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Introduction

The primary goal of the MINOS experiment is to make precision measurements of neutrino oscillation parameters.  The precision with which these measurements can be made depends critically on the precision with which neutrino energies can be measured.  As the neutrino energy cannot be measured directly, MINOS depends upon energy measurements of charged particles produced in conjunction with a neutrino interaction.  The MINOS offline software computes the energy of a stopped charged particle by using a polynomial formula for energy loss based on the particle’s range in the detector.  The algorithm used for the energy computation is based on the Bethe-Bloch formula, which is accurate to about 1% in the energy region of greatest interest to MINOS. 
  

This range is essentially the thickness of steel through which the particle passes (neglecting scintillator modules and air gaps for the purposes of this note).  The track reconstruction software derives the steel thickness from the MINOS database, in which the geometry tables contain a value for the thickness of each individual plane.  This note addresses the systematic error associated with this energy calculation due to the uncertainty in the plane thicknesses.  This translates into an error in neutrino energy, which may then be compared to the expected accuracy from the Bethe-Bloch calculation.
Steel Plane Thickness in the MINOS Database

The MINOS offline software gets its information about the MINOS detector configuration from the UgliGeometry database tables.  Specifically, data on the steel planes come from the table UgliDbiSteelPln.  This table models the far detector planes as monolithic pieces of steel with a uniform thickness for each, although the thickness does vary from one plane to another.  However, each far detector plane actually is constructed from eight individual pieces of steel, which are referred to as slabs.  Each of the slabs was weighed at Soudan before being installed.  This weight was compared to the nominal weight of the slabs, assigned by the vendor, Olympic Steel.  The thickness of a far detector plane, as entered into the database, is simply the nominal thickness of a plane (2.54 cm), weighted by the ratio of the actual weight of the eight slabs to their nominal weight (10,703 kg).  
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Thus, the thickness used by the MINOS software is really an average thickness for each plane.  The actual steel thickness traversed by particles passing through a given plane will vary due to non-uniformities in the plane’s thickness.  Each plane comprises two layers of four slabs each, as shown in Figure 1.  The scintillator modules are attached to the top layer and face toward Fermilab.  Details of the plane construction are described elsewhere.
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Figure 1
Arrangement of bottom (left) and top (right) layers of steel slabs in a MINOS far detector plane.  The view is looking upstream and numbering is along the u (bottom) and v (top) axes.

During the construction of the MINOS Far Detector, the steel configuration was carefully tracked.  The steel data, including the weight and location of each slab in the Far Detector, have been entered into a database
, which is the source of the plots shown in this note.
Figure 2 shows the distribution of the slab mass difference (nominal mass – measured mass).  As shown in [3], the mass difference reflects a difference in the slab thickness.

[image: image4]
Figure 2  Distribution of the difference between the nominal and measured slab mass.  Negative values indicate heavier (thicker) than nominal slabs.  Mass is in kg.
The variations in the slab thickness naturally result in variations of the average plane thickness.  This is shown in Figure 3.  The steel mass in the Far Detector is asymmetrically distributed, the first 190 planes being approximately 1% more massive than the planes downstream.  This effect is accounted for in the offline software geometry database, which contains the average thickness of the planes.  Because the database assigns each plane in the detector a thickness based on the weight of steel it contains and this thickness is used in computing a particle’s range, the mass asymmetry in the detector does not contribute to the systematic error in particle range.

[image: image5]
Figure 3  Plane mass vs. plane number in the MINOS Far Detector.

The mass asymmetry produces a two-peaked distribution of the plane thicknesses, shown in Figure 4.


[image: image6]
Figure 4  Plane thickness distribution, derived from plane weights.  Thickness is in meters.

Steel Uniformity within a Plane
A question that bears studying is whether the mass/thickness differences reflect a systematic bias in the two steel layers, i.e., whether the top layer of steel is systematically thicker than the bottom or vice-versa.  Figure 5 and Figure 6 show the thickness distributions of the top and bottom layers, respectively.  The mean values are exactly the same for both layers.  As with the plane thickness distribution, the double-peaking is due to a systematic difference in the mass of the upstream and downstream planes.  Figure 7 shows the distribution of slab thicknesses.  The mean slab thickness is 1.277 cm, the same as the mean thickness of both the top and bottom layers.  One may infer from these plots that there is no systematic bias toward a thicker top or bottom layer of steel in the far detector planes.

