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• Description of  oscillations experimentation. 

• New projects

• Ambitions for a new deep laboratory in the 
US 

Physics with a Super Neutrino beam and a 
large water Cherenkov detector.
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Many slides from others.





Pauli Fermi

Inventor Developer Oscillator
small cross section: 10⁻³⁸ cm² E/GeV



Additions afterwards 

• Neutral currents:   

• neutrino +N -> neutrino +N

• 3 types of neutrinos: electron, muon, tau

• Neutrino + N -> N’ + lepton 



Neutrino puzzles

• Do they have mass ? Why so small ?

• If they have mass what implications on left-
right properties ?

• Can they turn into each other ?

• What implications for the structure of the 
universe ?

• What is the relationship to quarks ?



Current picture of masses from oscillations puzzling.

oscillation hint: 0.05 eV

direct mass limit



Why Mass could imply Lepton 
number violation

• Standard model has only left handed leptons in 
isopin states.  But if neutrino has mass it can 
become right handed.

• If                (Majorana) then neutrinos are their 
own antiparticles and can annihilate themselves. 
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Important only if electron neutrinos in the mix



2-neutrino picture
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Osc. probability: 0.0025 eV^2,  L= 2000 km,  Theta=10deg
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Key evidence
• Super KamiokaNDE (SK): observe 

atmospheric neutrinos.

• Sudbury Neutrino Observatory (SNO): 
observed solar neutrinos.

• KEK to SK  accelerator beam

• MINOS accelerator beam

• KAMLAND  reactor experiment

Apologies to many other pioneering experiments



SuperKamiokaNDE





Atm. neutrinos 2:1 mu:e type

Gauss: Flux inside spherical shell isotropic
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1 kT
D2O

Heavy Water

Located in a deep mine ~ 6000 mwe
because solar nu < 14 MeV









The full anti-neutrino energy spectrum

Data taken between March 9, 2002 and May12, 2007, the 2.44x1032 proton-year exposure was 
used. This is the KamLAND only result (using !

13
= 0 and taking into account reactor flux time 

variation). Scaled reactor spectrum (no oscillations included) was excluded at the 5.1σ level.

The best fit values:
∆m

21
2   = 7.58 × 10-5(eV2)

tan2θ
12

 = 0.56

Plot shows the Prompt 
event energy (e+ kinetic
energy + 2m

e
) which

can be converted to
E

ν
 ≈ E

prompt
+ 0.8MeV



KamLAND + Solar oscillation analysis

LMA 0

KamLAND onlySolar

LMA II 

KamLAND  improved result for mixing
angle and ∆m2. Solar data have no effect
on the ∆m2 measurement. 

KamLAND only:

!m2=7.58+0.14(st)±0.15(syst)×10-5 (eV2)

tan2" =  0.56+0.10(st)+0.1(syst)

KamLAND+solar:

m! 2=  7.59±0.21×10-5(eV2)

tan2" =  0.47+0.06

-0.07 -0.06

Combined analysis

-0.13

-0.05

Only the LMA I solution remains



First  LBL exp.  with 
positive result



(Fermilab) Main Injector Neutrino Oscillation 
(MINOS) about to start running.





Minos 
detector: 

Iron/
scintillator 

5kT



Minos 
detector: 

Iron/
scintillator 

5kT



NNN 08, Paris, 11/09/08 9Alex Sousa, University of Oxford

CC Energy Spectrum Fit
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Best Fit:
|!m2| = 2.43x10-3 eV2

sin2(2") =1.00

•Fit the energy distribution

to the oscillation

hypothesis:

•Including the three largest

sources of systematic

uncertainty as nuisance

parameters

– Absolute hadronic

energy scale:  10.3%

– Normalization:  4%

– NC contamination: 50%

3.6 10²⁰  Protons on target



28

• 60 -120 GeV protons from the Main Injector fed by
Project X

3x1020 POT/yr

6x1020 POT/yr

20-40x1020 POT/yr

10x1020 POT/yr

Recent sensitivity 

studies are being done

for 120x1020 POT each
! and !  (120 GeV)

5.2 10²⁰ POT for 1 MW and 10⁷ sec



Measurements
not yet precise

Not known
Has CP phase

Don’t know sign

0.0025 

0.00008 



Phenomenology of                        νµ → νe
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The Mixing Matrix

! 

