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Introduction

The Tevatron may deliver an integrated luminosity of 15 fb-1 in run 2B, giving D0 and CDF a great opportunity to study high-pT physics, including detailed examination of top-quark properties, searches for supersymmetry, and potential discovery of a light Higgs boson. A good tracker is a must to exploit all the opportunities of run 2B. Requirements of the tracker include a capability to reconstruct tracks with high efficiency with low fake track rate and an ability to provide good impact parameter resolution for b-tagging.

The D0 run 2B SMT group developed a new design of the SMT for run 2B and studied tracker physics performance for the run 2B technical design report (TDR)[1].  The SMT is conceived as a 6-layer barrel detector. The two inner layers hold axial detectors and four outer layers consist of stereo pairs of silicon detector. The full tracker would then consist of the new SMT and the run 2A CFT systems.   

The major new feature that improves impact parameter resolution is the addition of layer 0 (L0) at a radius of 1.78 cm instrumented with 50 (m pitch silicon strips with intermediate strips.  Intermediate strips enhance spatial resolution of hits, and the small radius improves impact parameter resolution.  In fact, L0 dominates impact parameter resolution, but at a cost of becoming the part of the SMT with the highest percentage of tracks with shared clusters. Other changes in SMT geometry have little effect on impact parameter resolution or shared cluster fraction. On the other hand, reconstruction efficiency and fake track rate can depend on the entire SMT geometrical layout, including ganging of silicon sensors. The ganging of adjacent detectors at larger radius to save electronics costs increases their occupancy.

Time and cost constraints are severe for Run 2b; it is thus appropriate to examine possible descoping options relative to the TDR design.

These considerations suggest several possible alternative options for the SMT:

1. “SMT-L4”: remove layer 4;

2. “SMT-L1”: remove layer 1;

3. “TDR-Z”: removal of silicon detectors in each layer at large |z| 

A full GEANT simulation/D0 reconstruction study was performed to evaluate descoping options and their impact on run 2B physics for the first two options. For the case of SMT-L4, special SMT stand-alone tracking studies have been done in addition to those employing global SMT/CFT tracking. The SMT geometry closest to the mechanical design was implemented into GEANT. It describes the general mechanical layout in details including correct gaps between sensors and barrels, ganging of silicon sensors at large |z| and different stereo angles for different types of silicon modules. Besides the active detecting elements, passive material was introduced as support of layers and readout cables.

This note is focused on the tracking issues for the first two options. Full GEANT simulation with the consequent reconstruction was performed to evaluate these options and their impact of the alternate design to physics. The third option has been considered at the generator level since the dominant effect is one of acceptance. 

Datasets and Event Selection

For the evaluation of the physics performance of different geometries, two kinds of representative channels have been chosen. WH production was used as an example of signal events and Z boson production with following decay to the light quarks was considered as a typical background from the light jets. For the high luminosity studies, minimum bias events were generated using a set of parameters tuned to CDF run1 minimum bias data. All processes listed above were generated with PYTHIA version 6.2.

W-boson was forced to decay leptonically (to muon and neutrino) thus providing a trigger for the WH channel. Higgs boson was simulated with mass of 120 GeV/c2 and forced to decay to bb-pair. Hadronic decays of Higgs boson were used to test the pattern recognition and reconstruction within jets and b-tagging performance. Z-decays to the light quarks were used to study the mistagging rates for the particular b-tagging algorithm. For the high luminosity study, 7.5 minimum bias events in average were added to WH events according to Poisson distribution.

For the track reconstruction the histogramming track finder (HTF) [2] was used. The HTF was adjusted to read out geometries directly from GEANT. This reconstruction package has been shown to at least match the performance of the standard D0 reconstruction package GTR with run 2A data. The reconstruction of jets in both WH events and Z-decays was performed using the standard D0 CalCone algorithm with cone size of 0.7. Only jets with E>20GeV were used in the analysis. Tracks were assigned to a jet if they were within a cone of 0.5 around jet axis. The jet flavor was determined by a quark closest to the jet axis in the cone (R<0.3. B-tagging algorithm used in these studies is described in [3].

SMT Stand-alone tracking 

SMT stand-alone tracking is important for tracking in the region |>1.2 where full CFT coverage (8 stereo hits per track) ends.  It also may become important for full coverage if CFT performance at high luminosity degrades due to high occupancies, radiation damage or other effects.  Forward tracking is of special interest for high-pT leptons, where both the D0 muon system and electromagnetic calorimeter have much better || coverage than the CFT system. Associating electrons or muons with SMT track candidates is essential to reduce fake rates and thus allow full exploitation of these systems. 

