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Introduction

The Run 2B Silicon Tracker must enable us to fully exploit the physics opportunities of Run 2B. It must have
the capability to recondruct tracks with high efficiency with low fake track rate and an ability to provide good
impact parameter resolution for btagging. The tracker design and physics performance are described in the
technical design report (TDR)[1]. The SMT is conceived as a 6-layer barrel detector. The two inner layers
hold axid detectors only, while each of the four outer layers contains a stereo pair of slicon detectors. The full
tracker then consigts of the new SMT together with the Run 2A Centrd Fiber Tracker (CFT).

This note summarises studies of the physics performance of the detector, including the effects of inefficiency,
and of three possble dternative designs with reduced scope. All studies are carried out in the metric of the
Standard Modd Higgs search.

Datasets and Event Selection

Two representative physics processes have been used: WH production as an example of sgnal events and Z
boson production with decay to light quarks as a way to evauate light quark mistagging rates. The W-boson
was forced to decay leptonicdly (to muon and neutrino) thus providing a trigger for the WH channdl. The
Higgs mass was set to 120 GeV/c? and forced to decay to bb. For the high luminosity studies, minimum bias
pileup events were generated using a s&t of parameters tuned to CDF run 1 minimum bias data and were
overlad on the WH and Z events. The number of overlaid pileup events was Poisson distributed with a mean
of 7.5, which corresponds to a luminosity of 5 10* cmi’s™. All processes were generated with PY THIA
verson 6.2.

The generated events were passed through a full GEANT smulation, pattern recognition and reconstruction
chain. The SMT geometry in GEANT includes the correct gaps between sensors and barrels, correct ganging
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of slicon sensors at large [z], and the different stereo angles for different types of silicon modules. Besdes the
active detectors, the geometry includes passive materid in support structures and readout cables

For the track reconstruction the D@ histogramming track finder (HTF) [2] was used. This reconstruction
package has been shown to at least maich the performance of D@'s production reconstruction package
(GTR) on run 2A data (GTR is a Kdman Filter dgorithm). The reconstruction of jetsin both WH events and
Z-decays was performed using the standard D@ Run 2 Cone dgorithm on caorimeter cdls, with cone size of
0.7. Only jets with energy above 20GeV were used in the andlysis. Tracks were assigned to a jet if they were
within a cone of 0.5 around the jet axis. The jet flavor was determined by a quark closest to the jet axis in the
cone DR<0.3. The B-tagging dgorithm used in these sudies is based on a minimum number of tracks with
impact parameter significance greater than some cut [3], typicaly 3 tracks above 2 standard deviations.

We studied the impact on run 2B physics by considering tracking efficiency, fake track rate, btagging
efficiency and mistagging rate. We considered both “globd tracking” (i.e. for the full CFT + SMT system),
and, for the case of SMT-L4, we explored the impact on SMT stand-done tracking performance. The
Standard Model Higgs searches require doubl e b-tagging to reduce the backgrounds to an acceptable level, so
the figure of merit is the double b-tagging effidency ey, which is directly proportiona to the luminosity needed
for Higgs discovery or excluson.

Performance of the TDR design

The TDR contains extengve documentation on the GEANT modeling, digitization, and hit/cluster smulation
used. Usng single muons, we find the postion resolution on a single cluster is 10-12 mm. The mean
occupancy is dominated by noise: we assumed an RMS noise of 2.1 ADC counts and a threshold of 6 ADC
counts which results in an overdl average occupancy of less than 1%. The average occupancy from tracksis
0.2% or less, but the peak occupancy occuring insde jetsin WH eventsis 8% in layer 0 and < 6% elsawhere.
The muon momentum resolution is about 2.2% for 1 < pr < 5 GeV, with a uniform 100% reconstruction
efficdency out to h=1 and a dight fal off to about 90% a h=2. The impact parameter resolution is about
10nm for high pr tracks.
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The b-tagging performance of the detector is shown in Figures 1 and 2. The mistagging rate is below 1.5%
and, within errors, is independent of both the b-jet energy and pseudorapidity.

The probabilities to tag an event with one or two b-jets are shown for the Run 2A detector (estimated from Z-
boson decays to bb) and Run 2B (from WH events) in Table 1. The Run 2B smulation includes overlad
minimum bias pileup events.

