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Tevatron  →  LHC

≤ 14 TeV p-p collisions 

Expect to turn on late 2009

 ~25 ns between proton bunches

Low luminosity running (1033 cm-2s-1) to 

accumulate ~10 fb-1 by 2011

Will eventually record ~100 fb
-1
 per year

By 2012 will produce ~100,000 Higgs 

events per week (M
H
 = 120 GeV           

at 14 TeV)

1.96 TeV p-p collider 

396 ns between bunches

Has delivered  ~6 fb
-1
 of data since 

2002, and running smoothly:

expect ~10 fb-1 by end of 2010

Total of  ~10,000 Higgs events 

produced (M
H
 = 120 GeV)

1 km 4.2 km

Tevatron:  CDF & D0
• 36x36 bunches
• bunch crossing 396 ns 
• Run II started in March 2001
• Peak Luminosity:3.5E32 cm-2 sec-1

• Run II delivered: ~7 fb-1

• Run II Goal: 12 fb-1 end of 2011

Peak p̄ Burn Rate:
3.5× 1032 cm−2sec−1 × 100 mb = 3.5× 107/sec

Peak p̄ Collection Rate:
7× 107/sec

Intergrated Luminosity:
3.5× 1032 cm−2sec−1 × 107sec = 3.5fb−1
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Peak p̄ Burn Rate:
3.5× 1032 cm−2sec−1 × 100 mb = 3.5× 107/sec

Peak p̄ Collection Rate:
7× 107/sec

Peak Intergrated Luminosity:
3.5× 1032 cm−2sec−1 × 3× 107sec ≈ 10fb−1/yr
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Fermilab Intensity Frontier Experiments 

Rameika - NNN10  4 4 
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Project X+LBNE 
mu, K, nuclear, … 
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Fermilab Intensity Frontier Experiments 

Rameika - NNN10  4 4 

MINOS 
MiniBooNE 
MINERvA 
SeaQuest 

NOvA 
MicroBooNE 
g-2? 
SeaQuest 

Now   2016 

LBNE 
Mu2e 

Project X+LBNE 
mu, K, nuclear, … 
     Factory ?? 

2013 2019 2022 

!

Maybe back to 
Energy Frontier
with Muon Collider
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Long Baseline Neutrino Experiment
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Sample with bullet points
• First Bullet
• Second Bullet

– More
– Yet more
– Still more

– Less important
» Trivial

Long Baseline Neutrino Experiment

New Neutrino Beam at Fermilab…
…Directed towards NSF’s proposed DUSEL 
Precision Near Detector on the Fermilab site 
100 kT Water Cherenkov Detector
  20 kT Liquid Argon TPC Far Detector
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
sol|/|δm2

atm| ≈ 0.03
�

δm2
atm = 0.05 eV <

�
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3
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0 ≤ δ < 2π
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sin2 θ13 ≡ |Ue3|2, sin2 θ12 ≡
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Appearance Probability
for 2 Flavor Neutrino Oscillations:

P0 = | sin 2θ sin∆|2

where kinematic phase ∆ = δm2L
4E

In matter

PN = | sin 2θ sin(∆−aL)
(∆−aL) ∆|2

where a = GFNe/
√

2 ≈ (4000 km)−1

when L <<< a−1 then Pn → P0

limit h̄→ 0 ?

CPV and Mass Hierarchy
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4E

For L = 1200 km
and sin2 2θ13 = 0.04
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Neutrino
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Anti-Neutrino

13

!"#$%&'()*'*+,-%./# 0*1*23*4%!5-%6"!"

ν
!
"#$!%&'()

!"#$%&'(%()* !"#$%&'(%()*

δ=0 ν(#+&,-). ν(#+&,-). /()0#ν( 12 νµ#22 3()0#ν( νµ#22

1450).#%&(5 67 897 :: 88: ; ;< 7

=->(5'(*#%&(5 87 ;9? ;< 88: ; :< 7



Stephen Parke                                      NeuTel @  Venice, IT                                    March 17, 2011                      

LBNE Sensitivities:
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Sensitivities shown are for 200 ktons 
WCD.
With 34 ktons LAr, the sensitivities 
are equivalent.

Sensitivities shown are for 10 years with 700 kW 
proton beam.
With Project X (≥2 MW), the same sensitivity would 
be reached in 1/3 the time … or ~√⎯3 greater 
sensitivity for the same running period.

