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Abstract

A study of the acceptance of the MINOS Far Detector to single muon tracks was been performed using a new Monte Carlo program.  The emphasis is on understanding the observed ratio of positive to negative charged muons from cosmic rays.    Specifically, the ratio of positive to muons has been studied as a function of geometric angles,  muon momentum,  magnetic field strength, and detector alignment.  Some important features of the data can be explained using the Monte Carlo,  but some affects appear to be beyond the scope of this study.  It was found that the muon charge ratio is a function of the angular distribution and momentum of the incident muon flux; to the extent that the Full Project Monte Carlo does not reproduce the incident muon momentum and angular distributions, there will be corresponding errors on the muon charge ratio result.  Finally, there is an unexplained aspect of the relative heights of the muon charge ratio for north and south directions.

I. Goals of the Acceptance Study

The earliest data from the MINOS far detector consists mostly of atmospheric muons.  As the first large magnetic spectrometer underground, an early goal was to measure the muon charge ratio.  It was observed that the azimuthal distribution of the charge ratio was not flat.  A variety of possible explanations have been studied, including features of the reconstruction program and possible inhomogeneities in the magnetic field.  

In this note we describe a program (FarSim) that was written to study the effects of the geometrical acceptance and simple cuts.  The status of the data analysis is described in Chapter 6 of Brian Rebel’s thesis.   Recent plots of the MINOS data (1,2) and official project Monte Carlo are given in Appendix A.  Unexplained features are observed in the charge ratio as a function of 1) azimuth angle, 2) zenith angle and 3) momentum.  The main conclusion of this study are that:

a. The qualitative features of the azimuth distribution can be understood as a result of the magnetic focusing together with the 20 plane cut, and quantitatively is affected by the details of the zenith angle distribution.

b. The “ears” on the muon charge ratio can be understood, but the relative heights of the muon charge ratio (north and south) are not understood.

c. Effects seen in the zenith and momentum distributions are not explained.

The acceptance is a geometrical feature of the detector and is expressed as a number or function with the units of m2sr.  Various inefficiencies such as those associated with cuts affect the acceptance.  In this note, we use the term acceptance to include the effects of the length cut and plane cut which are imposed on the data.  Thus plots are shown for which the vertical axis is the number of events, where an arbitrary number of events were generated, and acceptance effects are understood to mean differences as a function of the variable plotted (zenith angle, azimuth, or momentum).

Specifically, the ratio of positive to negative charged muons has been studied as a function of geometric angles,  muon momentum,  magnetic field strength, and detector alignment. 

II. Acceptance for Straight Tracks

Detector Model  A rather simple model was constructed that would allow for rapid generation of results.  With such a model, only trends in the acceptance as a function of assorted variables can be studied.  Detector parameters are from Reference 3. The following assumptions and simplifications were employed in the FarSim program:

· The Far Detector is a cylinder of radius 4.0 m and length 28.83 m.

· The center hole for the current carrying cables is ignored.

· The far detector is completely homogeneous. 

· The lack of tracking in the space between the supermodules is ignored; tracking is assumed to exist in this space.

· The magnetic field B is purely azimuthal and constant in magnitude.  Note that the field is the average magnetic field throughout the detector; it is averaged over the steel, plastic, and air.  For the FarDet, the average effective field is 0.6 T.  A trial run of the program was done using a full B field in the steel (1.3 T) and zero field in between the steel plates; there was no observable change in the results.  Thus an effective field averaged over all detector space was used in the simulation runs.  The sign of the magnetic field was chosen to agree with the FarDet data that was used in Brian Rebel’s thesis.

· The muons are generated with random positions and directions on the surface of a sphere centered on the far detector with an equal number of positive and negative muons.

· The effects of multiple scattering are not included.

· Muon energy loss is set to a constant 2.0 MeV-cm2/g; this corresponds to an average energy loss of 8 MeV/cm in the assumed homogeneous far detector. 

· Muon tracking is stopped at a momentum of 25 MeV/c. 

· No track reconstruction is performed, which is equivalent to assuming that track reconstruction and charge identification are perfect.

· In most of the simulations, the muon must hit at least 20 of the scintillation planes to be counted as a reconstructed track; this cut is referred to as the “20 plane cut”.

· Most simulations were made for single values of muon momentum.

Coordinate System

The following coordinate system was used for the simulations:

· z is horizontal, perpendicular to the steel planes, parallel to and centered on the cylinderal hole in the middle of the detector that the current carrying cables pass thru.  This is also the direction of the Fermilab nu beam. 

· y is upwards, anti-parallel to the Earth’s gravitational force vector.

· x is horizontal (parallel to the steel plates). 


· The origin is centered at the geometric center of the Far Detector; thus one supermodule is at negative z and the other one is at positive z.

