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Solar neutrinos  
+ Kamland 
ne, anti-ne disappearance 

7.6x10-5 eV2 

Atmospheric neutrinos 
+ accelerators  
nm disappearance 

nt  appearance 

2.4x10-3 eV2 

q13,CP violation? 

Neutrinos: 
Fundamental role  in particle physics, astrophysics and cosmology 

Neutrinos mass  presently only evidence of  physics beyond the SM 
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Neutrinos: a window beyond the S.M.  G.U.T. 

 

Why are neutrino masses so small ? 
Why is the mixing matrix so different than the one of the quarks ? 

How is the hierarchy of the mass eigenstates ? 

Which is the mass of the lightest state 

Are neutrinos Majorana particles ? 

Are there sterile neutrinos … ? 

 

Is the q13 angle different from zero ? 

Is there CP violation in the neutrino sector ? 

What is this very strange 
puzzle suggesting us ? 

Fundamental questions related to a deeper description of physics and to the evolution of the universe  

An experimental program for a few decades : 
like for CP in quark sector  PMNS matrix to be measured  as CKM 
 
Present generation: T2K, NOVA,  DCHOOZ, Day-Bay, Reno measurement of q13  
Next generation   search for CP violation and mass hierarchy 
(+ experiments for double beta decay and aimed at measuring the neutrino mass) 



T2K off-axis beam (tuned for osc. max.) 

nm ne appearance 

First result on q13 (June 2011):  

6 events observed, 1.5 events bck.   2.5 s  

March 8th 2012: 

Daya Bay reactor anti-neutrinos 

ne  nm  (ne disappearance) 

  

9901 observed 

10530 expected 

In March 2012 we entered in a new era !!! 

2012: the turning point, nm ne oscillations and q13 
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Key measurements of neutrino mixing via  the study of  nmne oscillations: 

  q13 

  Matter effects and mass hierarchy 

  Search for CP violation 

Large q13  

next steps accessible with 

standard beams ! 
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Amplitude increasing  

linearly with L/E 

Leading term 

CP terms 

Matter effect 

L. Whitehead 

Matter effects and CP violation effects degeneracy 

Matter effects 

mimic CP 

violation  

 

 They have to 

be accurately 

measured and 

subtracted  in 

order to look for 

CP 
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The Water Cerenkov approach (extrapolation ~x25 of SK): 
 

 Carefully studied in LAGUNA-LBNO as a possible option (MEMPHYS) for what 

concerns the technical implementation, physics performance and costing and 

classed in second priority 

 

 Large water Cerenkov detector O(0.5 Mton), 140k 12’’ PMT 

 Low energy narrow beam (0.1-1 GeV)  just lepton reconstruction in QE events 

 Short baseline (100-300 km)  no mass hierarchy determination 

 New super-beam needed ~O(MW)  4MW SPL beam for Memphys 

 Counting only experiment on neutrinos-antineutrinos asymmetry 

 

 HyperKamiokande project in Japan 

0.56 Mton, 99k PMT 20’’, 750 kW beam from JPARC (295 km) 

 

 

 

74% (55%)  CP coverage (3s) if MH know (unknown) 

In 15 years at 750 kW 
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The Liquid Argon approach: 
 

 Main option in LAGUNA-LBNO: 

 Liquid argon TPC O(20kton)  

 High energy (>1 GeV) beam, all final states accessible 

 L/E pattern and second oscillation maximum 

 Long baseline (>1000 km)  mass hierarchy measurement (2300km for LBNO) 

 

 

 LBNE project in USA 

 

 First phase 2022 (~900 M$): 

700 kW beam from FNAL to Homestake,  

1300 km  limited matter effects 

10 kton LAr far detector on surface (no near detector) 

 

( marginal outcome of Phase I) 

 

 Sensitivity from only first oscillation max. 

 Needs very small syst. errors. 

