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• Introduction to the Fermilab Neutrino Program
• Description and accomplishments of the main 

parts of the program
• Additional program items
• Goals and resources
• Summary
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Main Tools of the Program

• Accelerator generated neutrino beamlines
– NuMI

• 120 GeV protons 
• Variable energy magnetic horn focusing
• Nominal Intensity 2.4x1013 ppp with ~2 sec cycle time. 
• Initial intensity ~2.5 x 1020 protons/year
• Ultimate intensity ~ 3.0-3.4 x 1020 protons/year

– Booster neutrino beam
• 8 GeV horn-focused beam
• Peak intensity of 8.5 x 1016 POT /hour

• Detectors
– MINOS – running
– MiniBooNE - running
– NOvA – CD1 recommended approval
– SciBooNE - PAC approval
– MINERvA – PAC and internal lab review approvals
– Advanced Initiatives – R&D
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Number of Protons on Target
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weekly integrated

Number of Neutrino Events

Performance of Neutrino Beams

Dataset used for the oscillation 
analysis

Observation 
of neutrinos 
in Near 
Detector!

1e20 
pot!
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Neutrino scattering at both Booster and Main Injector 
energies
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NuMI Neutrino Beam

12/21- 12/28
12/25-
12/28

Mean POT/pulse
2.2 x 1013

Mean beam power
165 kW



URA Program Review
May 8,  2006
R. Plunkett

Page 7

The  MINOS Detectors

NEAR

0.98 Kton

FAR

5.4 Kton

Both detectors are tracking calorimeters composed of interleaved planes of steel and 
scintillator – uptimes routinely exceed 95-97%.

- 2.54 cm thick steel planes

-4.1 cm wide scintillator strips

- 1.5 T toroidal magnetic field.

- Multi-Anode  Hamamatsu PMTs (M16 Far & M64 Near) 

- Near electronics optimized for high occupancy (~20)  during 10 μs spill

- Energy resolution: 55%/√E for hadrons, 23%/√E for electrons

- Muon momentum resolution  ~ 6 % from range  ( ~ 12 % from curvature )

Soudan Underground Lab, MinnesotaMINOS Detector Hall, Fermilab
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Beam arrives in 10 μs batches

Multiple events separated by timing, 
topology.

Relative timing greatly simplifies 
event identification at far detector

Individual Events

A spill (10 μs) in near detector
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Charged current 
likelihood 
function (near)

Near spectrum 
compared with MC

CC

• June

• July

• August

• September

• October

• November

Select CC events based on 
likelihood (PID) function

Inputs: 
Event length in planes
Fraction of event pulse height in the 

reconstructed track
Average track pulse height per plane
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Neutrino 
candidates are in 
50 μs window

Time difference of neutrino interactions from beam spill

0.5 Hz 
cosmic mu
rate

Expect about 3 contained CC/day

Events selected by timing, 
fiducial and simple angle cuts

Total CC event selection efficiency 
~70%, mostly fiducial.
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Angular Comparisons –
Reconstructed Track Angle

y

x

z

Near Detector Far Detector, using longer events to
get best angular resolution.

Beam going up

Beam going down
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Extrapolate to far detector, fit 
oscillation hypothesis

Use near detector data, beam 
kinematics to predict far 
spectrum

Also use bin-to-bin ratios, direct 
fitting to simulation, results 
stable.
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Results: a deficit consistent with 
oscillations hypothesis

5.0σ0.52177±1192νμ only (<10 GeV)

4.0σ0.67249±14166νμ only (<30 GeV)

4.1σ0.69298±15204All CC-like events (νμ+νμ)

significanceratioexpectedobservedData sample
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Far detector
PRELIMINARY PRELIMINARY
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Δm2 = 0.003 eV2

νμ disappearance νμ→νe

νe appearance  =>non-zero θ13
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• Accumulated ~1.4 x 1020 protons on NuMI target.
• Operated two neutrino detectors with excellent uptime.
• Systematic studies using NuMI beam for different beam 

energies and focusing conditions.
• First MINOS paper accepted for publication in PRD.

“First Observations of Separated Atmospheric νμ and ⎯νμ Events in the 
MINOS Detector”

• Presentation of first U.S. long-baseline neutrino oscillation 
results -30 March 2006 at Fermilab.

• Detection of neutrinos from MiniBooNE beamline –
enhanced in νe.

• Improve cooling, computing, magnet monitoring at far 
detector.

• Shutdown activities.
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NOvA exploits NuMI beam in a 
new way

• Off-axis neutrino beams provide narrow-
band kinematics
– Reduces backgrounds 

mis-id NC 
νe’s from K decay (wrong kinematics)

• Increases flux at oscillation maximum.
• This provides a good setting for νe

appearance exeriments

Oscillation probability 
w/ Δm2=0.0025 eV2

Ash River

Minneapolis

Duluth

International 
Falls

Fermilab

Ash River

Minneapolis

Duluth

International 
Falls

Fermilab
Selected Site for 
NOvA detector, 810 
km from Fermilab, 
~12 km off-axis
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ν3

AtmosphericM
as

s

νe νμ ντ

Normal Inverted

ν3

ν1

ν1

ν2

ν2

Solar

Measure θ13, the unknown mixing angle in νμ νe
Improve knowledge of sin22θ23 and Δm2

32
Study the mass hierarchy in atmospheric oscillations

Requires matter effects and therefore a long-baseline experiment.
Begin the study of CP violation effects in the neutrino 
sector.