Fall 2010 Report from the LBNE Physics Working Group
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Sensitivities:
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Disappearance 
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1% difference:
sign depends 
on hierarchy
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Aiming the Beam to DUSEL
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Target and Horns
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Target, Horn, Decay Pipe, and Absorber Engineering
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• Technical components designed for 700 kW beam (Main 
Injector with NOvA upgrades.

• Facilities designed to handle 2.3 MW  beam (Project X).
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Alternate Neutrino Beam Designs

Alternate Extraction from Main Injector
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Alternate Neutrino Beam Designs

Alternate Extraction from Main Injector

Beamline above grade



Near Detector

2213 Jan 2011 J. Strait - LBNE

   Scintillator tracker                  Straw-tube tracker                 LAr TPC
Several options under consideration: 



Near Detector Options

2313 Jan 2011 J. Strait - LBNE

Non-Magnetized LAr 
           + Straw-tube Tracker Non-Magnetized LAr 

            + Scintillator Tracker

Magnetized LAr 
           + Straw-tube Tracker

Magnetized LAr 
            + Scintillator Tracker
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Water Cherenkov Far Detector
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!"#$%&'($%$)*+,&-"%&.$#$/#+%

To be located at 
the 4850 feet level 
in DUSEL, in the 
old Homestake 
Gold Mine in Lead, 
South Dakota

1913 Jan 2011 J. Strait - LBNE
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Water Cherenkov Detector
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2013 Jan 2011 J. Strait - LBNE
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Liquid Argon TPC Far Detector

26

!"#$"%&'()*+&,-.&/0(&123243*(

To be located 800 feet underground in DUSEL, in the old 
Homestake Gold Mine in Lead, SD 

2213 Jan 2011 J. Strait - LBNE
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Liquid Argon TPC
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!"#$"%&'()*+&,-.

Galleries for cosmic 
ray veto system 

2313 Jan 2011 J. Strait - LBNE

Wire chambers 
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Liquid Argon TPC
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!"#$"%&'()*+&,-.

Al id i d i 3 75 d ift t d t t i

2413 Jan 2011 J. Strait - LBNE

Also considering designs:  3.75 m drift;  two detectors in a 
common cavern.

Text
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LBNE Project Time Line 

•! DOE CD-0 (Approve Mission Need) 

January 2010"

•! CD-1  2nd half  CY2011*"
•! CD-2 (Project baseline)  depending on 

funding . . . mid/late FY2013"

•! CD-3 (start construction) " depending 
on funding . . . 2014 ~ 2015"

•! Project complete : no sooner than 2020"

Rameika - NNN10  45 

Currently dealing with TPC (total project funding) issues 
and DOE-NSF partnership issues 
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Henderson

Yucca
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positive for normal hierarchy and negative for inverted
hierarchy. Â picks up an extra negative sign for anti-
neutrinos. The last term in Eq. (1) clearly mixes the de-
pendence on hierarchy and δCP, leading to a degeneracy
between them [3], which can be overcome if one man-
ages to have either sin(Â∆) = 0 or sin[(1 − Â)∆] = 0.
The first condition is achieved at the magic baseline
(L ∼ 7500 km) for all Eν and for both the hierarchies.
The second condition, on the other hand, is sensitive
to hierarchy. This sensitivity can be maximized if one
has sin[(1 − Â)∆] = 0 for one of the hierarchies and
sin[(1 − Â)∆] = ±1 for the other. In such a situation,
only the O(α2) term in Eq. (1) survives for the hierarchy
for which sin[(1 − Â)∆] = 0, making Peµ independent
of both δCP and θ13. At the same time, for the other
hierarchy the first term in Eq. (1) enhances the number
of events as well as θ13 sensitivity, and the third term
enhances the sensitivity to δCP.

If we demand “IH-noCP” (no sensitivity to CP phase
in IH), these conditions imply

(1 + |Â|) · |∆| = nπ for IH , (3a)

(1 − |Â|) · |∆| = (m − 1/2)π for NH , (3b)

where n, m are integers, n > 0. These two conditions
are exactly satisfied at a particular baseline and energy,
given by

ρL(km g/cc) ≈ (n − m + 1/2)× 16300 , (4a)

Eν(GeV) =
4

5

∆m2
31(eV

2)L(km)

(n + m − 1/2)
. (4b)

Note that the relevant L is independent of any oscillation
parameters. A viable solution for these set of equations
(with n = 1 and m = 1) is L ≈ 2540 km, ρ = 3.2 g/cc
and Eν ≡ EIH ≈ 3.3 GeV, as was first pointed out in
[6]. On the other hand, one may demand “NH-noCP”
(no sensitivity to CP phase in NH), which leads to the
conditions