Table 1- Probabilitiestotag a WH event with one or two b-j ets.

Run 2A 4=
P(ny3 1) 63% 769
P(ny,3 2) 2194 33%

The proposed tracker meets the requirements of the Higgs search. Comparison with the Run 2 Higgs and
Supersymmetry Workshop studies [4] shows that the tagging efficiency per jet obtained here, which rises from
about 60% at 20 GeV to 70% a 100 GeV, is well within the range required. Our mistagging rate is higher
than what was assumed in these studies but is quite adequate given the need to tag two b-jets per Higgs event.
We congder it an achievement that a GEANT simulation of ared detector design with full paitern recognition
and recongtruction can match these ambitious performance goals.

Tracking with inefficiencies

The globa track recongtruction dgorithm exploits both CFT to SMT and SMT to CFT extragpolations. In the
CFT to SMT case, atrack isrequired 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 additiona requirement on the track reconstruction
quality is that the c¥NDF of the fitted track must be less than 3. Only tracks with pr>0.5GeV are used in the
andyss.

Inefficiency in the SMT arises from two main sources. discrete readout problems related to whole detector
modues, and distributed dead and noisy channels. The first source impacts track reconstruction more severely.
This effect has been smulated by dropping al clustersin some fraction of arandomly sdected sample of slicon
detectors. Possible CFT inefficiency was implemented in the same way in the first layer only where 30% of
fibers were assumed to be non-operationa. The degradation of b-tagging as function of the fraction of dead
dlicon detectors in SMT is shown in Figure 3 The detector performance is clearly robust againgt such
inefficiencies at the few % levd, but Sarts to degrade significantly if they exceed 10-15%. In Run 2A the
fraction of non-working silicon devices is about 5% for the centrd barrels.
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Figure 3 - Degradation of the b-tagging as function of the fraction of dead detectorsin SMT.

Additional Ganging

The collaboration was asked to investigate the effect of ganging in |z| for dl adjacent detectors in layers 2
through 5. The result would be a detector with only two readout segments in z (north and south) each 60 cm
long. Apart from the rather serious handling complications and mechanica problems, ganging of the detectors
in long structures will lead to high occupancy, increase in the number of shared clusters and zresolution
degradation.

Figure 4 shows the effect on occupancy. The plot shows the mean occupancy vs. barrd number for dl layers
for WH events. Detectors in layers 2 through 5 are ganged together. The occupancy in layer 2 in this case is
drasticaly increased and is 50% higher than in layer 0. We have aso investigated the effect on shared clugters.
In such long detectors, there is a significant probability that two tracks separated in z will produce clusters thet
overlgp in the r-f view. We find that the proposed 60 cm average readout length of the "ganging” option
would result in a doubling the number of shared clusters over the TDR design. Clearly, this increases the
difficulty of pattern recognition and worsens the track measurements. Findly, ganging of Sx 10 cm sensorsin
one module will require a decrease of stereo angle compared with the current desgn due to mechanica
condraints. This obvioudy will lead to a corresponding worsening of z resolution by a large factor (two to
three).
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Figure 4 — occupancy by z segment number, if layers2-5areganged in ztoform
60cm long readout segments. Notethevery high resulting occupancy in layer 2.

Evaluation of Alternate Designs of the Silicon Tracker

Time and cost condtraints are severe for Run 2B; it is thus gppropriate to examine dternate design options with
reduced scope relative to the TDR design. We considered options denoted as follows:

“TDR-L4": removd of slicon layer 4;
“TDR-L1": removd of slicon layer 1;
“TDR-Z": removad of slicon detectorsin each layer a large |z].

The TDR-Z option has been considered at the generator level since the dominant effect is one of acceptance.
The others were carried out in the full GEANT framework.

