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Luke Corwin
‘Measurements of Atmospheric 

Neutrinos using the MINOS Detector’

Measurements of Atmospheric Neutrinos 

Using the MINOS Detector
L. A. Corwin (Indiana University) for the MINOS Collaboration

Future: Mass Hierarchy
The ability of MINOS to distinguish between 

! and ! allows us to search for the mass hier-

archy.  The number of µ+ and µ-, for certain 

values of energy and angle, depends on the 

mass hierarchy.  The plots at left  show the 

the events rates for µ- calculated from simu-

lations for MINOS for the normal (top) and 

inverted (middle) hierarchies.  Plotted at bot-

tom is the difference between the two rates, 

divided by their uncertainty.

We are currently determining how to use sta-

tistical tests (such as "2 or Kolmogorov – 

Smirnov) to compare the atmospheric data 

with simulations for the two hierarchies and 

calculate which hierarchy is more consistent 

with our data.  

We plan to include the additional data taken 

since 1 Aug. 2008 in this search.

Oscillation Results

We divide the data into bins of bins of L/E resolution with 5 bins for 

FCPC events, 2 bins for rock µ events, and one bin for contained vertex 

showers.  In the limit of two flavor oscillations (!µ ! !"), we perform a 

maximum likelihood fit to the reconstructed L/E distributions to obtain 

oscillation parameters. For our ! sample, we fix the ! parameters to the 

the MINOS ! best fit oscillation parameters from 2008.  Then, we per-

form the opposite analysis for our ! sample.  Systematic uncertainties 

are fitted as nuisance parameters.  The results of the fit are shown in the 

contours and values below.  Limits and uncertainties are at the 90% 

confidence level.

To test the consistency of the ! and ! mass differences, we perform our 

fit with the mixing angles fixed to maximal mix-

ing and the mass differences allowed to vary.  

The results are consistent within uncertainties, 

as shown at left and below.

MINOS Far Detector
The detector is composed of 2.54 

cm steel plates (total of 5.4 kton) 

interleaved with plastic scintilla-

tor.  Its depth (700 m) provides 

shielding from cosmic rays.  A 1.3 

T magnetic field produced by a 

coil along the long axis allows 

separation of µ+ from µ- and thus 

!µ from !µ, which is unique 

among underground ! detectors.

Charge Ratio Results
We use a high resolution subset of 

data with clean tracks and well-

measured charge to calculate ratio 

of !µ to !µ events.  We compare this 

ratio for data and MC (using the 

2008 MINOS oscillation parame-

ters) to check the consistency of !µ 

to !µ oscillations.  The resulting double 

ratio is consistent with unity and thus 

with equal oscillations for !µ and !µ.

Atmospheric Neutrinos

•Cosmic rays impinging on the atmosphere pro-

duce cascades of particles, including neutrinos

•Oscillation of !µ to other flavors appears as 

a !µ deficit for certain values of path length 

(L) and ! energy (E).

•L varies from ~10 to ~13000 km

•MINOS measures L/E across 4 orders of 

magnitude 

•Oscillations in !µ and !µ are detected

MINOS Far 

Detector

Cosmic Rays
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Rdata
ν/ν

RMC
ν/ν

= 1.04+0.11
−0.10 ± 0.10

|∆m2
32|−| ∆m2

32| = 0.4+2.5
−1.2 × 10−3 eV2

(for sin2(2θ23) = sin2(2θ23) = 1.0)

|∆m2
32| = 1.8+1.5

−0.6 × 10−3 eV2|∆m2
32| = 2.6+4.4

−1.3 × 10−3 eV2

sin2(2θ23) > 0.58 sin2(2θ23) > 0.60

7× 10−3 <
|∆m2

32|
eV2

< 17× 10−3

Data Pre-Selection

Between 1 Aug. 2003 and 1 Aug. 2008, 

1657 live days (24.6 kton-Yrs) of data 

were collected.  We select events that 

have clean showers (!e and neutral 

current interactions) and tracks (!µ 

charged current interactions).  Our 

primary background source is cosmic 

ray events.  The signatures for atmos-

pheric ! are fully contained (FC), par-

tially contained (PC), or upward-

going events.

Events Selected for Analysis

We divide data events into 3 samples:

•FC or PC µ events: 

572 events

•Contained Vertex 

Showers: 292 events

•! Induced Rock µ: 

264 events

Reconstructed vertex positions are 

shown above. 

Event Selection
Two Event Categories

•Upward-going tracks from interactions in 

the detector or rock are identified using tim-

ing data. 