Figure 1 shows this coordinate system.   Four angles can be defined in this coordinate system.  If there is a vector P, then the angles (beam, (beam, ddetector, and z are given by the following equations:

· Beam phi    ( =tan-1 (py/px)     

· Beam theta  =cos-1 (pz/ptotal)

· Azimuth d  = tan-1 (px/pz)  

· Zenith Angle z =  cos-1 (py/ptotal)
In this paper the study, the azimuth is aligned along the beam (detector) direction, but in the far detector analysis, it is usually defined with being North, which is 26.6o from our definition.  The zenith angle is 0 o for downgoing vertical muons, 90o for horizontal muons and 180 o for upward going muons.    The cos(z) is 1.0, 0.0 and -1.0 for these angles respectively.
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Before investigating the effects of the magnetic field on track curvature, a study was done using straight tracks (B=0).  At this stage, we did not impose a track length cut or minimum cut.  

First consider the side view of the detector as shown in Figure 2.   We impose a selection of  |cos(z)|>0.95 so that the incident muon direction is roughly vertical.  The first question to answer is: How many muons hit the detector at various azimuthal d angles?  

In fact the acceptance should be approximately constant when there is no cut on track length (i.e., no plane cut).  This result is seen in Figure 3. Note the small dips in acceptance at 90 and 270 degrees.
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Figure 3







Next consider the plan view of the detector as shown in Figure 4. We investigate  “horizontal” events, i.e., those with small large values of z, or |cos(z)| ~ 0.   The largest detector acceptance to incoming muons should not be perpendicular to the z axis, but instead perpendicular to the diagonals of the detector. These are the directions in which the “shadow” of the detector is the largest. For the actual FarDet, the angles should be 16o  from the perpendiculars; there should be four corresponding peaks in the acceptance as a function of the azimuthal angle α.  This can be seen in Figure 5 which shows the acceptance for |cos(z)| <0.1.  This effect would be more obvious if the detector was shorter.  Consider a detector whose length is equal to its diameter (Figure 6).  The resulting acceptance for horizontal events with |cos(z)<0.2 is shown in Figure 7.   The “Square cylinder” detector shows four acceptance peaks, at the expected angles for the maximum size shadow of the detector. The alternating differences in the minima are because we alternate from cylindrical to flat surfaces as we move azimuthally around the detector.  Figure 7 confirms our expectations of the behavior of the acceptance, with cuts, to the geometric properties of the detector.
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Figure 4
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Figure 7

III. Acceptance for horizontal tracks in a magnetic field

Acceptance as function of Zenith angle

For the remainder of this Numi-note, the standard Far Detector geometry will be used:  Radius = 4m, Length = 28.8m.  We will next consider the case of monoenergic muons of 20 GeV/c in a 0.6T detector averaged magnetic field.  Figure 8 displays the acceptance, as a function of the azimuthal angle d, as the track steepness changes from horizontal to vertical:  the  |cos(z)| selections are  0.0-0.2,  0.2-0.4,  0.4-0.6,  0.6-0.8, and 0.8-1.0.  The acceptance can be seen to change drastically as the zenith angle changes.  The acceptance is flat for  small zenith angles (large cos(z))) where the cosmic muon flux is largest, but varies significantly for flat events, and is actually smallest in the beam (Fermilab) direction.

Figure 8 Acceptance (no plane cut) as a function of z.
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Next, a selection will be imposed that the muon track transverse at least 20 scintillator planes.  The addition of a plane cut changes these conclusions strongly due to focusing and defocusing in the magnetic field.    Tracks that are near the edge of the detector are affected the most.  Some tracks that would not have satisfied the 20 plane cut in a zero field are bent inward and thus pass the 20 plane cut; particles of the opposite charge that would satisfy the 20 plane cut in a zero field are bent in the opposite direction and then fail to hit 20 planes.  This effect is clearly largest for lower momentum tracks.  And it modifies the acceptance for many steep tracks, and for horizontal tracks at large radial positions.

Figure 9 shows the azimuthal distributions of the positive and negative muons at a momentum of 5 GeV/c, with the magnetic field at 0.6T, when the 20 plane track cut is applied.  The figure shows five selections on |cos(z)| : 0.0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0.  The event distributions change quickly with increasing |cos(z)|, with the holes at 180 and 3600 changing into peaks.  This affect will be studied later in this document.