TDR-L4 option

SMT Stand-alone tracking

SMT gand-done tracking is important for tracking in the region |h[>1.2 where full CFT coverage (8 stereo
hits per track) is not available. Forward tracking is of specid interest for high-pr leptons, where both the D&
muon system and electromagnetic calorimeter have much better |h| coverage than the CFT system. Associating
electrons or muons with SMIT track candidates is essentid to reduce fake rates and thus alow full exploitation
of these systems. The TDR-L4 option dlows only three stereo hits per track, which is the bare minimum.
Standaone tracking is dso important as atool for slicon detector interna aignment and may need to be relied
upon as a fal-back solution for tracking over the full h coverage should the CFT performance degrade
unexpectedly at high luminosity because of high occupancies, radiation damage or other unpredictable effects.

We compared the SMT reconstruction efficiency and corresponding fake rate for tracks with at least 4 SMT
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hits for the TDR SMT and SMT without layer 4 (TDR-L4). The reconstruction efficiency is about 70 % in the
central h| region. The fake track rate is high (3-5%). Most of the fake tracks have only 4 SMT hits, o in
order to reduce the fake track rate one should require 5 or more hits per reconstructed track. This reduces the
fake rate to approximately 0.5% in both cases. The fake rate obtained by requiring 5/6 hitsin the TDR design
is therefore dramatically less than that obtained by requiring 4/5 hits in the TDR-L4 option. The 5-hit track
recongtruction efficiency in the TDR-L4 design drops by about 10% in the central |h| region and by 22% in the
forward |h| region compared to the TDR SMT design. Thisdrop in track reconstruction efficiency leadsto an
unavoidable drop in btagging efficency, which is shown in Figure 5 as function of jet || for the TDR and
TDR-L4 options. The b-tagging efficiency per jet in the centra region drops by about 20% and and in the
forward |h| region (Jh[>1.2) by over 40%. For WH signa events, we find that the double b-tagging efficency
e, (usng only dlicon sandaone tracking) is 13% for the TDR—L4 design compared to ey, = 20% for the
TDR.
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Figure 5- B-tagging in stand-alone SMT for the TDR version of SMT and for the TDR-L 4 geometry.

Global tracking

The effect of removing L4 should be less on globd tracking than for SMT gtand-alone tracking, since L4 is
then only one intermediate stere0 measurement out of a possble 12 (plus two axid measurements).
Nonetheless, we find that in the TDR design, globa tracks with only 4 slicon hits tend to be of poor quality
and have a much higher fake rate than tracks with 5 more more hits, as shown in Fig. 6.
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Figure 6 - Number of SMT hitsper reconstructed global tracksin |h|<1for “good” tracks (left) and “bad” tracks (center);
distribution of ¢* per degree of freedom for these two samples (right).

While the isolated track recongtruction efficency in TDR and TDR-L4 options is very amilar, the loss of this
layer has an impact in the crowded environment indde a jet. In Fgure 7, the tracking efficiency is shown for
tracks ingde jets (defined as tracks within R=0.5 of the jet axis) as function of jet pseudorapidity in WH events
a high luminosity. The fake track rate for both optionsis less than 0.1%.
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Figure 7 - Track reconstruction efficiency in jetsin TDR  Figure 8- Comparison of b-tagging efficiency in TDR and
and TDR-L 4 designs. TDR-L4 designs.

This difference in tracking in jets results directly in a degradation of the b-tagging efficiencies ey for these two
options. The TDR and TDR-L4 designs are compared in Figure 8. The mistagging rates are indistinguishable
and are 1-2%. The overal b-tagging efficiencies per jet are (65 £ 1)% and (62 = 1)% in the TDR and TDR-
L4 geometries, respectively. The probability to sdect a WH event with at least two tagged b-jetsis en,=29%
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in the TDR design and e,,=26% in the TDR-L4 design. Thus, remova of layer 4 leads to a 10% degradation
in the double b-tagging performance.

TDR-L1 option

A full GEANT smulation has been performed for the evduaion of TDR-L1 desgn assuming thet LO is
functioning perfectly. Comparison of TDR to TDR-L1 track recongruction efficiencies in jets is shown in
Figure9.

The tracking efficiency in jets is not affected in the centra h| region, but a large h|, TDR-L1 shows a
ggnificant loss of efficiency. The btagging efficiency suffers a corresponding loss in the forward region, but
more importantly we find the mistagging rate roughly doublesin the TDR-L 1 geometry. To make a comparison
interms of is ey, We therefore required a stricter track quality inthe TDR-L 1 geometry (atighter ¢ cut). The
b-tagging efficiency after goplying this cut is compared to the TDR b-tagging efficiency in Figure 10.
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Figure 9- Reconstruction efficiencies of tracksin jetsin Figure 10 - B-tagging efficiency in TDR and TDR-L 1
TDR and TDR-L 1 designs. geometries at the same mis-tagging ratetuned by cut on
track quality.