There is a more technical aspect of SMT stand-alone tracking:  run 2A experience shows that global track reconstruction strongly depends on the knowledge of misalignment of the SMT.  SMT misalignment leads to the degradation of impact parameter resolution, low track quality and low reconstruction efficiency. To avoid coupling problems of SMT alignment to the CFT, the alignment must be done with SMT tracks.  This in turns requires robust stand-alone tracking.

The SMT consists of two axial and four stereo layers providing 6 hits in average per central track. There are overlaps in r- between layers, so tracks can have up to 12 hits in SMT only. In Figure 1 the distributions of the number of hits per reconstructed global track (track reconstructed in SMT + CFT) are shown for two cases: tracks of high quality (2/NDF(3,  “good”) on the left and poorly reconstructed tracks (2/NDF(3,  “bad”) on the right. Most “bad” tracks have only 4 hits in the SMT, while “good” tracks have a peak at 6 hits. One can assume that tracks with 4 SMT hits only are a potential source of fake tracks.  A similar conclusion can be drawn from Figure 2, which shows the 2/NDF distributions for tracks fitted with four and five SMT hits.
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Figure 1 Number of SMT hits per reconstructed global tracks in ||<1 for “good” tracks (left) and “bad” tracks (right).
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Figure 2 2 distributions for global tracks with either four or five SMT hits.
In Figure 3 the SMT reconstruction efficiency and corresponding fake track rate are shown as function of pseudorapidity for tracks with at least 4 SMT hits for the TDR SMT and SMT without layer 4 (SMT-L4). The reconstruction efficiency is about 70 % in the central | region. The fake track rate is high (3-5%) consistent with the observation that many reconstructed tracks with only 4 SMT hits are spurious. Fake track rate for TDR SMT is higher than for TDR-L4. That fact reflects the combinatorial effect. Indeed, probability to find any 4 hits out of 6 is 3 times larger than probability to find them out of 5 possible hits. 

In order to reduce the fake track rate one should require a larger number of hits per reconstructed track. Results of requiring at least 5 SMT hits per track can be appreciated from Figure 4 for both options, TDR SMT and SMT-L4. Fake rate goes down by an order of magnitude and is approximately 0.5% in both cases. The fake rate obtained by requiring 5/6 hits in the TDR design about three times less than that obtained by requiring 4/5 hits in the TDR-L4 option. Reconstruction efficiency in SMT-L4 design drops by 10% in the central | region and by 22% in the forward | region compared to TDR SMT design. As it will be shown further, this drop in reconstruction efficiency leads to an essential drop in the double b-tagging efficiency.

For alignment purposes one might require tracks to have 6 SMT hits because of the lowest fake track rate and an additional constraints. Reconstruction efficiency in the TDR SMT is still 45% with negligible fake track rate, while SMT-L4 has two times lower reconstruction efficiency, 23%, at the same fake track rate.

The capability to tag a b-jets with SMT stand-alone tracker is an important issue for the forward |(| region, where CFT coverage is modest. In fact, b-tagging with SMT tracks shows the b-tagging capabilities of D0 in run 2B without support from external tracking system, which may or may not be available depending on |(| acceptance and CFT performance. The b-tagging performed with SMT stand-alone tracks is presented in Figure 5 as function of |(| of jet for SMT and SMT-L4 options. The b-tagging efficiency per jet drops from 66.2% in the full SMT to 53.4% in the SMT-L4, resulting in 19.3% deterioration. In the forward |(| region (|(|>1.5) the difference between single b-tagging efficiencies for the considered options is much larger, about 30%. The double b-tagging efficiency for SMT –L4 is 12.6% with respect to the TDR SMT option (bb = 20.4%. The relative degradation therefore is 38% in this case.

Conclusions on SMT stand-alone tracking

The capability to find and reconstruct tracks with SMT stand-alone was studied based on realistic GEANT simulation of the SMT geometry. The TDR version of the SMT demonstrably provides robust stand-alone tracking.  The SMT-L4 option suffers efficiency loss due to the insufficient number of measurements per track. Relaxing the requirement on the minimum number of SMT hits per reconstructed tracks for the SMT-L4 option leads to an unacceptably high fake track rate.