U =

1 0 0

0 c23 s23

0 "s23 c23

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

)

c13 0 s13e
"i*

0 1 0

"s13e
i*

0 c13

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
)

c12 s12 0

"s12 c12 0

0 0 1

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

)

e
i+
1
/2

0 0

0 e
i+
2
/2

0

0 0 1

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

!12 ! !sol ! 34°,  !23 ! !atm ! 37-53°,  !13 < 10°

" would lead to P(#$% #&) "  P(#$% #&).   CP

But note the crucial role of s13 ' sin !13.
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Difference in mass squares: (m22-m12)

mass-squares

Solar : L~15000km



Event rate 

31yr~2x10⁷ sec

Event type
 300kT,   60 GeV    

0 deg. 

Numu CC
no osc

272693

Numu CC with 
osc

124479

Evt rate: 1 MW for 3 yrs

neutrino spectrum

High precision sin²2θ23, ∆m²₃₂
• Important (esp. θ23 ~ 45 deg.)  with possibility of new physics. 

• Either 120 GeV or 60 GeV beam can be used: two oscillation nodes.

• Measurement dominated by systematics (see hep/0407047) (~1%)



Key Event Rate in 100kT*MW*

∆m2
21,31 = 8.6× 10−5, 2.5× 10−3eV 2 sin2 2θ12,23 = 0.86, 1.0 sin2 2θ13 = 0.02

sgn(∆m2
31) 0 deg +90 deg 180 deg -90 deg

WBLE NU 
(1300km) + 87 48 95 134

WBLE NU 
(1300km) - 39 19 51 72
WBLE 
ANU 
(1300km)

+ 20 27 15 7.2
WBLE 
ANU 
(1300km)

- 38 52 33 19

δCP

νµ → νe

107

nue backg

47

17

5.2e20 POT @ 120 GeV
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Science to be addressed
with next detectors and the beam
• Neutrino Oscillations. 

★ What is the size of last mixing angle,         ?

★What is the ordering of Neutrino masses?

★Do Neutrinos violate the CP symmetry?

★What is the relationship of leptons and quarks ?

θ13

Detector needs to be similar size for both this 
physics and physics of nucleon decay. Can we do 

this important physics also ?



Neutrino CP violation

• Convergence of many profound theoretical ideas 
and observations:

★ The see-saw mechanism

★Majorana nature of neutrinos

★Leptogenesis <=> Baryogenesis





World wide ideas for 
such a detector

• MEMPHYS

• HYPER-KAMIOKANDE 

• UNO at Henderson 

• Multi-Modular detector at Homestake



FNAL to DUSEL long baseline experiment

37

300 kT water 
Cherenkov 

Beam requirement:  >1 MW, 1000 to 2000 km



M.Diwan
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NSF site decision was HOMESTAKE on advice from a 22 member 
unanimous panel. Homestake and Henderson were finalists. 



M.Diwan
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 4850ft: 
100kT

~3M mu/yr

depth meters water equivalent 

Deep option

Site proposed here

with rate of 1 mu/10 
sec/detector => may 

not need veto-counter

The Beam neutrinos 
will be obvious with a 
rate of 100-200/day in 

10 mus spills.

No pattern recognition 
beyond time cut is 

needed. 

Surface: 3e9/m^2/yr



M.Diwan

Where is S. Dakota ? What are black hills ?

• South Dakota is West of Minnesota 

• Black hills are very beautiful: bike trails, hiking, 
forests, small towns with Art  galleries !

40

SD has Tradition of mining

450ktn of rock 
removed



M.Diwan

Where is the money?

• ~$40M  from State and Federal resources. 