Especially in conjunction with possible proton upgrade high-
power beam.
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Neutrino only running Mixed neutrino and anti-neutrino running

Values of sin22θ13 for which NOvA can make 3σ
observation of νe appearance are to the right of the lines 
for each mass ordering and CP phase δ.
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NOvA coverage range for 
mass ordering

Upgraded Fermilab complex could 
produce more beam, on order 1 MW

NOvA and T2K 
Phase I

Fraction of 
CP phase δ
space covered

Later Phases
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•25 kton detector

♦20,088 Titanium dioxide loaded PVC extrusions 

(7 kton)

•~640,000 cells

•3.9 cm wide, 6-cm deep

♦Active material liquid scintillator (18 kton).
♦Looped wavelength-shifting fiber in each cell.

♦32 pixel Avalanche photodiode readout

•~1700 νμ CC events per 7e20 POT 
(Δm2 = 2.5 × 10-3)

•Electron ID efficiency 24%

•For sin22θ13 ~ 0.1 would see ~125 νe
interactions in 5 years 

Large, “totally active”
structure, fine segmentation

15.7 m

132 m

15.7 m

15.7 m

132 m

15.7 m

15.7 m

111 m

15.7 m

15.7 m

132 m

15.7 m

15.7 m

132 m

15.7 m

15.7 m

132 m

15.7 m

15.7 m

111 m

15.7 m
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15.7 m

15.7 m

NOνA

132 m

132 m

15.7 m

NOνA

BaBar, CDF, D0, CMS, & ATLAS

Other things



URA Program Review
May 8,  2006
R. Plunkett

Page 22

NOvA Accomplishments in past year

• CD-0 signed on Feb 17, 2006

• NuSAG endorses NOνA

• Environmental studies for two sites in Northern Minnesota completed.

• Project team assembled and Project Office staffed.

• Obtained real quotes with scaling indices for most of the cost drivers.

• April 2006: CD-1 review.  Unanimous recommendation    for CD1 
approval.

– CDR, Project Management Plan, Project Execution Plan,
– Risk Management Plan, Configuration Management Plan, 
– Hazard Analysis Report, baseline cost range and resource loaded schedule…
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MiniBooNE detector – an 
instrumented tank

12 m sphere, 950 K liters of oil.

1280 PMT’s - 8” diameter

Cerenkov and Scintillation light

Michel e from μ
decay candidate.

Ragged outer 
edge of ring from 
scattering, brems.

π0candidate –
overlapping 
rings, 
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Check/confirm LSND oscillation signal at Fermilab Booster
Different systematics from previous experiment.

L=540 m ~10x LSND
E~500 MeV ~10x LSND

•search for νμ → νe oscillations

EnuQE (GeV)
0 0.5 1 1.5 2 2.5 3

0

5

10

15

20

25

30

EnuQE (GeV)
0 0.5 1 1.5 2 2.5 3

0

5

10

15

20

25

30

2 mΔ Hi eνOsc 
μν

+μ from eν
+ from Keν
0 from Keν
+π from eν

HEbox

MiniBooNE – testing 
LSND at Fermilab

μ+

K+

Open Sample, 
area normalized

Monte Carlo for 3.2 x1020 

(60% of analysis data set)
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MiniBooNE Cross-section 
Measurements

QE event spectrum 
reconstructed using 

kinematics
2MpEμ – mμ

2

Eν
QE =                             

2(Mp-Eμ+pμcosθμ)

(J. Monroe, M. Wascko)

(J. Monroe)

Single π+ cross-section 
normalized by QE calculation

(flux not known well)
Select by 2 e-

Use Δ kinematics



URA Program Review
May 8,  2006
R. Plunkett

Page 26

PID
-30 -25 -20 -15 -10 -5 0 5 10 15 20
0

100

200

300

400

500

600

700

800

900 νMonte Carlo, all 

eνMonte Carlo, all but 

NuMI events Data

Mutual Event Observation

Preliminary

Electron Separation Likelhood Variable

νe enhanced 
by K decay

NuMI ν’s in MiniBooNE MiniBooNE ν’s in NuMI

Relative timing, containment, angle cuts
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• Total accumulated dataset 7.2 x 1020 POT, world’s 
largest dataset in this energy range.

• Began running with antineutrinos – Jan 2006.
• Detected NuMI neutrinos – using in analysis.
• Cross-section measurements well-advanced.
• Oscillation Analysis progress

– Optical model
– Background composition
– Incorporate preliminary HARP data
– Beam and cross-section tuning.
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MINERvA, a fine-grained neutrino 
scattering experiment

Precision study of ν - nucleus scattering.  

Important for minimizing systematic errors 
of neutrino oscillation experiments

To  be located just upstream of MINOS Near 
Near Detector

High-granularity, fully-active (~6T) 
scintillator strip based design.