•FC and PC events within the detector fidu-

cial volume are identified!using containment 

and topology cuts applied to the top of the 

event and a scintillator shield to veto cosmic 

ray events.
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MINOS oscillation parameters (2008)

sin2(2θ23) = 1.0(> 0.9 @ 90%CL)
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Brendan Casey
‘The new (g-2)   Experiment 

at Fermilab’
µ

http://indico.cern.ch/contributionDisplay.py?contribId=276&sessionId=55&confId=73513
http://indico.cern.ch/contributionDisplay.py?contribId=276&sessionId=55&confId=73513
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http://indico.cern.ch/contributionDisplay.py?contribId=276&sessionId=55&confId=73513
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Lars Sonnenschein
‘Measurement of the charge ratio of 

Atmospheric Muons with the CMS Detector’

Daniel Kaplan
‘New Experiments with Antiprotons’

New Experiments with Antiprotons
Daniel M. Kaplan          for the Fermilab pbar Collaboration

             http://capp.iit.edu/hep/pbar/

Antihydrogen Measurements
! H ̅-in-flight CPT test feasible:

! Interferometric H̅ gravity test: ∄ direct limit

- simple solution to missing antimatter & dark energy:

! could matter & antimatter repel gravitationally?

- more generally, quantum gravity can have scalar & vector 
terms as well as tensor

⇒ g̅ / g = 1 ± ε
- measurement feasible with proven technology (trapping, 

atomic interferometer)

- goal: determine ε first to 10–4 (gratings), then 10–9 (lasers)

‣ First test of Equivalence Principle for antimatter

target

Charmonium & XYZ States
! p̅p can directly form states of all non-exotic JPC

! p̅p capable of precision mass & width measts, e.g.:

  FNAL E760
 σm (beam) = 
    0.5 MeV

! Directly study singlet states: ηc, hc,ηc(2S) & other 
non-1-- states (e.g., !c’s)

‣ Are XYZ states 
charmonium or 
hybrids or...?

Charm CPV
! σ(p ̅p → D*D̅) ~ 1 µb? 
⇒ >1010 events produced

– charm mixing: new physics?

‣ Potential world’s-most-
sensitive measurement

D*D cross-section estimate (after E. Braaten, 

arXiv:0711.1854)
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Abstract
Fermilab operates the world’s most intense source of antiprotons. 
Experiments have been proposed that can use those antiprotons 
either parasitically during Tevatron Collider running or after the 
Tevatron Collider finishes in about 2011. We summarize the physics 
goals and potential of the proposed experiments. 

New pbar Experiments for Fermilab

We are working on proposals for new experiments at the Fermilab Antiproton Source —
the world's most intense source of antimatter!

So far the collaboration includes:

      

     

     

Some useful documents:

A recent concise paper on this effort

Medium-Energy Antiproton Physics Letter of Intent and Addendum 1, Addendum 2, and P-986 Fermilab Physics Advisory Committee (3/5/09) talk by Dan Kaplan

Antimatter Gravity Experiment Letter of Intent and P-981 Fermilab Physics Advisory Committee (3/5/09) talks by Tom Phillips and Mark Raizen

"Direct Observation Limits on Antimatter Gravitation," by M. Fischler, J. Lykken, and T. Roberts, FERMILAB-FN-0822-CD-T (2008)

Website on antimatter gravitation maintained by Tom Phillips

A talk to the Fermilab Physics Advisory Committee by Tom Phillips (3/28/08) on "Antimatter Gravity Experiment at Fermilab"

A talk to the Fermilab Physics Advisory Committee by Gerry Jackson (3/28/08) on "Antimatter Gravity Experiment at Fermilab"

A talk to the Fermilab Steering Group by Dan Kaplan (6/1/07) on "Low- and Medium-Energy Antiproton Experiments at Fermilab"

A talk by Dave Christian (5/10/07) on "The Antiproton Source and Possible Experiments"

A talk by Dan Kaplan (5/10/07) on "A New Experiment to Study Hyperon CP Violation and the Charmonium System"

Engineering drawing of E760 calorimeter: tot_cal_lay.pdf

Two engineering drawings of the experimental area in AP-50: SC-1, SC-3.

Some useful links:

Hyperon CPV & Rare Decays
! Example Feynman diagrams

(Standard Model):

 tree:

penguin:

! New physics can contribute too!