[image: image7]
Figure 5  Thickness distribution of the top layer of the Far Detector planes.  Thickness is in m.


[image: image8]
Figure 6  Thickness distribution of the bottom layer of the Far Detector planes.  Thickness is in m.
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Figure 7  Thickness distribution of steel slabs in the MINOS far detector.  Thickness is in m.

There are two potential sources of uncertainty in the steel thickness of a given plane.  One is the variation of thickness from one slab to another, as reflected in the variation of slab weights.  The other is due to whatever unevenness may exist in the thickness of an individual slab.

[image: image10]
Figure 8  Schematic depiction of a steel plane seen edge-on along the u or v axis.  A particle passing through a given slab in the top layer may pass through various thicknesses of steel in the bottom layer and vice-versa.

The cartoon in Figure 8 depicts several possible paths for a charged particle passing through a steel plane in the far detector.  Viewing the detector edge-on, the slabs in the upper layer are laid perpendicularly to those in the bottom layer.  A particle passing through a given slab in the top layer may pass through a range of steel thicknesses in the bottom layer, depending on which slab(s) it traverses.  One may define the thickness of the layer tL to be the average thickness of the four slabs in it and layer thickness error (L to be the standard deviation of the mean thickness.  The top layer then has a layer thickness error (LT and the bottom layer has a layer thickness error (LB.  Distributions of these errors are shown in Figure 9 and Figure 10.  The mean values of (LT and (LB are 5.45 ( 10-3 cm and 5.38 ( 10-3 cm, respectively.
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Figure 9  Distribution of the standard deviation from the mean for the thickness of top layers of steel in the MINOS far detector planes ((LT).
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Figure 10  Distribution of the standard deviation from the mean for the thickness of bottom layers of steel in the MINOS far detector planes ((LB).

Steel Uniformity within a Slab
A single slab of steel may not have a uniform thickness.  Although no direct measurements of thickness were made on the far detector steel, some ultrasound measurements were made on the near detector plates.
  The near detector plates are nominally 2.54 cm thick.  The ultrasound measurements were made only in the fiducial region of the planes for the calorimeter section of the near detector.  Nonetheless, the plates are of the same steel used in the far detector, so it is not unreasonable to assume that the thickness variations in individual pieces are comparable.  The average thickness variation on an individual piece of steel, (S, as measured with ultrasound, is 8.80 ( 10-3 cm.
Systematic Errors in Steel Thickness
Since the variations in layer thickness and slab thickness are random and independent, they may be added quadratically to obtain an overall uncertainty ( in the steel thickness for a single plane.
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Inserting the average values of (LT and (LB, one obtains ( = 1.46 ( 10-2 cm.  Comparing this with the average plane thickness (2.554 cm), the fractional error on the single-plane thickness is 0.6%.
The uncertainty in a particle’s energy due to this effect is, of course, dependent upon how many planes the particle traverses.  Figure 11 shows the absolute uncertainty, in meters, of the length of a particle track in steel as a function of the number of planes in the track.  Figure 12 expresses the same data as a fractional uncertainty.
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Figure 11  Uncertainty in steel thickness traversed by a track in the far detector as a function of the number of planes in the track.
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Figure 12  Fractional error on the amount of steel traversed by a track in the MINOS far detector.
Systematic Errors in Muon Energy

Finally, Figure 13 shows the fractional error of a muon’s energy using the steel thickness errors above in the polynomial formula currently used in the MINOS software to compute muon momentum:
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(3),
where r is the muon’s range in g cm-2 weighted by the muon mass.  The formula is based on a plot published by the Particle Data Group in [1].  The fractional error is independent of the angle of incidence of the muon on the steel, but does not allow for multiple scattering.
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Figure 13  The fractional error on the energy of a muon traversing the MINOS far detector, expressed as a function of its range, in number of planes.  The effects of the scintillator and air gaps are ignored.

Conclusion
Figure 13 shows that, in most cases, the steel thickness uncertainty does not make a significant contribution to the uncertainty in the muon energy.  For tracks of length greater than 20 planes the fractional uncertainty is less than 1%, meaning that the Bethe-Bloch uncertainty will be a more significant factor.  Other systematics of the detector and software are likely to be much more significant than this, but are outside the scope of this note.
Thanks to Alysia Marino and Jeff Nelson for their helpful comments in preparing this note.
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