• ~$70M from Sandford gift. DUSEL=>SUSEL.

• ~$15M/3yrs from NSF for preparation of 
TDR. 

• ~$3M from NSF/DOE for R&D in next 3 yrs

• Promised ~$15M from NSF for engineering.

41





!"#$%!&%'()(*(#)!+)$,*!'#-!./0!

1234!5%6%7!

Supporting Information and Relevant Graphics 

(May 9, 2008) 

 

!"#$!"%&!
!

'#()

*+%,,-.!/0-12!

3%/4!5!!678#9&(:#!;%$#!<!=>?@!-#A#-!%$!+#-(&%7$!&7!&7"7/+("2.!($)!8(%$!92(B&9!C678#9&(:#!

7+%/%$(-!)(&(!D(9#E4!

Beam

The Detector @ homestake



  

MEGATON MODULAR MULTI-PURPOSE NEUTRINO DETECTOR

Mark A. Laurenti November 2007

! Chamber Design

Controlled Blasting in Chamber

Could use Instrumented Cables 
for Engineering / Geotechnical 
Study

(Former Homestake Chief engineer)



Water Cherenkov Detector

1 module fid:
100 kT

53M I.D.

85M I.D.

300 kT



Water Cherenkov Detector

1 module fid:
100 kT

53M I.D.

85M I.D.

300 kT



  

MEGATON MODULAR MULTI-PURPOSE NEUTRINO DETECTOR

Mark A. Laurenti November 2007

! Modular Configuration

Rock removal at 5000L (new)

Parallel Access tunnel at 4850L (new)

180 ft dia

muon rate/cavern~1/10 Hz



M.Diwan

Installation

47

Conceptual design for installation



M.Diwan

Installation

47

Conceptual design for installation



M.Diwan

List of technical issues
• Cavern stability

• Cavern design: lining, water proofing, schedule. 

• Material compatibility. 

• PMT logistics and cost. 

• PMT pressure capability and shock resistance. 

• Electronics, cabling, etc. 

• Installation design:  < 1 year

• Water system (possibility of doping with 
Gadolinium) 

• Integration. 

48



Technically limited schedule for a single 100 
kT fiducial detector

• Tube production is slowed to match excavation. Tube 
production is NOT the limiting factor. 

•  For simplicity, water system, PMT testing, electronics, 
etc. are not shown. 

• For 300 kT the time need not be tripled. 

Turn-on

Design

Excavate Chamber

1 2 3 4 5 6 7 8 9 10 11 12 12 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94

PMT R&D

PMT procurement

PMT production

Installation  

Water Fill

Comments: 

2015 2016

Phototube production is slowed down to match construction of 1 module only. 

2013 2014

Schedule is strictly technical. Does not account for review process.  See KTLesko talk 

PMT testing facility, water system procurement and installation, and other items are not shown here.

20122008 2009 2010 2011

Site Set Up (Chamber Access)
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Organization
• The beam and the water Cherenkov detector are an 

exercise in organization and planning. 

• There have been 4 meetings of an interim executive 
board (more about this later) since P5 committee rec.

• Two documents have been commissioned. (Depth paper 
and white paper) 

• There have been several meetings at FNAL and Lead 
http://nwg.phy.bnl.gov/DDRD/cgi-bin/private/ListAllMeetings

• There is talk of forming an Institutional Board as quickly 
as possible so that the EB can be accountable 

50

http://nwg.phy.bnl.gov/DDRD/cgi-bin/private/ListAllMeetings
http://nwg.phy.bnl.gov/DDRD/cgi-bin/private/ListAllMeetings


Conclusion

• A 300kT detector at a good depth is well justified for 
accelerator neutrino physics.  

• A conventional beam from FNAL to Homestake lab. is 
going through an examination by a technical working group.  

• Excellent sensitivity for θ₁₃ and mass ordering and CP 
violation. Non-accelerator physics additional.  

• The caverns built could house different technology: better 
PMTs, Liquid Scintillator,  Liquid Argon ...
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