 

Further stages: underground far detector  

35 kton, 2.3 MW beam (Project X) 
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The Liquid Argon Time Projection Chamber   (C. Rubbia 1977) 

   drift requiring < 0.1 ppb O2 equiv. impurities 

Non-destructive 

multiple readout 

with induction 

planes 

 Homogeneous massive target and ionization  
detector   electronic bubble chamber 
  
 3D event reconstruction with  ~1 mm resolution, surface readout 
 
 High resolution calorimetry (electromagnetic and hadronic 
showers) 
 
Primary ionization in LAr: 1 m.i.p ~ 20000 e- on 3 mm 
 
 Detection of UV scintillation light in Argon (5000 photons/mm 
@128 nm) to provide t = 0 signal of the event 

Drift Field: 0.5-1 kV/cm 

Drift time:   

1.5ms/3m  @1 kV/cm 

z = drift time 

Ideal detector for neutrino oscillations, 

supernovae neutrinos and proton decay  
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p0 coherent 

ne QE 

The LAr TPC as an electronic bubble chamber 

 
• Large mass, homogeneous detector, low thresholds, exclusive final states 

• Tracking + calorimetry (0.02 X0 sampling) 

• Electron identification, p0 rejection, particles identification with dE/dx 

 

 Neutrino physics (electron identification, reconstruction of event kinematics, identification 

of exclusive states, excellent E resolution from sub GeV to multi GeV) 

 Supernovae neutrinos 

 Proton decay search (large mass, particles id.) 
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Double phase readout: 
 

Compensate for long drift: extraction of electrons from the liquid and multiplication with avalanches 

in pure argon with detectors like LEM or 100 um bulk micromegas.   

Low gain (~20), coupling to cold electronics in integrated modules 

500 um holes 

100% 

extraction 

efficiency with  

E> 2.5 kV/cm 
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LAGUNA (http://www.laguna-science.eu/) 

 

Large Apparatus studying Grand Unification and 

Neutrino Astrophysics 

 

Laguna Design Study  2008-2011 

Feasibility study of a new deep underground 

research infrastructure 

 

100 members, 10 countries, FP7 funding 1.7Meur 

 

3 detector technologies (WC, LAr, LScint) 

 x 7 sites (Phyhasalmi, Sieroszowice, Boulby, Slanic, 

Frejus, Canfranc, Umbria) 

• Technical feasibility 

• Excavation studies: costs, time, shapes 

• Safety 

• Infrastructures  

• Detectors technologies, tanks 

Important contributions of our French 

groups (proponents of today’s proposal) 

since the beginning 
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LAGUNA-LBNO (Long Baseline Neutrino Oscillations) 

 

2011-2014  Choice and optimization w.r.t. neutrino 

oscillations 

 

300 members, 13 countries, (including Japan) FP7 funding 

4.9Meur 

 

From 3x7 possibilities  first priority given to: 

Pyhasalmi  

(most promising site for:  

rock quality, infrastructures, feasibility, full 

availability beyond 2018, depth 4000 

m.w.e. and baseline 2300 km) 

 

+ LAr TPC detector 

Best physics performance  

 

A new massive deep underground 

observatory for:  

LB neutrino osc. studies, proton decay,  

atmospheric and astrophysical neutrinos 

detection 
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Multi-Gev events, perform L/E analysis around the first and second maxima, wide 

band beam 0.5-10 GeV, better than 10% energy resolution 

  

  Far detector technology: LAr TPC + magnetized muon detector 
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Germany, Finland, France, Italy,  

Switzerland, Poland, Russia, UK  

 

Among which the French 

physicists proposing today LBNO-

Proto: 

 

 CEA/IRFU 

 APC 

 IPNL 

 LAPP 

 LPNHE 

June 2012: Expression of Interest for 

the LBNO experiment submitted to the 

SPSC and the European Strategy 

Group. 

 

http://cdsweb.cern.ch/record/1457543 

 

150 pages proposal 

http://cdsweb.cern.ch/record/1457543


 Start excavation 2016 

 Physics program 2023-… 
 Determination of neutrino mass hierarchy 

 Search for CP violation 

 Proton decay 

 Atmospheric and supernovae neutrinos 

20 Kton double phase LAr TPC 

 LNG tank technology 

Giant LAr TPC detectors: 

Long wires, long drift  Wires + cold electronics (U.S.) 

