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Neutrino Masses and Mixing

Δm2
12 ~ 8x10-5

Δm2
23 ~ 2.5x10-3

“Normal” “Inverted”

Understanding neutrino masses and mixing may give clues to

- physics at the GUT scale => “see-saw” mechanism

- origin of matter excess over anti-matter => leptonic CP violation

ν mixing is large:
sin22θ23 > 0.92
sin22θ12 = 0.82 ± 0.07
sin22θ13 < 0.14
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νμ -> νe is the next step

CP violating phase δ appears with θ13 in the MNS matrix:

And θ13 is measured by νe appearance in a νμ beam:
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νe Appearance Measurement

For νe appearance measurement, we need:
• Long baseline 

=> 1st oscillation max is at ~800 km for Eν ~1.5 GeV
=> matter effect to determine sign(Δm223)

• High sensitivity to νe charged current events

• Good background rejection against π0’s in νμ neutral 
current events.
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BNL Proposal 704

νe appearance 
experiment 
proposal, 1977.
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Proposed detector for short baseline, low-E νμ -> νe, 1977
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Actual detector for short baseline, low-E νμ -> νe, Today
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Fine-grained, totally active ν Detector, ca. 1975
BNL E613

3 m x 3 m x 7 m
20 cm x 20 cm cells
30 T total mass
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4 m x 4 m x 21 m
8 cm x 25 cm cells
170 T total mass

Fine-grained, totally active ν Detector, ca. 1985
BNL E734
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Fine-grained, totally active ν Detector, ca. 2010
NOνA in Fermilab NuMI beam

16 m x 16 m x 132 m
4 cm x 6 cm cells
30 kT total mass
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NOvA Discover Reach

NOvA
3σ discovery 
potential to 
sin22θ13~0.01

Discovery reach (3σ)
• sin22θ13 to 0.007~0.02,

depending on the unknown sign of 
Δm2 and value of δ
(T2K is comparable)

• mass ordering for 
sin22θ13 > 0.04,
depending on the unknown value of δ
(nothing useful from T2K alone)

• Non-zero chance to see
CP violation for sin22θ13 >  0.02
(T2K is comparable)

=> We will need more sensitive 
experiments beyond the 
current round.
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Extending ν Oscillation Sensitivity

Sensitivity of a neutrino experiment is proportional to the product

beam flux  x  detector mass  x  detection efficiency.

NuMI Beam flux ~ average proton beam power on target
• 0.25 MW now (currently the world’s most powerful ν beam)
• 0.4 MW by 2008 with planned upgrades
• 0.6 MW in 2010 when the Tevatron is turned off

(comparable to JPARC in 2011)

Further improvements: aimed at 2 MW proton beam power
• Proton Driver (8 GeV SC linac) 

Provides 2 MW at any energy 8 -> 120 GeV.
• Also develop alternatives:

We have VERY EARLY ideas on how to deliver 1+ MW at
120 GeV using pbar source rings when Tevatron is shut down.



Sulak Festschrift  - 21 Oct 2005 J. Strait 13

Liquid Argon TPC: 
An affordable (?) way to high mass x efficiency

Massive LAr TPC provide a potential means to extend our reach in
neutrino physics.
• Charge can be drifted long distance in (very pure) LAr with little 

diffusion.
• Fine-grained (~1 mm) tracking, total absorption calorimeter with 

improved electron efficiency and background rejection.
• ICARUS has demonstrated the technical feasibility of this 

technique in a “small” 600 T detector.
• Sketches and some preliminary engineering has been done that 

indicate a path for realizing larger detectors in the 10-50 kT range.

Much R&D must be done to demonstrate that this technology can be
scaled to the masses of interest for long-baseline neutrino physics.

An LAr TPC could also be important for other physics, most notably
proton decay.
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A Little History

The idea of a Liquid 
Argon TPC  for 
neutrino physics is not 
new.
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1st measure-
ments of 
macroscopic 
(7 cm) electron 
drift in LAr . . .
λd > 50 cm.
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ICARUS is “proof of principle”

Two 300T 
modules 
(one shown 
here) with 
1.5 m drift 
length.
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Sample ICARUS Events



Sulak Festschrift  - 21 Oct 2005 J. Strait 19

Simulated Neutral Current Event with 1 GeV π0
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Requires <0.03 ppb O2 for <20% signal loss
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Approximately the volume of the 

Dzero assembly hall between the 

shield wall and the clean room

~25m

50 kT: 40 m dia.  x 30 m high
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A 70 kT Magnitized(!) 
concept (LANNDD)

(D.Cline, 
J.Learned, 
K.McDonald, 
F.Sergiampetri)
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Thermodynamics of large volumes of LAr

Cost-effective ways of stringing 100k’s of wires.

100k’s of channels => cost/channel may be cost driver.
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~10 kT/mo
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Initial Hardware R&D at Fermilab
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Possible 5 m Drift Test at Fermilab

Complementary to UCLA/INFN 
5 m drift test at CERN?
(F.Sergiampietri, et al.)
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Complementary R&D Elsewhere

(B. Fleming)
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R&D on Wire Stringing

Systematic approach 
needed to learn how to 
string 100k’s of wires.
• Potential cost driver.
• Mechanical robustness.
• Protection against 

consequences of wire
breakage.

Where to do it?
• Lab E/F (~10 m height)
• D0 assy hall (~20 m)
• WH Atrium (30 m or 

more)
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Longer Term R&D Towards 15~50 kT

- 50 kton
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Details of this program 
can be found in the 
document submitted by 
a US collaboration of 
“Liquid Argon 
Enthusiasts.”

I am indebted to many 
of them for material I 
have used in this talk.

Fermilab Note: FN-0776-E
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TPC Conclusions

• Large LAr TPC is a potential technology that could substantially 
extend our reach in neutrino physics.

• ICARUS provides proof that technology can work, but scaling it up 
to 10’s kT mass appears prohibitively expensive.

• Ideas exist for much cheaper construction techniques, but these 
must be proven to work.

• R&D program is being launched at Fermilab and elsewhere to 
understand these ideas through engineering studies and hardware 
R&D.

• Most likely application would be for the next step beyond NOvA, 
e.g. detector at 2nd maximum.