(1 − |Â|) · |∆| = nπ for NH , (5a)

(1 + |Â|) · |∆| = (m − 1/2)π for IH , (5b)

with n, m integers, n &= 0 and m > 0. These lead to the
same condition on L as in Eq. (4a) except for an overall
negative sign, while Eν continues to be given by Eq. (4b).
These conditions are also satisfied at L = 2540 km (for
n = 1 and m = 2) at Eν ≡ ENH ≈ 1.9 GeV. The magic
energies EIH and ENH would be suitable for a neutrino
factory with a parent muon energy of ∼ 5 GeV.

Eqs. (4a, 4b) indicate that many combinations of
n and m are possible for a given baseline. Indeed, the
2540 km baseline also satisfies IH-noCP at EIH2 ≈ 1.3
GeV (n = 2, m = 2) and NH-noCP at ENH2 ≈ 0.9 GeV
(n = 2, m = 3). However the flux at these energies would
be small, so we do not consider these in this Letter.

Fig. 1 shows the probability Peµ for sin2 θ13 = 0, 0.01.
In this and all other plots, we have solved the exact neu-
trino propagation equation numerically using the Prelim-
inary Reference Earth Model [11]. Clearly the IH-noCP

P e
µ

ENH

EIH

E(GeV)

FIG. 1: Conversion probability Peµ for L = 2540 km. The
bands correspond to δCP ∈ (0, 2π). Other parameters are
taken as ∆m2

21 = 7.65 × 10−5 eV2, |∆m2
31| = 0.0024 eV2,

sin2 θ12 = 0.3 and sin2 θ12 = 0.5. The red (solid) line corre-
sponds to θ13 = 0.

and NH-noCP conditions are satisfied at the energies EIH

and ENH, respectively. At EIH, the probabilities Peµ for
NH and IH are distinct, hence a measurement of the neu-
trino spectrum around this energy would be a clean way
of distinguishing between the hierarchies. The oscillatory
nature of Peµ for non-zero θ13 vis-a-vis the monotonic be-
havior for θ13 = 0 helps in the discovery of a nonzero θ13.
Finally, the significant widths of the bands (near EIH for
NH, and near ENH for IH) imply sensitivity to δCP.

The simplified forms of probabilities at the magic ener-
gies offer insights into the CP sensitivity at this baseline.
At EIH, we have

Peµ(IH) ≈ 18α2s2
12c

2
12c

2
23 ,

Peµ(NH) ≈ 18α2s2
12c

2
12c

2
23 + 9s2

13s
2
23

−18
√

2αs12c12s23c23s13 cos(δCP + π/4) , (6)

while at ENH, we have

Peµ(NH) ≈ 50α2s2
12c

2
12c

2
23 ,

Peµ(IH) ≈ 50α2s2
12c

2
12c

2
23 + (25/9)s2

13s
2
23

−(50
√

2/3)αs12c12s23c23s13 cos(δCP + π/4) . (7)

Near the magic energies, where the CP sensitivity is the
highest, the δCP values giving the highest and the lowest
probabilities would be 3π/4 and 7π/4, respectively.

Experimental setup and numerical simulation.— We
use a magnetized totally active scintillator detector
(TASD) which is generally used in the context of a low
energy neutrino factory [7]. We use a 25 kt detector with
a energy threshold of 1 GeV. We choose a typical Neu-
trino factory setup with 5 GeV parent muon energy and
5 × 1021 useful muon decays per year, which is of the
same order as in the setup considered in [12, 14]. We
consider the running with only one polarity µ+ of the
parent muon, so that we have a neutrino flux consisting
of ν̄µ and νe. We assume a muon detection efficiency of
94% for energies above 1 GeV, 10% energy resolution for

Approx. Fermilab to Yucca Mtn:

Sushant K. Raut, Ravi Shanker Singh, S.Uma Sankar    arXiv:0908.3741

Amol Dighe, Srubabati Goswami, Shamayita Ray arXiv:1009.1093
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•  A neutrino beam for long baseline neutrino oscillation experiments 
–  2 MW proton source at 60-120 GeV 

•  High intensity, low energy protons 
 for kaon and muon based precision 
 experiments 
–  Operations simultaneous with the 

 neutrino program 

•  A path toward a muon source for 
 possible future Neutrino Factory  
 and/or a Muon Collider 
–  Requires ~4 MW at ~5-15 GeV  