                                         double phase (extra gain) + cold electronics  

35 kton magnetized muon detector (MIND) 

+ near detector at CERN 
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Unambiguous mass  

hierarchy determination 

 

L/E shape +  nu/nubar 

 

unique worldwide  

sensitivity 

 

NH IH 

nu 

nubar 

Startup in 2023, MH determination by 2025: 

 

• 2 years, 700 kW 

• 2.25x1020 pot 

• 50% nu, 50% nubar 

With additional constraint on tau 

production rate 
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Staged search for CP violation 

 
First phase: 

LBNO 20kton  

e.g. (5+5 years nu/nubar) 

71% (44%) coverage at 90% (3s) 

 

Second phase: 

LBNO 70 kton, 2MW HP-PS 
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Measurement of L/E pattern independently for nu 

and nubar for the first and second maxima  

  vs a counting experiment 

LBNO: high energy LB beam  coverage of two osc. maxima, good energy resolution 

The importance of the 

second maximum: rather 

rich CP-dependent features 

are present at energies 

below the first maximum   

Flatter  ‘’rate dominated’’ region 

larger syst. effects related to 

 normalization 

A world of useful information and full test of the 3 neutrinos paradigm ! 

The importance of  energy resolution 10% vs 20% 

Rate only 

E>2.5 GeV 

20% 
Very fruitful discussions with the SPSC occurring 

during the last months, full physics paper in 

preparation 
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Possible neutrino beam from Protvino 
 

Upgraded beam  70 GeV, 450 kW 

4E20 pot/year,  10 years 

1160 km baseline 

Improvement due to double exposure 

equivalent to running the CERN beam 

at 30E20 pot (~25 years running) 

 

23E20 pot at CERN equivalent to C2P 

and P2P powers added together 
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x10 sensitivity increase, comparable to HK 
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The LBNO strategy: 
 

 A very long baseline (2300 km) to measure matter effects and determine the MH at 

>5s within two years, better than any other proposed experiment  immediate 

important physics outcome 

 20 kton deep underground double phase LAr detector with full astro-particle physics 

program 

  Conventional beam 700 kW from CERN SPS (no interference with LHC) 

 

 If the findings from stage I require  upgrade path for the detector (+50 kton) and 

proton intensity 700kW (SPS)  2MW HP-PS 

 Possibly a second beam (from Protvino) with medium baseline to reduce the 

systematic errors and shorten the time to discover CP 

 

 The Pyhasalmi site is extremely convenient  (baseline, infrastructures, depth, 

excavation aspects) 

 The LAGUNA LBNO collaboration is in the most advanced state for what concerns 

all technical implementation and site studies, costing and prototyping 

 

 We believe that LBNO is still the most competitive project in the world 

 

 The extended site investigation is progressing well (750 m drilled) 

 Discussions will continue with Finland in order to define its real contribution, after 

last year misunderstanding 

 

 

 

 

 



Conclusions (LBNO) 
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 Neutrinos are key particles for the understanding of the universe and fundamental laws of 

physics 

 

 The next generation of massive underground detectors will be a the forefront of particle 

physics and astro-particle physics with a very rich program going from the determination of 

the mass hierarchy, search for CP violation the study of supernovae neutrinos and the 

search for proton decay 

 

 The saga of neutrino oscillations started in 1968. Nature had been kind enough for the third 

time after solar neutrinos and atmospheric neutrinos to provide a large theta13 value, just 

below the CHOOZ limit. We just entered in the era of the hierarchy determination and CP 

violation searches in the neutrino sector.  This activity has now received an enormous boost 

 

 LBNO appears as the most competitive worldwide project to pursue this research line 

 

 Strategy group statement: "CERN should develop a neutrino programme to pave the way 

for a substantial European role in future long-baseline experiments. Europe should explore 

the possibility of major participation in leading neutrino projects in the US and Japan”. 