It is shown that the TDR SMT design provides a good b-tagging efficiency per jet, (b=66.2%. Removing layer 4 out of TDR design leads to the 19% degradation in the single b-tagging efficiency and 38% degradation in the double b-tagging efficiency.
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Figure 3 SMT stand-alone track reconstruction efficiency and fake track rate for the tracks with (4 SMT hits.
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Figure 4 The same as Figure 3, but with requirement of at least 5 SMT hits per reconstructed SMT track.
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Figure 5 B-tagging in stand-alone SMT for the TDR version of SMT and for the SMT-L4 geometry.

Global tracking

Global tracks are reconstructed using both the CFT and SMT systems. Below, results obtained for the whole tracking system (CFT+SMT) will be referred to as TDR. TDR –L1(L4) will mean removing layer 1(4) from SMT while preserving the same CFT configuration. The reconstruction algorithm exploits both CFT to SMT and SMT to CFT extrapolations. In the CFT to SMT case, a track is required to have at least 7 CFT and 2 SMT hits; and in the case of SMT to CFT extrapolation, the track must have at least 4 SMT hits. An additional requirement on the track reconstruction quality is that the 2/NDF of the fit procedure must be less than 3. Only tracks with pT>0.5GeV are used in the analysis further. 

TDR-L4 option 

It is clear that the influence of the absence of L4 to the global tracking should be less than in the case of SMT stand-alone tracking.  In the case of TDR-L4 one intermediate stereo measurement is lost out of possible 14 points in the TDR tracker. Comparison of the global track reconstruction efficiency in TDR and TDR-L4 options is shown in Figure 6 for all tracks from the primary vertex. Reconstruction efficiency in TDR-L4 option is approximately the same as in TDR in central || region and starts to deteriorate at  ||>1.5. The fake/ghost track rate does not differ between the two options. 

The most important characteristic of the tracker performance from the physics point of view is its ability to reconstruct the tracks within jets while preserving a low fake track rate. Together with impact parameter resolution, jet-track reconstruction efficiency tr-j sets the b-tagging rate that can be achieved with a given design. Tracks are assumed to be in jet if they are within a cone (R<0.5 around jet axis. In Figure 7, tr-j is shown as function of jet pseudorapidity in WH events at high luminosity. Here the difference between TDR and TDR -L4 is of the same order as for all tracks from primary vertex. If one considers (reco of tracks in jets with || < 2,  tr-j  = (81±0.5) % and in the TDR-L4 option,  tr-j  = (79±0.5)%.  The fake track rate, the same for both options, is <0.1%.
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Figure 6 Track reconstruction efficiency for the tracks from primary vertex.
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Figure 7 Track reconstruction efficiency in jets.


The difference between tr-j in the TDR and TDR-L4 designs transforms directly to the difference in b-tagging efficiencies b-tag for these two options.  Comparison of b-tag for the TDR and TDR-L4 designs are shown in Figure 8(left) together with mis-tagging rates (right). The overall b-tagging efficiencies per jet are (65 ± 1)% and (62 ± 1)% in the TDR and TDR-L4 geometries, respectively.  The relative degradation in efficiency is (4.6± 1.5)% per b-jet. Many physics analyses in run 2B need two tagged b-jets per events to reduce QCD backgrounds. The probability to select a WH event with at least two tagged b-jets is P((2)=29% in the TDR design and P(((2)=26% in TDR-L4 design. Thus, removal of layer 4 leads to the 10.3% degradation in the double b-tagging performance.
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Figure 8 Comparison of b-tagging efficiency in TDR and TDR-L4 designs.

TDR-L1 option 

The results shown below have been obtained with the previous implementation of the run 2B SMT geometry. Differences between TDR design and previous GEANT description of SMT are summarized in [4]. These results cannot be directly compared to the results described above although the differences in geometry are small. However, the relative comparison for the considered options is relevant since all simulations have been done within the same framework. 

A full GEANT simulation has been performed for the evaluation of TDR-L1 design assuming that L0 is functioning perfectly. Comparison of TDR to TDR-L1 track reconstruction efficiencies in jets is shown in Figure 9.
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Figure 9 Reconstruction efficiencies of tracks in jets in TDR and TDR-L1 designs.
Tracking efficiency in jets does not differ in the central || region. At large ||, TDR-L1 shows a relative drop of efficiency of ~ 4.5 – 8.0%. B-tagging efficiencies and corresponding mis-tagging rates are shown in Figure 10 for the TDR and TDR-L1 designs. The behavior of b-tag in TDR-L1 reflects the behavior of reconstruction efficiencies. One can see that b-tagging efficiency in TDR-L1 geometry in the central ||-region is the same, while the mis-tagging rate becomes twice as large.
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Figure 10 B-tagging efficiencies and mistagging rates for the TDR and TDR-L1 geometries.