•  Possible missions beyond P5 
–  Standard Model Tests with nuclei and energy applications 
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Reference Design 

IHEP Workshop - S. Holmes Page 7 
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Reference Design 
Capabilities 

•  3 GeV CW superconducting H- linac with 1 mA average beam current. 
–  Flexible provision for variable beam structures to multiple users 

•  CW at time scales >1 µsec, 10% DF at <1 µsec 
–  Supports rare processes programs at 3 GeV 
–  Provision for 1 GeV extraction for nuclear energy program 

•  3-8 GeV pulsed linac capable of delivering 300 kW at 8 GeV  
–  Supports the neutrino program 
–  Establishes a path toward a muon based facility 

•  Upgrades to the Recycler and Main Injector to provide !  2 MW to the 
neutrino production target at 60-120 GeV. 

! Utilization of a CW linac creates a facility that is unique in the world, 
with performance that cannot be matched in a synchrotron-based 
facility. 

IHEP Workshop - S. Holmes 8!
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Sensitivities shown are for 200 ktons 
WCD.
With 34 ktons LAr, the sensitivities 
are equivalent.

Sensitivities shown are for 10 years with 700 kW 
proton beam.
With Project X (≥2 MW), the same sensitivity would 
be reached in 1/3 the time … or ~√⎯3 greater 
sensitivity for the same running period.

Fall 2010 Report from the LBNE Physics Working Group
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Joint PX/NF/MC Strategy 

•  Project X shares many features with the proton driver required for a 
Neutrino Factory or Muon Collider 
–  NF and MC require ~4 MW @ 

 10± 5 GeV 
–  Primary issues are related to 

 beam “format” 
•  NF wants proton beam on 

 target consolidated in a few 
 bunches;  Muon Collider requires 
 single bunch 

–  Project X linac is not capable of 
 delivering this format 

! It is inevitable that a new ring(s) will be required to produce the 
correct beam format for targeting. 

IHEP Workshop - S. Holmes Page 22 
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Project X: Time Line
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Project X Timeline 

•! Assumed Critical Decision dates 

!!CD-0: January 2011   

!!CD-1: July 2012   

!!CD-2: August 2013 

!!CD-3: September 2014  

!!CD-4: September 2019 

Project X could also be up and 
running in ~2020 : 

All depends on funding profiles… 

Rameika - NNN10  46!

5 yr construction 
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Muon Collider
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•  μ+μ- Collider:

– Center of Mass energy:  1.5 - 5 TeV (focus 3 TeV)

– Luminosity > 1034 cm-2 sec-1 ( focus 400 fb-1 per year)

• Compact facility

• Superb Energy Resolution

- MC: 95% luminosity in dE/E ~ 0.1%
- CLIC: 35% luminosity in dE/E ~ 1%                                  

Z’
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Muon Collider:

40
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Minimum Luminosity for Muon Collider
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•   Likely new physics candidates:
– scalars: h, H0, A0,...
– gauge bosons:  Z’
– new dynamics: bound states
– ED: KK modes

•   Example - new gauge boson: Z’

– SSM, E6, LRM
– 5σ discovery limits: 4-5 TeV           

at LHC (@ 300 fb-1)

6 40. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 40.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section
of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)).
Breit-Wigner parameterizations of J/ψ, ψ(2S), and Υ (nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the
details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available
at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2007. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

39. Cross-section formulae for specific processes 1

39. CROSS-SECTION FORMULAE
FOR SPECIFIC PROCESSES

Revised September 2005 by R.N. Cahn (LBNL).

Setting aside leptoproduction (for which, see Sec. 16), the cross sections of primary
interest are those with light incident particles, e+e−, γγ, qq, gq , gg, etc., where g and
q represent gluons and light quarks. The produced particles include both light particles
and heavy ones - t, W , Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

39.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner formula (Sec. 16
of this Review).

σ(E) =
2J + 1

(2S1 + 1)(2S2 + 1)
4π

k2

[
Γ2/4

(E − E0)2 + Γ2/4

]
BinBout, (39.1)

where E is the c.m. energy, J is the spin of the resonance, and the number of polarization
states of the two incident particles are 2S1 + 1 and 2S2 + 2. The c.m. momentum in
the initial state is k, E0 is the c.m. energy at the resonance, and Γ is the full width at
half maximum height of the resonance. The branching fraction for the resonance into
the initial-state channel is Bin and into the final-state channel is Bout. For a narrow
resonance, the factor in square brackets may be replaced by πΓδ(E − E0)/2.

