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Why consider LAr? Combine fine-grained
tracking with total

absorption calorimetry

oscillation phyiscs: 

high νe efficiency
good background rejection

Technically feasible on “small” scales
(success of the T600)

Realizable R&D path towards 
massive detectors

growing international effort towards
 using these detectors for low energy ν physics

How much better?  How feasible?  



Long Baseline Study: LAr

Simulation Studies:
●Scenarios

● Off axis NuMI beam at 14 mrad, 810 km
● at 40 mrad, 810km, and 200km
● Wide-band beam 

efficiencies and resolutions for signal and background

sensitivity studies 

Technical Issues:
●Depth vs background
●energy threshold for different channels

physics beyond accelerator neutrino oscillations 
●Technical feasibilty vs detector size
●R&D towards massive detectors



Schedule:

Use existing work and existing tools
first pass of what we know now for July report

●pull together efficiencies and resolutions
sensitivity studies

●technical studies

Develop tools to 
●advance on efficiencies, purities and resolutions
●understanding backgrounds

refined sensitivity calculations
●refine technical issues and related open questions
●justifiable 1st pass cost estimates

October report



Liquid Argon TPCs:

Drift ionization electrons
over meters of pure

liquid argon to collection
planes to image track

55,000 electrons/cm

passing charged particles
produce



Liquid Argon 
TPC 



Long Baseline Study: LAr

Simulation Studies:
●Scenarios

● Off axis NuMI beam at 14 mrad, 810 km
● at 40 mrad, 810km, and 200km

● Wide-band beam 
efficiencies and resolutions for signal and background

sensitivity studies 

Technical Issues:
●Depth vs background
●energy threshold for different channels

physics beyond accelerator neutrino oscillations 
●Technical feasibilty vs detector size
●R&D to get to necessary sizes (brief)



NuMI
off-axis at 14 mrad

● Off axis NuMI beam at 14 mrad, 810 km
 

NOvA expected event spectra:

biggest backgrounds are neutral
current events and beam νes

NOvA location



●Existing reconstruction....
● hand scan study (Tufts U. group)
● automated reconstruction (ETHZ group)

reconstruction work for study in progress



Differentiating electrons from π0's at 1.5 GeV

π0

Mult ip le secondary t racks 
can be t raced back  to the 

sam e pr im ary ver tex

Each t rack  is tw o elect rons 
– 2 m ip scale per  h i t
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Efficiency and Rejection study

– Neutrino event generator: NEUGEN3.  Used by MINOS/NOvA collaboration. 
Hugh Gallagher (Tufts) is the principal author.

– GEANT 3 detector simulation: trace resulting particles through a homogeneous 
volume of liquid argon. Store energy deposits in thin slices.

Analysis: blind scan of 450 events, carried out by 4 
undergraduates with additional scanning of “signal” events 

by experts. 

– NOvA 14mrad flux

Tufts University Group



Training samples:
50 events each of νeCC, 

νμCC and NC
-individual samples to train
-mixed samples to test training

Blind scan of 450 events
scored from 1-5 with
• signal=5
• background=1

plain region:
students

Hatched region:
experts

Tufts University Group
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Overall efficiencies, rejection factors 

Signal νe:
QEL

RES
DIS

70%77%90%

Efficiencies

81 ± 7% νe efficiency 

~58% beam νes 

Tufts University Group

plain region:
truth

Hatched region:
scanned



● Total absorption calorimeter
● 5mm sampling 

-> 28 samples/rad length
● energy resolution

First pass studies using hit level MC show 
~80 ± 7 % νe efficiency and 

NC rejection factor ~70 (99 ± 1% eff.)

Studies from groups
working on T2K LAr indicate 85-95% νe efficiency

νe efficiency
NC rejection

LArTPCs

move towards automated reconstruction
progress expected by final report for this study



Sensitivity = 
detector mass x

detector efficiency x
protons on target/yr x

# of years

Assuming 90%  νe efficiency and NC 
background 

rejection well below ½ of the 
intrinsic νe beam backgrounds,

how sensitive are these detectors? 

Small Medium Large    

NOvA  30kTon            30kton + 30kton +
PD or     PD +

  x5 mass or exposure   x5 mass or exp.