 

 Decision to open the discussion with LBNE to study a possible merging on equal foot of the 

two projects in a new global one LBNx (physics optimization, technical issues, liquid argon 

double phase technology) 

 

 Proposal to build at CERN a large scale prototype of the 20 kton far detector (LBNO-Proto) 
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Technical aspects being finalized in the LAGUNA/LBNO study as deliverables 





Configuration: 6  6  6 m3 active volume LAr TPC detector with double phase                             
+ charge amplification + 2-D collection readout PCB anode.                                      
Exposure to charged hadrons beam (1-20 GeV/c) 

Purpose: 
1) Test a full size proof prototype of the LBNO far detector (20 kton in 2023) 
• LNG tank construction technique 
• Purification system 
• Long drift 
• HV system 300-600 KV 
• Double-phase readout 
• Readout electronics 
 
2) Assess the TPC performance in reconstructing hadronic showers (the most demanding task in 
reconstructing neutrino interactions).  
• Measurements in hadronic and electromagnetic calorimetry and PID performance 
• Full-scale software development, simulation and reconstruction to be validated and improved 
 

 Fundamental step for the construction of the final LBNO detector 

• The most advanced prototyping program which has no equivalent in the world 

• Experience with this prototype module scalable to future LBNO detectors, putting the European 
groups in a very advanced and strong position for the participation to a world-wide joint program 
(prototype initiative supported also by the US and Japan groups)    

LBNO LAr prototype at CERN (LBNO-Proto)  



300k  
Readout channels 



North area extension, supported by CERN, 
Extension activities already started, completion middle 2014 ? 



Prototyping activity strongly supported by the European Strategy group, the SPSC and CERN 
 
North area facility: supported by CERN. Activity for the extension works of the EHN1 hall 
already started since the fall of 2012, involvements of technical services for civil engineering 
and cryogenics 

Time-scale: 
 
 Now:  submission of the LBNO-Proto proposal (addendum to LBNO LOI)  to the SPSC 
>130 pages detailed technical document (preliminary version distributed to the CS IN2P3)  
 
 Detector Construction: 2014-2015: 
• Middle of 2014: completion of extension and infrastructure in EHN1 (?) 
• Tank construction 9 months  after tank used as clean room for inner instrumentation 
• 2015: electronics production and instrumentation (all external mounting) 
 
 Start of Data Taking: Spring 2016.  Operation time:  ~2 years 
 
Costs and contributions: 
 
 Detector cost ~few MCHF 
 Strong participation from:  UK, France, Switzerland + others involved in LAGUNA-LBNO 
 
 



Technical issues related to detector operation and long drift lenght (6m) 







 Total LAr volume size 8.3 m 
 Active size 6 m 

7680 readout channels,  ICARUS T600 for a similar fiducial mass had 27000 channels 





Vertical cross-section 

Anode deck 

Top roof supporting  
the anode deck 

Concrete 

Insulation 

Penthouse for electric, electronic, cryogenic instrumentation 

8.3 m inner vessel 
External size 11.7 m 



















FINAL FIELD CAGE ASSEMBLY 

 1 m distance  
 field cage - walls 
 

 1 m distance 
  cathode-PMTs 



Charge readout anode deck 

6 m 

144 readout modules 0.5x0.5 m2 
Two anode coordinates, 3 mm pitch 

four readout modules assembled in a 
Charge Readout Plane (CRP) unit  



Cold FE hosted at the bottom of the 
chimney:  640 readout channels 
 
Power dissipation 11.5 w 
 
Practically as being in the gas, but: 
accessibility, possibility for cooling 
 
0.45 m distance from readout plane 
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Flanges CF 250 
feedtrhough 

0.95m 



IPNL: 6 versions of the analog ASIC at cold developed so far (~1 iteration/year) 
CMOS 0.35 um.  (current version V6: 2012, ~1400 e- enc @250 pF) 

2007 2008 2009 2010 

Amplifier  
+ test components 8 channels shaper + buffer, selectable  configuration 

