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Chapt 1 

Executive Summary 

1.1 Introduction 

The upgrade of CDF detector, known as CDF 
the collaboration anticipates its operation with the 
Main Injector in 2000. will be a 

is well 

powerful 
we to carry out a rich program top, exotic, QCD and B 
physics with the first 2 of collected in program 

outlined the Design (November, 1996) in which 
we defined and described baseline detector upgrade. 

of the 
line' upgrade and a considerable amount of work remains 
to be carried out in the time remaining. Nevertheless, some of the 

of 'beyond the baseline' 
have under consideration by the col-

tion's been invested in the 

laboration. Motivations for these upgrades included (1) the track 
of Accelerator for increasing the available luminosity, (2) 
carried out for (3) and of course the initiative of CDF physicists seeking 
to the most of the that can be collected in the 2 fb- 1 of Run II 
and beyond. 

..0 ....." .." 

reach of the continued in parallel 
as design 

by I CDF detector, 
we continued to learn more the physics potential II from 

I analyses completed since TDR. example, the measurement [2] 
--+ J/'l/JKs events collected in 

projections for measurements in 

and construction of the 
is strongly 

the /3 in the unitarity triangle using 

Run given in the 
In course these has identified 

two 'beyond the baseline' projects the '-'u~>u.U'U 
and scope of CDF II detector: 
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1. 	 installation of a low-mass radiation-hard axial-strip 
icon detector, called Layer 00, at a very small radius (""'1.6 em, i.e. just 

the beam This detector would employ recent LHC U~C"F.AA0 
for -sensors supporting bias--voltages which 

performance even extreme radiation 
would 10 cm long have a 50 strip pitch. To cover the 
teraction 8 sensors are needed in phi and 8 in z for a total 64 
sensors which corresponds to approximately 16,000 channels or 2% the 
total of channels the silicon system (SVXII + ISL). 

construction the to cost $208K and the 
required front-end electronics and data acquisition components cost $233K 
(however, much of could by SVXII/ISL ) 

2. 	 installation of a Time-of-Flight detector (TOF), employing 216 three 
scintillator with photomultiplier tubes on each 

between outer radius (138 of 
the inner of the fur the 

superconducting solenoid detector would employ precision ("-' 
25 timing electronics achieve a timing resolution for an individual 

about 100 ps. This translates into a separation at the la 
(2a) for p < 2.2 (1.6) GeV Ic. construction of detector 
is expected to c'ost $687K and the electronics, calibration system, \.-0,-.""" 
etc. would cost $407K. 

build upon and extend the of the CDF II baseline 
(SVXII, ISL and COT) and make it 

advantage of CDF II's deadtimeless trigger, including a 1 
(XFT) and a Level 2 impact (SVT). Both projects will 

significantly expand CDF II's capabilities for physics depending on b-tagging, 
in terms the detection b by virtue of the displaced 

secondary vertex of b hadron as well as the determination of 
flavor (b or of a neutral B meson at the of production. 

1.2 Layer 00 

The addition of a silicon detector layer at small radius (inside the 
SVX II) will the purity yield more 

uniform measurements of track impact parameters. The addition of Layer 
00 will improve the parameter for 1 Ge V Ic tracks "-' 50 

to roJ and largely overcome the of 
scattering in SVXII detector compared to for 

high mass associated with the SVXII hybrids 
of an layer silicon this was revealed in 

exploring the physics reach of for Run [3]. 
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Our with convinced us the importance 
of maximizing the acceptance, purity and control of for b 

improvement of impact parameter at lower momentum 
leads to a in and will with the 
separation of b's and Studies show that 
both b's improves from 8% for the Run I SVX' 
to 28% for SVXII augmented with 00. The improvement in b-tagging will 
lead to corresponding improvements in the study physics, including the 
t --+ b branching ratio and limit on Vtb, and the for new physics 
the of an mass Higgs boson via H --+ bb. 

Our Run I also us importance of vertex resolution 
for separating B signals background. We the improved 
resolution from Layer 00 to provide many from the improved 
mination of event topologies. the inclusion of Layer 00 improves the 
vertex-finding resolution contribution to the determination of proper 
for b hadron decays. This is particularly important for measurements of mixing 
and violation with B8 mesons. 

Another important motivation the installation Layer 00 is that it may 
provide the loss of the inner most layer the II 

0) due to radiation damage. development of 00 with new 
radiation hard sensors also allows us to this new technology as a potential 
solution to problem of vertex tracking in the intense radiation environment 
of Run III. 