LArTPC     8kton 40kton 40kton
(90% νe        + PD or
   eff.) exposure

“Equivalent” detectors

hep-ph/0505202



Sensitivity to CP phase(sin δ) vs sin22θ13 for

most restrictive:
cos δ <0, normal hierarchy

cos δ >0, inverted hierarchy  

least restrictive:
cos δ >0, normal hierarchy

cos δ <0, inverted hierarchy  

CHOOZ
limit

Sensitivities 
assume 
3 years 

running each 
in

ν and 
ν mode



Long Baseline Study: LAr

Simulation Studies:
●Scenarios

● Off axis NuMI beam at 14 mrad, 810 km
● at 40 mrad, 810km, and 200km

● Wide-band beam 
efficiencies and resolutions for signal and background

sensitivity studies 

Technical Issues:
●Depth vs background
●energy threshold for different channels

physics beyond accelerator neutrino oscillations 
●Technical feasibilty vs detector size
●R&D to get to necessary sizes (brief)



slide from Peter Litchfield

NOvA has considered sensitivity at a variety of
different off-axis locations to access the 2nd max



NOvA at the 2nd maxima: ●alternating xy cells of liquid 
scintillator
●cells: 15.7m x 3.87cm x 6.0 
cm
●0.8mm looped WLS fiber in 
each cell for light collection
●WLS fibers read-out by APDs
●80% active material

●scale to 100kton
●detector at 735km
●5 year neutrino run

for 2nd detector location:



slide from Peter Litchfield
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Are misID NCs a problem at low energies in LAr?

Study on  e/π° separation 
down to low energies

●dE/dx in first 2.4 cm  studied for 1000 e and π° 
events (simulation with noise): 0.25, 0.5, and 2 GeV

efficiency
decreases

as E increases
(as Compton
Scattering 

process 
decreases)
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●fold in vertex separation from hand scan: overall 0.2% inefficiency
●fold in beam flux (pion production dropping rapidly at low energies)

A. Rubbia



Should not be a problem as electrons can be IDed 
down to at least 10 MeV in LAr.....

What about NC elastic misID at low energies?

At low energies neutral
current elastics are

misIDed as νeCC

νe e

p p pn

νν

MisID low energy protons as electrons



slide from Peter Litchfield
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Goals for July report:
Combine 
●generated fluxes
●existing efficiencies, resolutions, and backgrounds

sensitivity calculations

Goals for October
●study efficiencies using hit level MC (have several 
options)
●work on first pass of automated reconstruction

refined sensitivity calculations

How good is NCπ° production at 0.5 GeV and below?
How well can low energy protons be separated from low

energy electrons?
How good is the energy resolution at very low energies?



QE

1π

DIS

LAr neutrino
data

50 lt
in NOMAD

beam

0.5-10 GeVWide-band beam
to DUSEL

●Significant contribution from DIS
●higher energy NC pi0

more forward
harder to reconstruct



●good for relevance of data
●good indication for success of reconstrucing at higher energies

Fluxes do not overlap:
however, relevant overlap

is in Q2.

With fine-grained capabilites
of LAr -> can tease out low
Q2 events from large DIS 

sample
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Existing data from 50 liter ICARUS run

Clean sample
(~100 evts)

of reconstructed
CCQE events
teased out of
DIS events

(sample used was 
½ of 1.5% CCQE)



Charged Current 
π0 interactions



Goals for July report:
Combine 
●generated fluxes
●existing efficiencies, resolutions, and backgrounds

sensitivity calculations

Goals for October
●study efficiencies using hit level MC (have several 
options)
●work on first pass of automated reconstruction

refined sensitivity calculations

How well can we reconstruct DIS events?
How well can we reconstruct high momentum NCpi0 events?
How good is the energy resolution over this broad range?



Long Baseline Study: LAr

Simulation Studies:
●Scenarios

● Off axis NuMI beam at 14 mrad, 810 km
● at 40 mrad, 810km, and 200km

● Wide-band beam 
efficiencies and resolutions for signal and background

sensitivity studies 

Technical Issues:
●Depth vs background
●energy threshold for different channels

physics beyond accelerator neutrino oscillations 
●Technical feasibilty vs detector size
●R&D to get to necessary sizes (brief)



How much depth is needed?
Cosmic backgrounds primarily from 
●crossing muons and decay products
●neutrons
●photons 

Effect on
●beam physics
●nucleon decay searches
●Atmospheric neutrinos
●Solar neutrinos
●Supernovae searches



Beam physics:
Cosmic Muon estimates for the surface 

for a 15kton detector

live time: 2.5ms for 3m drift
at 100 kHz, 250 total coincident passing cosmics...

these should not be a background (reconstructable)
but can cause “dead space”

Assume one cosmic “blurs” 2cm x 1.5 cm 
                    = 4 wires x 10 μs

in the drift direction, by the vertex (crucial place)

folding in total plane area:  inefficiency is 1.5 x 10-4

(small)

cosmics greatly reduced with even minimal overburden



Beam physics cont:
photons 

for a 15kton detector on the surface

worrisome, as long live time greatly increases
coincident background

gain (compared to a conventional detector)
in surface to volume (x2)

efficiency (x3)

but lose x250 in live time

●need better estimates
●sacrifice outer 1.5 m of detector?
●some minimal overburden....