8 channels shaper + buffer, xtalk optimization 

8 channels shaper + buffer 
Phase margin optimization 
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Large scale production costs ~0.3-0.4 eur/channel 
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Digital readout chain based on the 
evolution of the OPERA DAQ « smart 
sensors » in uTCA format 
 
V1 available in 2010 for 128 channels 
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IPNL: 



 128 channels at cold ~110 K: 
4 cards , 4 chips/card, 8 channels/chip + DAQ electronics 

TPC with 192x192 mm sensitive area, 30 cm drift 
2 views (induction + collection), wires pitch: 3 mm 
64 channels/view in 2 groups of 32 channels 
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ASIC Front End amplifier V6 (2012): 
• 8 channels/ASIC, power consumption 18.2 mW/ch 
• ENC 1400 e-  @ Cdet=250 pF 
• Dynamic range 50 mip (linear regime) 
 Also other versions (V1-V5) stable at cold (all tested with LN) , V2 1200 e- ENC 
 
 Next version (july 2013): 
 Larger number of channels: 16 
 Noise improvements,  shaping optimization vs  1/f noise  
 Larger dynamics to account for double phase (LEM/micromegas) amplification+drift attenuation 

(LEM gain 20, Cdet=300 pF, dynamic range 1/6 mip up to 40 mip) 
 

Next version of DAQ system under development as well for increased integration (form factor) and 
costs reduction   Detailed costing of the FE+DAQ for LBNO-Proto 

Test in Bern in 2010 with 
the cryogenic ASIC V4 + 
the microTCA DAQ system 



DAQ architecture based on µTCA standard 

µTCA.1 standard / possible µTCA.4 (µTCA for physics) 

 

- Double-wide (double mid-size) AMC cards  

- 12 slots for R/O AMC 

- Single MCH 

- Dual power modules 

- PCIe or 10Gbe on the backplane  

- 10 Gbe uplink 

- 1 custom MCH or AMC for clock / trigger 

(CLK management in µTCA.4 standard)  

- 1 standard MCH for uplink and PM management   

Cost effective and compact evolution of the V1 µTCA DAQ 
System: 
• 19 inches 
• 640 channels/crate (or 1280ch/crate in µTCA.4 standard ) 
• Deterministic data transfer 
• all-in-one solution : 
- DAQ & data processing (zero suppression) 
- Network (10Gbe available in front-panel & backplanes) 
- Computing (e.g. AMC with power PC) 
 



External 
LAr tank 

LAr TPC 

Crane Area 

Ancillary services 

Access to road 

Cryogenic 
superinsulated 
line 

LIO LABEX LAr project at IPNL: 
 
Support and boost  the R&D at IPNL on the 
charge readout for LAr TPC (activity already 
ongoing at IPNL since 2006)  
 
 setting up of a test facility for the electronics 
with a medium size TPC prototype 
 
 Support to the LBNO prototype project 
Test of FE electronics and DAQ for detector 
units with wires, LEM and Micromegas 
 
 
Liquid Argon TPC Laboratory for the LABEX LIO: 
 
• Refurbishing of a 100 m2 area (5m height) 
in the former Van der Graaf building: 
 
 Separation wall and doors, cleaning, 
electrical works, network, crane, exhaust line 
and ventilation, safety 
 
 Laboratory delivered for installation on 
18/3/2013 
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Picture taken on 19/3 after 
moving the materials to the  
new laboratory 
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Cryostat, built in collaboration with CRIOTEC Torino 

 Double wall superinsulated cryostat 70 cm diameter 
 
 External thermal bath of boiling LAr (366 l) with 

integrated recirculation purification system of LAr (30 
l/m) through trigon cartridge, bellow pump powered 
by N2 flow. Evaporation rate ~10l/day 

 
 Inner vessel of pure LAr (216 l) , diameter 50 cm, 
height ~115 cm, LAr input via additional trigon cartridge 
 
 Integrated cryocooler 25W (Cryomech AL25) 
Flexible configuration for double-phase readout tests 

