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Abstract.  The Elastic Templates algorithm uses simulated mean-field annealing to find near-optimal solutions of problems that are both combinatorial and continuous. In high-energy physics experiments it has been applied to the tracking problem, which is to minimize the distances between track templates and the hits belonging on each track. I will explain recent attempts to extend and improve this approach for reconstructing data from the D( experiment. Vertex templates have been added, and the algorithm simultaneously minimizes the distances between the track templates and the vertex assigned to each track. A final step aimed at finding secondary vertices in jets is also explored.

Introduction

A challenging part of conducting a high-energy particle physics experiment is reconstructing the physical processes that took place in a collision from the signals left in the detector. In particular, the “tracking problem” is to reconstruct the paths of high-energy particles from the set of positional measurements left by ionization in the tracking chambers. The primary interaction points, or “primary vertices”, must also be found, as well as any “secondary vertices” from the decay of long-lived particles inside the tracking chambers. Traditionally, these two tasks, tracking and vertexing, have been done separately, with tracking occurring before vertex finding. This paper presents a method for performing both tasks at once, thus taking advantage of all available vertex information during the track fitting stage. The algorithm has been tested on Monte Carlo data from the D0 experiment at Fermilab, and preliminary results will be shown.

Elastic Templates

The algorithm used is based on the elastic templates method of pattern recognition1. An “energy” is defined, which is the (2 fit of all objects under consideration. Each term in the energy is weighted by the probability, P, that the assignment is correct. This is a generalization of standard fitting, where assignments are made with either probability zero or one. Also, objects can be assigned to nothing with up to unit probability to correctly account for noise in the detector or hits from tracks with momenta too low to be reconstructed. But, there is a penalty (an addition to the energy) for unassigned objects, to bias objects to be assigned whenever the option exists. 

Here, the elastic method has been extended to include more than just tracks and hits. The algorithm objects include hits, tracks, vertices, and a beam constraint for the primary vertices. The complete energy function used is:
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where the vector x is the parameters of object i, the vector ( is the parameters of object a, D is the squared distance (in standard deviations) between two objects, and ( is the penalty for an object to be unassigned. 

The best fit of the data to the model used is at the global minimum of the energy. This is found approximately through simulated mean-field annealing, in order to avoid the copious local minima2. Thermal energy is added with a Boltzman distribution at a temperature, T, and the assignment probabilities are calculated for each object under the assumption that all other objects remain in thermal equilibrium. This assumption is a good one, since changing the assignment of object a to object b often will not change the equilibrium parameters of object b by much, thus all other objects remain near thermal equilibrium with object b. The assumption becomes more valid when the temperature is lowered slowly, and in the adiabatic limit, the assumption is exact. The formula for calculating new assignment probabilities is:
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where ( is the inverse temperature.

Thus, beginning at a high temperature, the system is slowly cooled, with equilibrium being restored each time the temperature is decreased. Equilibrium is found by minimizing the energy of each object with respect to the objects assigned to it. The process ends when almost all the assignments are zero or one.

Track Seeding

The elastic templates algorithm can change the parameters of objects and assignments of objects, but it cannot create or destroy objects. Also, the farther an object begins from its correct (as judged by MC) position, the more likely it is to fall into a local minimum of the energy and become falsely reconstructed. Thus, a sophisticated method of initializing the objects is required, particularly for the tracks. 

Primary vertex seeds are obtained from another algorithm, either from the online system or a fast offline method. These seeds are then used to divide the detector into “slices” of parameter space in phi and psudeorapidity relative to them. For each unique combination of three hits in each slice, the five parameters of the track passing through them are calculated. This set of hits is entered into the corresponding bin of a five dimensional histogram, represented as a sparse matrix. Once all combinations have been processed, the bins of the histogram are ordered from most to least occupied. Similar to a technique tried at ATLAS3, the list of bins is then iterated through, and combinations of hits that contain a cluster already used by a hit in a bin with more entries are removed from the bin. This process insures that each cluster is only used in one bin. Any bin with a combination of hits remaining forms a track seed, with the parameters of the track seed set to those of its histogram bin. Finally, the seed is fit to the hits in the bin, with each hit weighted by the number of times it occurs in the bin.

Secondary Vertexing

For many important analyses, it is very important to determine whether a jet of particles emanates from a primary vertex on the beamline, or from a secondary vertex caused by the decay of a long-lived particle. 

The total energy will always be lowered by adding a secondary vertex seed to the elastic algorithm, simply because there are more degrees of freedom. However, the expectation is that the lowering of the energy will be greater when the jet truly contains a secondary vertex. This is similar to the approach used in many analyses from the ALEPH experiment at CERN4. There, the (2 of the fit is compared with and without a secondary vertex at many trial positions. They have found that, as expected, the difference in the fit is larger for jets that really do originate from secondary decays.

After elastic fitting with only primary vertices, the algorithm looks for secondary vertices. For each jet, a secondary vertex seed is placed along the jet axis, and another elastic fit is performed. Several different seed positions are attempted for each jet, at different distances from the primary vertex. The final position and error of the secondary vertex that resulted the lowest global energy is stored, along with the difference in energy as compared to the case with no secondary vertex seed. 

There are several advantages to this method. All vertices (primary and secondary) and tracks can move continuously while the difference in energy is found, tracks can change which hits are assigned to them during the fitting to the secondary vertex, and the assignment of tracks to the primary or secondary vertex is optimally calculated.

Results

The seeding algorithm limits the tracking efficiency. Thus, it is tuned for high efficiency at the cost of purity, and the elastic algorithm can then discard tracks that have been assigned few hits and keep the good tracks. The efficiency is greater than for the experiment’s standard tracking algorithm, and purity is still reasonable (84%). Without insisting that clusters only be used once, by the “strongest” track, far more fake seeds are created.
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Figure 1.  Comparison of seeding efficiency and the standard tracking algorithm, as a function of transverse track momentum, for Monte Carlo Z(( events in the D( detector

The resolution of impact parameter, the distance of a track from its true vertex, is a good test of the algorithm’s fitting performance. As seen in the figure below, fitting to the primary vertex increases the impact parameter resolution of the tracks. 
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Figure 2.  Comparison of impact parameter resolution for elastic fitting and the standard tracking algorithm for Monte Carlo Z(( events in the D( detector

In events with secondary vertices, such as the Zbb events plotted below, the impact parameter resolution of tracks from the secondary vertices is still better with this vertex fitting. This shows that tracks are being properly assigned to either the primary or secondary vertex seed in the event.
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Figure 3.  Comparison of impact parameter resolution for elastic fitting and the standard tracking algorithm for tracks from secondary b-vertices in Monte Carlo Zbb events

Lastly, the claim that secondary vertices can be detected by how much the fit improves (how much the energy decreases) was tested. As seen below, events with no real secondary vertices (Z(() had, on average, much smaller changes in energy when adding a secondary seed than did events that do contain real secondary vertices (Zbb).
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Figure 4.  Comparison of the energy change caused by adding a secondary vertex seed for Monte Carlo Z(( events (black) and Zbb events (blue) in the D( detector
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