Removing layer 1 from the SMT is adso an undesirable option for severa reasons. Layer O is the closest
detector to the beamline, and its operation might therefore require consderable effort to understand effects like
beam-induced noise and readout problems. In the worst case, LO may suffer a premature death to inadvertent
radiation overexposure. Remova of L1 would make the detector significantly less robust to possibleloss of LO
because it would degrade the impact parameter resolution that could be obtained without it.
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Removing detectors at large z (TDR-Z option)

The Technicd Review committee suggested considering a 6-layer SMT detector with silicon modules at large
|z] removed from each layer. Such areduction in the layers lengths leads to a reduction of the |h|-acceptance
of the detector. Table 1 shows the impact of such an acceptance reduction on Higgs physics usng 2000 WH
events. The table shows the total number of b-jets above 20 GeV and the probability to have at least one or
both b-quarks in the acceptance after different cuts.

Table 2- Number of b-quarkswithin various acceptance cutsfor WH events.

Number of jetswith Probability for at Probahility for at least
E >20GeV leest onejetin h cut twojetsin h cut
No |h|-cut 3744
lh|<2.0 3453 (85%) 98 % 74 %
lh|<1.5 3040 (75%) 94 % 57%

One can easily see from this table that a reduction of the |h|-acceptance from 2.0 to 1.5 leads to an 11.8%
relaive decrease in the number of b-quarks with energy E>20GeV. For the double b-tagging the relative
drop of the available b-quarksis 23%. Asif this were not bad enough, we would lose the ability to reconstruct
ether dectrons or muons in the interval 1.5<jh|<2.0. Over this range, we have good calorimetry and muon
coverage, but the slicon provides essentidly the only tracking. Thus any reduction in |h| coverage caused by
removing detectors & large |z| would lead to a very sgnificant increase of luminosity needed to achieve the
same Higgs miass sengitivity asthe full TDR design.

It is aso useful to note that removing slicon modules at large |z] reduces the number of silicon sensors without
any reduction in the number of readout channds, unlike the options TDR-L1 and TDR-L4.

Alternate Designs with Inefficiencies Included

We repested the studies above, assuming 5% dead silicon laddersin the SMT and 30% deed fibersin the first
layer of CFT. The tracking efficiency drops by about 5% in dl three cases (TDR, TDR-L1, TDR-L4), as
shown in Fig. 11. The overdl b-tagging efficiency is reduced by afew percent in dl options, but the rlative
lossesin going from TDR to TDR-L 1 or TDR-L4 options are not Sgnificantly affected.
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Figure 11 - Comparison of track reconstruction efficienciesin ideal TDR and TDR with inefficiencies (left); and for all
three geometries with inefficienciesincluded (right)
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Conclusions

The glicon detector as proposed is adequate to address the Higgs physics goals of run 2B.
It isrobust againgt afew % inefficiency from loss of sripsladders.

A detalled comparison of the TDR design to three dternative geometries TDR- L4 (removd of layer 4),
TDR- L1 (remova of layer 1) and TDR- Z (remova of sensors at large |z]) has been performed. Results
are summarized in terms of luminosity loss in Table 3. Compared with 15fb™*, a 20% loss in luminosity
would require roughly a year's extra running time to recoup, or would trandate into a5 GeV reduction in
Higgs mass reach (for WH production with my in the range 115- 135 GeV).

Table 3— effect of descoping options expressed in terms of luminosity loss.

Alter native Design Effective luminosity loss

relativeto TDR design

Tunedtosame | No backup for
- - 0
TORALL 24% mistagging rate lossof LO
TDR Globd tracking - 10% Smilar mis-tagging rate
L4 SMT stand-aone _ 38% Serious degra:latlon of slicon stand-

aone tracking.

TDR- 7 - 23% Plus additiond loss of eectron and
muon acceptance
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