To reduce the mis-tagging rate in TDR-L1 layout to the TDR’s level one can require at least 5 SMT hits per reconstructed global tracks. The comparison of b-tagging efficiencies at the same mis-tagging rate in both geometries is shown in Figure 11. Serious degradation of b-tagging efficiency per jet in the full |(| region is observed for TDR-L1 geometry. It changes from 67% in TDR to 56% in TDR-L1. Double b-tagging efficiency in TDR-L1 geometry drops by 24% compared to TDR geometry.
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Figure 11. B-tagging efficiency in TDR and TDR-L1 at the same mis-tagging rate, tuned by cut on the number of SMT hits per track.

The dependence of the mis-tagging rate on the track quality in the TDR-L1 layout is shown in Figure 12. The overall mis-tagging rate in TDR is ~1.5 %. According to the Figure 12, the (2 cut of 1.6 should be applied to the reconstructed tracks to achieve the same mis-tagging rate in TDR-L1 geometry. The b-tagging efficiency after applying this cut is compared to the TDR b-tagging efficiency in Figure 13.
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Figure 12 Dependence of the mis-tagging rate on the track quality in TDR-L1 option.
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Figure 13 B-tagging efficiency in TDR and TDR-L1 geometries at the same mis-tagging rate tuned by cut on track quality.


     Removing layer 1 from the SMT is an a priori undesirable option for several reasons. Layer 0 operation might require considerable effort to understand effects like beam-induced noise and readout problems.  In the worse case, L0 may suffer a premature death to inadvertent radiation overexposure. In this case the impact parameter resolution is defined by position of the next layer, L1, or, if the latter is removed, L2. For a simple two layer detector with measurements of hit resolution meas at radii Rinner and Router, the impact parameter resolution is approximately (d0)~ meas(1+ Rinner/Router).  The ratio Rinner/Router is 0.21 for the case of presence of L1 and 0.34 for the case of its absence. That means that impact parameter measurement would degrade by 10% for a L3/L2 system compared to the measurement provided by L2 and L1, which would lead to a significant deterioration of b-tagging capabilities. 

Global tracking with inefficiency

Inefficiency in the SMT arises from two main sources: discrete readout problems related to whole detector modules and more distributed dead and noisy channels. The first source impacts track reconstruction more severely. This effect has been simulated by dropping all clusters in some fraction of a randomly selected sample of silicon detectors. CFT inefficiency was implemented in the same way in the first layer only where 30% of fibers were assumed to be non-operational. The degradation of b-tagging as function of the fraction of dead silicon detectors in SMT is shown in Figure 14.
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Figure 14 Degradation of the b-tagging as function of the fraction of dead detectors in SMT.

All results below were based on the assumption of 5% of dead silicon ladders in the SMT and 30% of the dead fibers in the first layer of CFT. Reconstruction efficiency for tracks in b-jets is presented in Figure 15 for the TDR and TDR degraded by inefficiency. The inefficiency itself leads to an unavoidable drop of reconstruction efficiency of tracks in jets.  In the ideal TDR case, reco=81.8%; this falls to 76.2% when dead channel effects are added. The relative drop of reco due to inefficiency is 6.8% per track in jets due to losses of hits. That degradation is comparable to SMT stand-alone tracking without L4, which suffered from a similar insufficient number of hits per track. 
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Figure 15 Comparison of reconstruction efficiencies in ideal TDR and TDR with inefficiencies.
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Figure 16 Comparison of reconstruction efficiencies in three different geometries with inefficiencies included.


Comparison of the reconstruction efficiencies for the TDR, TDR-L4, and TDR-L1 options are shown in Figure 16. Overall efficiencies are (76.21.2)% for TDR,  (74.21.2)% for TDR-L1, and (73.21.2)% for TDR-L4. The largest relative degradation of  (~4%) occurs with L4  removed. 

B-tagging efficiency and corresponding mis-tagging rate are shown in the Figure 17 as functions of jet |(|. The same tendency is observed in these studies as in studies without including inefficiencies. TDR-L4 demonstrates lower b-tag in the full |(|-interval compared to the TDR design. TDR-L1 shows the same b-tag in the central |(|-region and drops faster at |(|>1.5 than the TDR design. Mis-tagging rate in TDR with inefficiency remains at the level of 1-2% independent of jet |(|. One can see that removing layer 4 does not change the mis-tagging rate, while removing layer 1 leads to the increase of the mis-tagging rate by a factor of ~1.6. 
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Figure 17 B-tagging and mistagging in TDR, TDR-L1 and TDR-L4 options.                          