39.2. Production of light particles

The production of point-like, spin-1/2 fermions in e+e− annihilation through a virtual
photon, e+e− → γ∗ → ff , at c.m. energy squared s is given by

dσ

dΩ
= Nc

α2

4s
β
[
1 + cos2 θ + (1 − β2) sin2 θ

]
Q2

f , (39.2)

where β is v/c for the produced fermions in the c.m., θ is the c.m. scattering angle, and
Qf is the charge of the fermion. The factor Nc is 1 for charged leptons and 3 for quarks.
In the ultrarelativistic limit, β → 1,

σ = NcQ
2
f
4πα2

3s
= NcQ

2
f

86.8 nb

s(GeV2)2
. (39.3)

The cross section for the annihilation of a qq pair into a distinct pair q′q′ through
a gluon is completely analogous up to color factors, with the replacement α → αs.
Treating all quarks as massless, averaging over the colors of the initial quarks and defining
t = −s sin2(θ/2), u = −s cos2(θ/2), one finds [1]

dσ

dΩ
(qq → q′q′) =

α2

9s

t2 + u2

s2 . (39.4)

Crossing symmetry gives

CITATION: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) July 14, 2006 10:37

Universal behavior for s-channel resonance

Convolute with beam resolution ΔE.
If ΔE≪ Γ

Can use to set minimum required luminosity

The integrated luminosity required to produce 
1000  μ+μ- -> Z’ events on the peak 

Minimum luminosity at Z’ peak:
L = 0.5-5.0 x 1030 cm-2 sec-1 
for M(Z’) -> 1.5-5.0 TeV 
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Summary:

42

• LBNE: Fermilab to DUSEL (or ?) will probe leptonic CPV
and determine the mass hierarchy down to sin2 2θ13 ∼ 0.01

• Project X: Increases the beam power from 700kW to 2MW
and provide another 3MW at 3 GeV for K’s, µ/s, ....

• If sin2 2θ13 < 0.01 a Neutrino Factory is a possible option.
Maybe Low Energy NuF.

• This could be a natural stepping stone to a Muon Collider.
New physics such as a Z� would make this very compelling.

– Typeset by FoilTEX – 3
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LBNE Collaboration
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Alabama: J. Goon, I Stancu
Argonne:  M. D’Agostino, G. Drake. Z. Djurcic, M. Goodman, X. Huang, V. 

Guarino, J. Paley, R. Talaga, M. Wetstein
Boston: E. Hazen, E. Kearns, J. Raaf, J. Stone
Brookhaven:  M. Bishai, R. Brown, H. Chen, M. Diwan, J. Dolph, G. Geronimo, 

R. Gill, R. Hackenberg, R. Hahn, S. Hans, D. Jaffe, S. Junnarkar, J.S. 
Kettell, F. Lanni, L. Littenberg, J. Ling, D. Makowiecki, W. Marciano, W. 
Morse, Z. Parsa, C. Pearson, V. Radeka, S. Rescia, T. Russo, N. Samios,R. 
Sharma, N. Simos, J. Sondericker, J. Stewart, H. Tanaka, C. Thorn, B. 
Viren, Z. Wang, S. White, L. Whitehead,  M. Yeh, B. Yu

Caltech: R. McKeown, X. Qian, C. Zhang
Cambridge: A. Blake, M. Thomson
Catania/INFN: V. Bellini, G. Garilli, R. Potenza, M. Trovato
Chicago: E. Blucher
Colorado: R. Johnson, A. Marino, M. Tzanov, E. Zimmerman
Colorado State:  M. Bass, B. Berger, J. Brack, N. Buchanan, J. Harton, V. 

Kravtsov, W. Toki, D. Warner, R. Wilson
Columbia:  R. Carr, L. Camillieri, C.Y. Chi, G. Karagiorgi, C. Mariani, M. Shaevitz, 

W. Sippach, W. Willis 
Crookston: D. Demuth
Dakota State: B. Szcerbinska
Davis: R. Breedon, T. Classen, J. Felde, P. Gupta, M. Tripanthi, R. Svoboda
Drexel: C. Lane, J. Maricic, R. Milincic, K. Zbiri
Duke: J. Fowler, J. Prendki, K. Scholberg, C. Walter, R. Wendell
Duluth: R. Gran, A. Habig
Fermilab: D. Allspach, B. Baller, D. Boehnlein, M. Campbell, A. Chen, S. 