~1 T of nuclear targets (C,Fe,Pb) form 
first detector section.

Nuclear Targets

Active Scintillator

EM, hadronic calorimetry

Vigorous collaboration including nuclear physicists.

PAC approval in April 2004 – moving towards cost and schedule baseline 
approvals.

Currently expect to begin construction in 2008
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MINERvA Expectations -
Coherent Pion Production

MINERνA
4-year run

Expected MiniBooNE/SciBooNE
and K2K measurements in this range

Rein-Seghal model

Paschos- Kartavtsev model

MINERνA’s nuclear targets allow
the first measurement of the

A-dependence of σcoh
across a wide A range

A-range of
current measurements 

A

Data points: MINERνA
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MINERvA Accomplishments in 
2005-6

• Project Definition
– Established MINERvA project office at Fermilab

• Project Manager and Deputy Project Manager
• Scheduler, Budget Officer, Project Engineers

– Successfully passed CD-1/trial CD-2 Director’s Review 12/2005
– Prepared CD-1 documentation, ready to be submitted to DOE

• Technical Advances
– demonstrating basic element performance and construction feasibility

• Scintillator co-extrusion and WLS light yield
• clear fiber cable transmission
• electronics: noise, charge sensitivity
• extrusion of scintillator, fiber gluing tests
• prototype PMT box, PMT alignment scheme
• scale modules of module assembly

• Physics and Software Advances
– Optimized detector design through updated Monte Carlo studies 
– Begun transition to Object-Oriented Simulation and Data structures
– Established core software working group

• Collaboration Growth: 4 New Institutions, ~10 new collaborators
Northwestern Univ., U of MN-Duluth, Pontificia Universidad Catolica del Peru 

Universidad Nacional de Ingenieria (Lima)

Fe
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SciBooNESciBooNE –– moving K2K moving K2K 
SciBarSciBar to to FermilabFermilab

• Combine well developed detector with well 
understood running beam

• Goal - Precise knowledge of σs necessary for 
T2K and other experiments
– Non quasi-elastic ν interactions
– Excellent tracking for multiparticle final 

states
• Provide near detector information for 

MiniBooNE.
1           2          

Eν (GeV)

T2K

K2K

SciBooNE

Fl
u
x 

(n
or

m
al

iz
ed

 b
y 

ar
ea

)

Decay region

50 m
MiniBooNE 
Detector

SciBarSciBarMiniBooNE beamlineMiniBooNE beamline

100 m100 m 440 m440 m

~ 80K neutrino and 40K anti-neutrino 
events for 2 x 1020 POT
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Detector ComponentsDetector Components

• SciBar Detector 
•• Electron Calorimeter Electron Calorimeter 

– Both moved from KEK
• Muon Range Detector 

(MRD)
– Will be built at FNAL from 

the parts of an old 
experiment (FNAL-E605)

• Review process almost 
complete
– Green light depends on 

outcome of current/final 
review – hope to begin 
datataking in FY07

ν beam 

SciBar

EC
MRD

New engineering drawings since Review
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• BNL/FNAL Joint Long-baseline study
– Physics potential of beam options to DUSEL
– Off-axis detector options including second oscillation 

maximum.
• R&D on Large Liquid Argon TPC

– Study issues related to upsizing technology to ~15kton
– Purity of materials and long wire readout

• Purity test station being assembled as first step
• Prototyping for OPERA

– Emulsion bricks and tracking chambers in front of MINOS 
near detector have taken data, will continue.
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Principal program goals for 
coming year

• MINOS
– Complete CC analysis of full current dataset – publish result.
– CC analysis of additional data from 2006 post-shutdown running
– First νe appearance analysis near end of period
– Incorporate MIPP data to refine beam simulation – then study cross-sections.
– Use narrow-band feature of MiniBooNE events to study cross-sections.
– Complete and publish up-going muon analysis.

• MiniBooNE
– Complete νe appearance analysis as highest priority, by summer 2006.
– Cross-section measurements in neutrino and antineutrino modes.

• NOvA
– Prepare for CD-2 baseline review in the fall
– Prepare for beginning of construction in FY08

• MINERvA
– Obtain CD-0 and complete reviews for CD-1 ,2 and 3 by spring 2007
– R&D prototype module and prototype tracker

• Joint Long Baseline Study
– Complete report as input to NuSAG, as charged.
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• Total scientific staff 19
– 16 senior staff members

• Project managers for NOvA, MINERVA
• Deputy project manager for MINERVA
• MINOS Run Coordinator
• MiniBooNE Co-spokesperson, Head of Operations

– 3 Postdocs (one moving to  Wilson Fellow)
• 3.5 admin/project staff
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Conclusions – FNAL Neutrino 
Program

• Fermilab neutrino program is vibrant and healthy.
– Running experimental program
– Active program for the future
– Breadth of program addresses many of the issues of neutrino 

physics
– Integrated, coordinated organization.

• Interesting results are being generated and will continue.
• Concrete accomplishments and definite goals.
• The next generation of experiments bring increased 

precision and extend reach significantly.
– Fermilab is actively involved in many areas.