Figure 10 shows the |cos(z)| distributions at p=20 GeV/c and B=1.0T for positive and negative tracks.  The distributions are nearly identical, rising with decreasing angle until the 20 plane cut forces the distribution down for |cos(z)|>0.85.  The ratio of the two distributions is also shown in Figure 10; it is consistent with being flat at a value of 1.00.
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As mentioned above, the acceptance for horizontal events, small |cos(z)|, is nearly constant with azimuthal angle.  Applying the 20 plane track length cut introduces 

holes in the distribution near 90 and 270 degrees.  This is shown in Figure 11 at a momentum of 10 GeV/c and B = 0.6T.   The small acceptance along the neutrino beam direction, 0 and 180 degrees) is due to the small cross sectional area of the detector at the ends compared to the sides.  Note that the actual cosmic ray muon flux at small |cos(z)| is quite small.
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    Figure 10
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Figure 12 shown the ratio R of positive to negative muons as a function of azimuth at 10 GeV/c and B=0.6T.  It is reasonably constant at a value of 1.0 except within a few degrees near 90o and 270 o where the 20 plane cut dominates the acceptance
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For comparison, now we will look at the kinematic region where the cosmic ray muon flux is largest: large |cos(z)|.   Figure 13 shows the ratio R as a function of azimuth at a momentum of 10 GeV/c and B=0.6 T.  There is a considerable range of azimuth where the ratio is not constant.  The shape of this distribution is seen in the Far Detector data.  Overall the ratio is nearly 1.00, but it clearly varies with azimuthal angle.  But even for steep tracks, the overall ratio (summing over all azimuthal angles) is nearly independent of muon momentum in the 5 – 50 GeV/c region.   Similarly, the ratio R does not vary substanteously as |cos(z)| varies from 0.75 to 1.0
, the angular region of the actual cosmic induced muons.  
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Acceptance as function of B field and/or Muon Momentum

Varying the momentum of the muons in this simulation is nearly identical to varying the value of the magnetic field.  This is because a constant energy loss was assumed, with tracking cutoff at 25 MeV/c.  Table I shows the ratio R for two ranges of azimuth: 130-230 and the range about 0 degrees, 320-400 degrees.  The ratio is shown for various (reasonable) values of the momentum and for (unrealistic) values of the momentum.  This simulation results are plotted in Figure 14.  The conclusion is that the ratio R is not sensitive to the magnetic field B; only huge, unrealistic changes in the overall B field have an effect on the ratio R.  Of course, if the momentum variation of the ratio R is to be measured, it is important to know the value of the field.

      Table I
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Figure 14

IV. Acceptance for steep tracks in a magnetic field

The variation of the ratio R with angle azimuth is most pronounced at small values of z. Figure 15 shows the azimuth distributions for 10 GeV/c tracks when |cos(z)|>0.90, with B=0.6T and the 20 plane cut applied.  While the shape of the positive and negative distributions is quite similar, they are in fact quite different.  Figure 16 displays the ratio R.  There is no region where the ratio is constant.  The difference in the value of the ratio R as azimuth changes becomes more pronounced as z decreases and as the momentum decreases.  This is perhaps best seen in Figure 19.  It displays, for 10 GeV/c,  the azimuth distributions of the ratio R for different slices of cos(z).  As the angle z decreases, the holes in the ratio increase in width and the shapes become more rounded.  These effects are enhanced as the momentum of the tracks decreases below 20 GeV/c.  
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The huge variations in acceptance for steep tracks in figures 17 and 18 can be understood qualitatively as follows.  The peaks and dips near the acceptance holes (at all zenith angles) are understood as edges related to muons being focused or defocused into or out of satisfaction of the 20 plane cut.  But steep tracks are near this edge of the 20 plane cut for all azimuth (which horizontal tracks are not.)

Imposing a cut on a limited region of azimuth,150-180 degrees, for very steep tracks, |cos(z)|>0.95, a momentum variation is seen in the ratio R.  Figure 19 displays this behavior from 2.5 to 30 GeV/c.  But when integrated over all azimuth angles, the ratio R does not exhibit a momentum dependency.
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V. Acceptance study with a momentum distribution

To compare the simulation to actual Far Detector data, the angular distribution of the incident muons must be included.  It was assumed that the angular distribution of the muons in the Far Detector is independent of momentum and is identical to that measured on the surface of the earth.  The following model ( based on the 1987 Crouch parameterization of muons ICRC 1987) was used:

dI/dcos(betra)~ exp(p1+h*p2) + exp(p3+h*p4)

where h=d/|cos(z)| , p1=-11.24, p2=-0.0026, p3=-13.98, and p4=-0.0012.

First the muon flux was assumed to be constant with momentum.  The resulting distributions for positive muon flux, negative muon flux, positive muon momentum, negative muon momentum,  the ratio of positive to negative muons as a function of azimuth, and the ratio of positive to negative muons as a function of momentum are displayed in 

Figure 20.  The variation in the ratio as a function of momentum from 2- 75  GeV/c is less than ~2 %.   