Childress, B. DeMaat, A. Drozhdin, T. Dykhuis, A. Hahn, S. Hays, J. Howell, 
P. Huhr, J. Hylen, M. Johnson, J. Johnstone, T. Junk, B. Kayser, G. Koizumi, 
T. Lackowski, P. Lucas, B. Lundberg, T. Lundin, P. Mantsch, N. Mokhov, C. 
Moore, J. Morfin, B. Norris, V. Papadimitriou,  R. Plunkett, C. Polly, S. 
Pordes, O. Prokofiev, G. Rameika, B. Rebel, D. Reitzner, K. Riesselmann, 
R. Rucinski, R. Schmidt, D. Schmitz, P. Shanahan, J. Strait, S. Striganov, K. 
Vaziri, G. Velev, G. Zeller, R. Zwaska

Hawaii: S. Dye, J. Kumar, J. Learned, S. Matsuno, S. Pakvasa,  M. Rosen, G. 
Varner

Indian Universities: V. Singh (BHU); B. Choudhary, S. Mandal (DU); 
B. Bhuyan [IIT(G)]; V. Bhatnagar, A. Kumar, S. Sahijpal(PU)

Indiana:  W. Fox, C. Johnson, M. Messier, S. Mufson, J. Musser, R. Tayloe, J. 
Urheim

Iowa State: M. Sanchez

IPMU/Tokyo: M. Vagins
Irvine: G. Carminati, W. Kropp, M. Smy, H. Sobel
Kansas State: T. Bolton, G. Horton-Smith
LBL: R. Kadel, B. Fujikawa, D. Taylor
Livermore: A. Bernstein, R. Bionta, S. Dazeley, S. Ouedraogo
London-UCL:  J. Thomas
Los Alamos: S. Elliott, V. Gehman, G. Garvey, T. Haines, D. Lee, W. Louis,

C. Mauger, G. Mills, A. Norrick, Z. Pavlovic, G. Sinnis, W. Sondheim, 
R. Van de Water, H. White

Louisiana State: W. Coleman, T. Kutter, W. Metcalf, M. Tzanov
Maryland: E. Blaufuss, R. Hellauer, T. Straszheim, 

G. Sullivan
Michigan State: E. Arrieta-Diaz, C. Bromberg, 

D. Edmunds, J. Huston, B. Page
Minnesota: M. Marshak, W. Miller
MIT: W. Barletta, J. Conrad, T. Katori, R. Lanza, L. Winslow
NGA:  S. Malys, S. Usman
New Mexico: B. Becker, J. Mathews
Notre Dame: J. Losecco
Oxford:  G. Barr, J. DeJong, A. Weber
Pennsylvania: J. Klein, K. Lande, A. Mann, M. Newcomer, R. vanBerg
Pittsburgh: D. Naples, V. Paolone
Princeton: Q. He, K. McDonald
Rensselaer: D. Kaminski, J. Napolitano, S. Salon, P. Stoler
Rochester: R. Bradford, K. McFarland
SDMST:  X. Bai, R. Corey
SMU: T. Liu, J. Ye
South Carolina: H. Duyang, S. Mishra, R. Petti, C. Rosenfeld
South Dakota State: B. Bleakley, K. McTaggert
Texas: S. Kopp, K. Lang, R. Mehdiyev
Tufts: H. Gallagher, T. Kafka, W. Mann, J. Schnepps
UCLA: K. Arisaka, D. Cline, K. Lee, Y. Meng, F. Sergiampietri, H. Wang
Virginia Tech: E. Guarnaccia, J. Link, D. Mohapatra, R. Raghavan
Washington: S. Enomoto, J. Kaspar, N. Tolich, H.K. Tseung
Wisconsin: B. Balantekin, F. Feyzi, K. Heeger, A. Karle, R. Maruyama, D. 

Webber, C. Wendt
Yale: E. Church, B. Fleming, R. Guenette, M. Soderberg, J. Spitz

288 Scientists and 
Engineers 

57 Institutions 
… And still growing!
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Resolution:
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δm2
µµ =

|Uµ1|
2 δm2

31 + |Uµ2|
2 δm2

32

|Uµ1|
2 + |Uµ2|

2

= δm2
32 +

[sin2 θ12 + O(sin θ13)] δm2
21

|δm2
32| = |δm2

µµ|(1 ∓ 0.01)

What if sin2 2θ13 << 0.01 ????
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