Removing detectors at large z (TDR-Z option)

The Director’s Review committee suggested considering a 6-layer SMT detector with silicon modules at large |z| removed from each layer. Consequent reduction in the layers’ lengths leads to a reduction of the |(|-acceptance of the detector. To estimate the impact of acceptance on Higgs physics, the number of b-quarks from Higgs decay in 2000 WH events (4000 b-quarks) was counted in two |(|-regions at the generator level to obtain estimates for the number of available tags lost at large |(|. These could then  be easily translated into the corresponding numbers of reconstructed tags after full simulation and reconstruction using studies described earlier in this document. Table 1 summarizes the numbers of b-quarks available to tag (second column) and probability to have at least one or both b-quarks in a given acceptance after different cuts.

	( cuts
	Eb>20GeV
	P(nb(1)
	P(nb(2)

	No |(|-cut
	3744
	
	

	|(|<2.0
	3453 (85%)
	97.6 %
	74 %

	|(|<1.5
	3040 (75%)
	94.0 %
	57%


Table 1 Number of b-quarks in the acceptance and probability to select a WH event with n b-quarks in acceptance.

One can easily see from this table that a reduction of the |(|-acceptance from 2.0 to 1.5 leads to an 11.8% relative decrease in the number of  b-quarks with energy Eb>20GeV. For the double b-tagging the relative drop of the available b-quarks is 23%. Reduction in |(| coverage caused by removing detectors at large |z| would lead to a significant increase of luminosity needed to achieve the same Higgs mass sensitivity as the full TDR design.

Though the cost discussion is beyond the scope of this document, it is also useful to note that removing silicon modules at large |z| reduces the number of silicon sensors without any reduction in the number of readout channels in the contrary to the options TDR-L1 and TDR-L4. 

Conclusions

The detailed comparison of the TDR design to the alternative geometries TDR-L4 and TDR-L1 has been performed based of the GEANT simulation and reconstruction. Studies were done for ideal case when all systems assumed to work with 100% efficiency and for the case when some inefficiencies were implemented at the reconstruction step. Results of these studies can be summarized as follows:

1. The SMT should have at least 6 layers to provide robust SMT stand-alone tracking;

2. Removing layer 1 leads to a 24% degradation of the double b-tagging efficiency at the same mis-tagging rate.

3. Removing layer 4 results in a decreased probability to tag one b-jet by 4.6% and 2 b-jets in a WH event by 10.3%. The mis-tagging rate does not increase in TDR-L4 geometry.

4. Removing silicon modules at high |z| leads to a 23% decrease of the number of two b-quarks within a given acceptance. 

Because Higgs signal and background are predominantly real b events and double tagging is required the luminosity needed for the Higgs boson discovery is proportional to the double b-tagging efficiency. The results of the alternative designs studies are summarized in terms of luminosity loss in the Table 2.

	Alternative Design
	Effective luminosity loss relative to TDR design
	Comment

	TDR –L1
	None
	Higher mis-tagging rate
	No backup for loss of L0

	
	-24%
	Same mis-tagging rate
	

	TDR –L4
	Global tracking
	-10%
	No changes in the mis-tagging rate 

	
	SMT stand-alone
	-38%
	Serious degradation of SMT-stand alone tracking.

	TDR (Z
	-23%
	


It should be stressed that 10% degradation in the double b-tagging efficiency observed for the TDR-L4 option with global tracking assumes the perfect functioning of the CFT and SMT. The other extreme case is described by SMT stand-alone tracking. For the SMT-L4 geometry the expected degradation of the double b-tagging efficiency is 38%. Thus for a partial degradation of CFT performance the difference between TDR and TDR-L4 layouts will range from 10% to 38% depending on specifics of the degradation.

The performed studies show the large impact of removing any layer from SMT to physics. They also give a clear indication of the reduced safety factor inherent in the removal of detector elements from the design. One can infer from studies here that run-time loss a single SMT layer in a six-layer SMT would produce degraded, but usable tracking.  Suffering a loss of one of five layers would clearly be much worse. Our results suggest that the run 2B SMT in its TDR form has close to the minimum number of layers required for b-tagging-dominated physics.
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