from A. Rubbia, NUFACT 05



from A. Rubbia, NUFACT 05



from A. Rubbia, NUFACT 05



Long Baseline Study: LAr

Technical Issues:
●Depth vs background
●energy threshold for different channels
physics beyond accelerator neutrino oscillations 
●Technical feasibilty vs detector size
●R&D to get to necessary sizes (brief)

continue studies of depth vs cosmic backgrounds
and impacts on other phyiscs

-nucleon decay details
-SN detection details



Long Baseline Study: LAr

Simulation Studies:
●Scenarios

● Off axis NuMI beam at 14 mrad, 810 km
● at 40 mrad, 810km, and 200km

● Wide-band beam 
efficiencies and resolutions for signal and background

sensitivity studies 

Technical Issues:
●Depth vs background
●energy threshold for different channels

physics beyond accelerator neutrino oscillations 
●Technical feasibilty vs detector size
●R&D to get to necessary sizes (brief)



ICARUS:  prototype work
late 80's -> 2000

24cm drift -> 10m3

tested above
ground in Pavia

in 2001
now below 
ground in 
Gran Sasso

One of the two
T300 modules

technical feasiblity demonstrated for “small” scales



 

●  

Many large LNG
tanks in service

Excellent safety 
record

Last failure in 1940
understood



6 Wire 
Sectors, 
each 
containing 
6 Wire 
Planes

7 Cathode
Planes

Trusses
(schematic)

Active volume
Diameter: 40m
Height: 30m

Modularized drift regions inside tank

ν beam

     15-50 kTons
       4 - 6 wire planes

Scalable

field cage



from A. Rubbia's talk at NuFACT05



Purit y:
3  m  drift  in LAr
    pur i f icat ion  -  star t ing f rom  atm osphere (cannot  evacuate detector  tank )
                       -  ef f ect  of  tank  wal ls & non- clean- room  assem bly process
                       
W ire-planes: 
    long w ires -  m echan ical  robustness, tension ing, assem bly, 
break age/ f ai lure 
   

Signal processing: 
      e lect ronics -  noise due to long w ire and connect ion  cables (large 
capaci t ance)

      sur face detector  -  data- rates,
       -  autom ated cosm ic ray reject ion

                               -  autom ated event  recogn i t ion  and reconst ruct ion  

Challenges for massive 
“multi-drift region” detector



Engineering 
questions
in scaling

to 
10-50 
kton

from where can you 
scale?

What can be
answered w/o larg

prototype?

10-50
kton



What are the added challenges of going underground?

-underground construction
-how deep underground is deep?
-how large a cavern is needed?

-safety considerations
-how deep is deep?
-LAr spill containment

-cost......



Is 50-100
 ktons 

the right 
size?

what do you gain?  
-phased construction
-reduction of systematics
-ease of engineering?

what do you lose?
-cost (pedestal cost)
-fiducial volume

Modularize: build
5 10-20 kton

detectors



Develop tools to 
●advance on efficiencies, purities and resolutions
and backgrounds

refined sensitivity calculations
●refine technical issues and related open questions
●jusfiable 1st pass cost estimates

October report

Existing work to understand efficiencies and resolutions 
in the 0.5-10 GeV enegy range for sensitivity calculations
●Estimates for sensitivites for phyiscs beyond oscillations
●Study of technical issues for massive LArTPCs and 
considerstions for underground work

July report 

LArTPCs: technology with a lot of promise:
How much better is it for options beyond NOvA

for beam physics and beyond?



Backup Slides



SuperNOvA sensitivities with LAr.....
“Determining the Neutrino Mass Hierarchy and CP-Violation in 

NOvA with a Second Off-axis Detector”
O. Mena, S. Palomares-Ruiz, S. Pascoli.  hep-ph/0510182



Technical Feasibility:
History of prototype work on ICARUS





from A. Rubbia's talk at NuFACT05

What are the advantages/disadvantages of this design?

magnetized LAr?



R&D efforts 
underway 

at FNAL

at Yale

at UCLA/
CERN

~
 4

ft

5m

~
8

ft



Test  Sam ples
Dew arFi l t er

ICARUS
pur i t y m oni tor

Syst em  at  Ferm ilab for t est ing 
f ilt er   m at eria ls and t he  

cont am inat ing effect s of det ect or 
m at eria ls (e .g.  t ank-w alls,  cables)

G. Carugno et  al ., 
NIM. A292 (1990

Material tests



purity monitor measures
transmission of electrons

from cathode to anode



Long 
wires tests

●  m easurem ent s of  t he  
m echanical propert ies of t he
w ires bot h at  room  t em perat ure  and in LAr

●  100 μ and 150  μ Stain less Steel  304V
● develop w ire  holders t hat  w ork at  cryogenic 
t em perat ure  and do not  pollut e  LAr
● det erm inat ion of w ire  t ension

●  elect rostat ic stabi l i t y
●  w ire suppor t s

● st udy of noise  on long w ires
●  m echanical  vibrat ions (i .e. induced by LAr  f low )
●  m easure dam ping ef f ect  of  LAr  on w ire osci l lat ions
●  study of  elect ron ics coupled to long w ires (large input  

capaci tance !)