• Rare decays:

- HyperCP observed 
3 Σ+ ! pµ+µ– events

- Consistent with
new low-mass
X0 ! µ+µ–

• Aim to start with p̅p ! Ω– Ω̅̅+
• Sensitive to B ~10–6,  CP asymm ~ 10–4

• Probe both parity-conserving and violating 
interactions ⇒ complementary to K & B studies !c1 !c2

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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E835 Spectrometer

Upgrade 
concept

Return Yoke

Proposed Exp’tal Approaches
! FNAL Antiproton Source is world’s most intense –!

even after FAIR@Darmstadt turns on (~2018)

! Opportunity for small, simple experiments soon after 
Tevatron finishes

! Medium-Energy experiment:  “upgraded E835” with
magnetic spectrometry:

‣ use existing E760 calorimeter,
BESS solenoid, & DØ VLPC
photodetectors & DAQ boards

! L ~1032 feasible ⇒ ~108 p̅p ! Ω– Ω̅+ events/year

! Slow-H̅ expts:  decelerate in MI & degrade into trap

! Possible future upgrade: add small decelerator ring

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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Figure 1: Sketch of upgraded E835 apparatus
as discussed in text: a 1T solenoid surrounds
fine-pitch scintillating-fiber detectors, and is
surrounded by precision TOF counters, all
within the existing E835 Central Calorime-
ter. A possible return yoke is not shown; un-
less the solenoid can be actively shielded, one
is needed for proper functioning of calorime-
ter phototubes.

Figure 2: World average of D0–D0 mixing
parameters x ≡ ∆m/Γ, y ≡ ∆Γ/2Γ: best-
fit values are x = (0.98+0.24

−0.26)%, y = (0.83 ±
0.16)%, and no mixing (x = y = 0) is disfa-
vored by 10.2σ [25].

in the down-type [5, 26], it is important to carry out such studies not only with s and b
hadrons, but with charm mesons as well — the only up-type system for which meson mixing
can occur.

While challenging to compute from first principles, recent phenomenological estimates
near threshold give the exclusive cross section σ(pp → D∗0D0) peaking, at about 1µb, at√

s = 4.2 GeV [27, 28, 29]. This corresponds to antiprotons of 8GeV kinetic energy (the
Antiproton Source design energy) impinging on a fixed target. At L = 2×1032 cm−2s−1, this
represents some 4× 109 events produced per year. Since there will also be D∗±D∓, D∗D∗,
DD, DDπ,... events, the total charm sample will be even larger, and with the use of a target
nucleus heavier than hydrogen, the charm-production A-dependence [30] should enhance
statistics by a further factor of a few. The total sample could thus substantially exceed
the 109 events now available at the B Factories. By localizing the primary interactions
to ∼ 10 µm along the beam (z) direction, a wire target can also allow the D-meson decay
distance to be resolved, and the low charged multiplicity at these energies [31] implies small
combinatorial background. Medium-energy pN annihilation may thus be the optimal way
to study charm mixing, and to search for possible new-physics contributions via the clean
signature [32, 5] of charm CPV.

We have carried out preliminary simulations of such events with the apparatus of Fig. 1;
key parameters of the simulation are given in Table 3. In particular we simulated pn →
D∗−D0, with subsequent decays D∗− → π−s D0, D0 → K+π−, for which we find the D∗−

geometric acceptance to be 45%, with 0.75% mass resolution and 0.4 MeV/c2 resolution
on the D∗–D mass difference. To estimate the combinatoric background, we rely on a
preliminary analysis of events from the MIPP experiment [33], using a 20 GeV p beam (the
lowest energy for which a useful amount of data was available) and scaling the laboratory-
frame longitudinal momenta of all secondaries by a factor 0.65 to approximate the effect of

4

1 T solenoid

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).

15

Phys. Rev. D 77, 034019 (2008))
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Future IUPAP C11 sponsored conferences

• 25th International Symposium on Lepton-Photon 
Interactions 

• LP 2011 in Mumbai, India   

• August 22-27, 2011

• 36th International Conference on High Energy 
Physics

• ICHEP 2012 in Melbourne, Australia

• July 4 -11 2012  - note date change

• Proposals for LP 2013 & ICHEP 2014 were 
reviewed by C11 this week.
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FUTURE IUPAP C11 sponsored conferences

• 26th International Symposium on Lepton-Photon Interactions 

• LP 2013 will be hosted by SLAC in the USA

• 37th International Conference on High Energy Physics

• ICHEP 2014 will be in Valencia, Spain

Tuesday, July 27, 2010
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