 Keep under control: 
 Temperature gradient in the gas Ar, electronics dissipation 
 Pressure of the gas Ar 
 LAr, level, detector  parallelism to Lar surface 
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State of the art traditional, vacuum evacuated cryostat  



Inner instrumentation: 
 
 Light readout with Hamamatsu R5912-mod2 
 
 Wire chamber (under construction) 33 cm diameter 

field cage, 30 cm drift, 64+64 ch/view, 3 mm pitch 
 

 Double phase tests  profit of control of 
gas phase (p,T) and electronics temperature 
with cryocooler: 

 
 Micromegas tests (in collaboration with 

IRFU) up to 288 ch, 144/view 2 mm pitch, 
rectangular field cage, 31 cm side 
 

 Tests of cold electronics with LEM readout 
(in collaboration with ETHZ) 
 

 Scintillators hodoscope integrated in DAQ 
system for selection of horizontal tracks:  

 2 planes 1.5x1.5 m2, 2.5 cm pitch 

58 



200 liters cryostat, commissioning completed for: 
 Vacuum system  
 Installation of cryoline by LINDE and related safety system  
 Integration of the system  
 First complete filling test (external bath and pure LAr), slow controls, operation  
 Cryocooler and temperature regulation system (ongoing) 59 



Scintillation light digitization: (APC+OMEGA, LAPP) 

144 PMTs, 1PMT/m2, detection of the fast 
UV component  t~6ns 
 
 Re-adaptation of the PARISROC ASIC 
developed by PMm2 for the WC readout 
 
 To be tested in LAr 
 
 Cost reduction, large scale integration, 
simplification of feedthroughs 
 
 16 channels readout per ASIC 
 15 mW/channel 
 
 Charge measurement 1/3 pe to 600 pe 
 Time measurement 600 ps resolution 
 
 Digitized data transmitted on network 

cable to external data storage (simpler 
feedthroughs) 

 
 



LPNHE: drift high voltage system 
 
 Power supply and feedthrough 
 
 First phase 0.5 kV/cm  300 kV power supply low ripple commercial technique, 

feedthrough extension of ICARUS 
 
 Second phase: R&D with industrial partners for higher HV  
 Power supply to reach 600 kV, 1 kV/cm drift field, in the next step 



Summary of the French groups contributions, related budgets and time profile 

(under evaluation) 

Budget over 4 years: 2014-2017  
 475 keur hardware costs 
 303 keur missions+ functioning 

 Half 2014:  EHN1 ready for  
installation 
 
 2014-2015 detector contruction 
 
 9 months for tank contruction 
 tank inner instrumentation 
 2015: electronics production 
 
 Start data-taking: spring 2016  
2016-2017: two years of running  
before CERN LS2 

Timely activity in view of: 
1) The construction of the far detector 
2) CERN LS2 



Conclusions (LBNO-Proto): 
 LBNO foresees a breakthrough prototyping activity at CERN:  test of a full scale (6x6x6m3) 

proof prototype, exposed to charged hadrons beam in the North Area 
 
 This prototype will be constructed with all techniques needed for the far detector and it will 

represent a milestone for the future long-baseline programs.  
 
 It will also test and calibrate the response to hadronic showers and the reconstruction and, as 

physics byproduct, improve in general the modeling of hadronic showers 
 
 With this operation CERN will strengthen the European groups which have already an 

advanced expertise in the field acquired with LAGUNA  (as recommended by the ESG) 
 
 There is a strong interest among the French groups (APC, IRFU, IPNL, LAPP, LPNHE) to provide 

important contributions working on:  
• The detectors for the double phase readout 
• The front-end electronics and the DAQ system for the charge readout 
• The PMTs signals digitization 
• The HV system and feedthrough 
• (The mechanics of the field cage and the alignment system of the readout plane) 

 
This is a small project with a strong added value  It represents the best opportunity for the 
European/French groups to prepare the next experimental phase, which will bring to 
fundamental physics results, in optimal conditions  on a very advanced detector development 
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