ν

⎧ 

⎨ 
⎪ 

⎩ 
⎪ 
⎪ 

18%
18%
50%
14%

τ→ντ+Ar→τ+jet;
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Main reactionMain reaction

Natural Natural ννee contamination contamination 
1%1%
Limited by CNGS Limited by CNGS 
statistics statistics 

Three Neutrino Mixing
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ElectronElectron--ππ00 RejectionRejection

Combining imaging (identify pions converting 1cm away 
from primary vertex) + dE/dx method we expect to have 
a π0 contamination of 0.2%
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DeterminationDetermination ofof thethe oscillatonoscillaton parametersparameters

ParameterParameter
CurrentCurrent

measurementmeasurement
(90 % (90 % C.LC.L.).)

ExpectedExpected
measurementmeasurement
withwith ICARUSICARUS

∆∆mm22
2323 ((eVeV22)) 1.51.5< < ∆∆mm22

2323 <3.4 <3.4 ××1010−−33 2.52.5±±0.4 0.4 ××1010−−33

sinsin2222θθ2323 >0.92>0.92 0.9 0.9 ±±0.10.1

sinsin2222θθ1313 <0.14 <0.14 0.09 0.09 ±±0.040.04
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Nucleon decay sensitivityNucleon decay sensitivity

Sensitivity grows 
essentially linearly

with exposure for all 
considered channels.

1034

1035

Background free !!

Nuclear effects in signal: fully 
embedded in FLUKA nuclear model

10 kton x yr

τp (p → K+ ν ) >  5.7 × 10 32 yrs
τp (p → e+ π0 ) > 2.7 × 10 32 yrs

_

5 kTon × year
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Comparison with Super Comparison with Super KamiokandeKamiokande
SuperK results compiled by M.Goodman for NNN02, Jan 2002
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Solar neutrinos: Expected ratesSolar neutrinos: Expected rates

Solar neutrino events (1kton × year) Electron 
energy 

threshold
(MeV) 

Elastic Fermi Gamow-
Teller 

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 

 

 

Solar model: 
BP2000 ν flux 

used
8B 5.15 x 106/cm2/s
hep 9.3 x 103/cm2/s 

(BP98: 2.10)

Tthresh = 5 MeV

(No oscillation 
hypothesis)
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Solar neutrinos: expected backgroundSolar neutrinos: expected background

Neutron capture events per yearElectron
energy

threshold
(MeV)

Ecells > 0 KeV Ecells > 50 KeV Ecells >150 KeV

0.0 6553 6520 6121
1.0 5295 5295 5275
2.0 4430 4417 4273
3.0 2700 2674 1855
4.0 1107 1075 865
5.0 131 118 72
5.5 20 20 20
6.0 13 13 13
6.5 7 7 7
7.0 7 7 6
7.5 5 5 3
8.0 1 1 1

T600
module

Tthresh = 5 MeV

Full simulation of 
neutron capture 

events on natural 
Ar

Full simulation of 
neutron capture 

events on natural 
Ar
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Supernova: Expected ratesSupernova: Expected rates

Antineutrino electron absorption not yet included!

Assume Fermi-Dirac energy spectra and no oscillations

Eν e
= 11MeV, Eν e = 16MeV, Eνµ ,τ

= 25MeV, Eν µ ,τ
= 25MeV  
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100 ton detector100 ton detector
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100 ton 100 ton LArLAr TPC at T2K ?TPC at T2K ?
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LANNDD LANNDD 

5050--100 100 ktonkton detector detector 
Magnetized Liquid Magnetized Liquid 
Argon TPCArgon TPC
44--8 meters drift 8 meters drift 
distancesdistances

D. Cline,               
F. Sergiampietri
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LANNDD LANNDD 
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The ultimate The ultimate LArLAr TPC Detector?TPC Detector?
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Industrial SolutionsIndustrial Solutions
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Detector LayoutDetector Layout
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Operation in BiOperation in Bi--Phase ModePhase Mode
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Tentative Parameter ListTentative Parameter List
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Physics with a 100 Physics with a 100 KtonKton LArLAr TPCTPC
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