Finally, a momentum distribution of incident muons was introduced into the simulation.  Of concern is the variation in the acceptance of the Far Detector as the momentum increases, especially above 50 GeV/c.   To account for this issue, the generated momentum distribution was approximated to be similar to the observed momentum 

distribution in the Far Detector.  A p-3.5 shape was assumed, but the overburden was varied to obtain a distribution that resembles the measured distribution in the Far Detector. The resulting distributions are shown in Figure 21.
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Detector Misalignment     The ability of the Far Detector to observe the shadow of the 

moon using cosmic ray muons certainly implies that overall the detector is correctly aligned.  However, the detector acceptance varies rapidly at small z angles, and an error in the local coordinate system, or perhaps even the magnetic field in the earth might
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introduce differences for positive and negative muons.  In particular, we investigated whether misalignment could affect the ratio R for muons when |cos(z)| > 0.95.  Large misalignments were introduced by rotating the detector about the x, y, and z axis.  Runs were made with various rotation angles, from as small as 0.3 degrees to absurdly large angles (20 degrees).  For large rotation angles, the ratio R is somewhat affected.  But for any reasonable rotation angle (less than a degree) about either the x, y, or z axis, using the model for the cosmic ray incident angular distribution and momentum distribution, there were no observed affects greater than ~1% on the ratio R as a function of d or z.

Varying the Detection Efficiency with Angle Phi

Suppose the Far Detector detection/reconstruction efficiency depends upon the angle phi.  This possibility was investigated by generating muons with a distribution F=1.0-0.1((-()/(.  The observed distribution of muons as a function of azimuth is changed, but the ratio R as a function of azimuth was not noticeably affected.  For a momentum of 10 GeV/c and the standard 20 plane cut, Figure 23 shows the resulting ratio as a function of azimuth. 
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Other Selection Criteria

Another selection criteria that Minos members have used in studying cosmic ray induced muons is a 2.0 m track length cut.  Introducing this cut into the simulation had no observed affect on any ratio distributions.  This cut would not seem to be needed for actual track reconstruction at lower momentum, but no doubt does improve the charge determination for high momentum track tracks.

VI. Conclusions and Discussion
Conclusions

Muon Angular Distribution Conclusions

· The acceptance varies significantly with angles d and z.

· The R(+/-) vs α distribution is strongly dependent upon β for small z.

· Thus, if the Monte Carlo generated z distribution (at small z) wrong, the resulting  acceptance corrected value of R will be wrong.  This is the main conclusion of this study. Since Brian Rebel’s zenith distribution does not show consistency between the data and Monte Carlo, there is no reason to expect the shape of the azimuth distribution to be the same

· R(+/-) dependency on the angle d varies significantly with momentum at small z.  It is important to realize that if Monte Carlo generated momentum distribution (at small z) is wrong, the resulting acceptance corrected value of R will be wrong.  

There is an interesting, unexplained aspect of the ratio R(+/-) as a function of the angle phi for the Standard Monte Carlo compared to that of FarSim.  For the regions where the acceptance is fairly constant, near 1800 and 3600, the ratio near 1800 is higher than near 3600 in the FarSim calculations.  However, the Standard Monte Carlo shows the opposite affect, i.e., the ratio near 1800 is less than near 3600, even though the sign of the “ears” is the same.
Muon Momentum Conclusions

· The muon acceptance varies significantly with momentum below ~50 GeV/c, but no effects were identified which would explain the observed variations in the charge ratio from a flat distribution in the data.
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Appendix A.  Data Plots from Brian Rebel, July 2004

[image: image3.wmf]
Figure A1.  The Charged Muon Ratio as a function of Azimuth for Data (Top),  Full Monte Carlo (Middle) and their ratio (Bottom).  360 has been added to azimuth angles below 60 degrees.  

4. [image: image4.wmf]
Figure A2.  The Charged Muon Ratio as a function of the cosine of the zenith angle for Data (Top),  Full Monte Carlo (Middle) and their ratio (Bottom).  
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Figure A3.  The Charged Muon Ratio as a function of momentum for Data (Top),  Full Monte Carlo (Middle) and their ratio (Bottom).    
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R(+/-) Dependencies on P and B

20 plane cut   and |cosβ|>0.8 cut applied

		P(GeV/c)		B(T)		R(+/-)  
 α : 1300-2300		R(+/-)  
 α : 320-4000

		10.0		0.56		0.98		1.04

		10.0		1.50		0.99		1.03

		10.0		5.0		0.88		1.15

		20.0		0.56		0.99		1.04

		20.0		1.0		0.98		1.04

		20.0		1.5		0.93		1.08

		20.0		2.5		0.92		1.10

		20.0		5.0		0.81		1.18

		50.0		.56		1.01		1.01

		50.0		1.5		0.99		1.04

		50.0		5.0		0.94		1.10
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