1.3 TOF 

ATOF would greatly enhance the particle identification capabilities 
CDF II. will increa.se CDF II's sensitivity to CP violation and mlxmg 
measurements. in sensitivity is especially important for Bs mixing, 
which is a that is likely to be to the Tevatron during Run II. The 
TOF proposed is based on considerable R&D. It was described at an 
earlier [4J and mentioned as a possible 'beyond the baseline' upgrade 
the TDR. 

is a crucial in the measurement 
in decays of neutral B mesons to CP eigenstates and in 

measurements of B meson flavor oscillations. Information from the Time-
of-Flight detector will allow CDF II to improve upon the Same-Side [5] 
technique developed measurements of and the !3 

I data [6, 2]. With TOF we will be able to the the flavor 
tagging efficiency for BO decays by selecting pions over kaons for the Same-Side 

and also by the inclusion of a based on opposite-side kaons. 
the technique to B~ decays, and over pions 
for the tag, will more than double the tagging compared to 
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and the extended 
a focus on 

the implementation of 

physics, 
the projected 

upgrade 
Layer 00 

techniques available in Run I, effectively doubling the available for 
Run II. 

The inclusion of adds an additional important experimental handle: 
sensitivity to heavy ability to identify pions, 
protons with TOF can also be employed to improve the to 
reconstruction of final states of B hadrons. We have only begun to explore other 
potential uses. 

The measurement of the mixing for B2 mesons serves as an excellent bench-
process, demonstrating the synergy of the combination of the 00 

final states such as B2 -t Ds1r. 

TOF upgrades. From studies out those in the TOR, 
we have learned that our mixing will better than previously pro-
jected. We to measure the mixing frequency using fully reconstructed 

While it is a challenge to trigger on these final 
states the signals background, they offer the optimal proper 
time resolution, and the prospect of excellent statistical « 1%) on the 
mixing frequency. the baseline detector, we to be to B2 
oscillations up to Xs 

00 and TOF each individually improve our prospects for observing B~ 
oscillations, by improving our flavor tagging efficiency, and Layer 00 by 
improving our ability to resolve the oscillations. 00 also provides some 

in the 

tagging efficiency. In terms of the effective statistics 
improvements from the two detectors multiply 

each other, resulting in an extension of our Xs reach to 
a measurement, 

We look forward to Run II when CDF II will in the unique 
perform, with one detector, two measurements necessary to make the 
of the closure of the unitarity triangle, namely measurement of the angle 
(3 and measurement of \vtd/vts\ from a combination of BO and B2 flavor 
oscillations. 

1.4 Organization of the Proposal 

The proposal is as follows: In Chapters 2 and 3 we the technical 
of the Layer 00 and TOF upgrade Attention is given to the 

design and construction challenges as well as the solutions identified for achieving 
the desired performance. 

In 4 and 5 the the 

to 

physics they afford is then reviewed in more detail 
ular bench mark The importance of Layer 00 and 
particularly Bs physics, is presented in Chapter 5 in 
reach for fully reconstructed hadronic 

Chapter 6 provides a 
projects. We also include a tabular breakdown of the costs for 
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and TOF upgrades. We briefly review our current understanding in establishing 
staging strategies and schedules for these projects. We emphasize our efforts to 
minimize the impact of these projects on the readiness of the baseline detector 
for operations in early 2000. 

We are submitting this proposal in the spirit of the recommendation from the 
PAC at the Aspen meeting this summer and the invitation of the Director. The 
desirability of finding a way of incorporating these two upgrades into CDF II 
early in Run II, indeed , ideally for the very beginning of Run II, requires serious 
consideration of the issue of resources, including money, engineers, physicists 
and time. We are actively pursuing additional collaborators that could provide 
some of the additional funds and personnel needed to pursue these upgrades as 
well as contributing to the timely completion of the CDF II baseline detector. 
With this in mind we seek Stage I approval of the Layer 00 and Time-of-Flight 
projects at the upcoming PAC meeting in October. 
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Chapter 2 

echnical escription of Layer 00 

2.1 Introduction 

00 (LOO) will be a of at 
small radius. The addition of this layer improve 

purity and result in more precise and uniform measurements track impact 
parameters with corresponding improvements in PT b physics, 

overall pattern basic readout elements will individual, 
single-sided, axial-strip sensors "" 10 cm long .. Eight sensors will 
end to the beam pipe at a radius of '"'-' 1.6 em as shown 
The readout electronics will be mounted along beam pipe at Izi > 40 cm 
with fine-pitch kapton carrying the from the sensors to the readout 
chips. The sensors will have an implant pitch J.Lm with an alternate strip 
readout, a readout pitch 50 J.Lm and a hit resolution of rv 6 J.Lm[7]. 

total number of readout will be 16,000. sensor 
takes advantage of recent work on LHe detectors with high voltages 

enabling good signal-ta-noise ratios even after extreme radiation 

2.2 Motivation 

II tracking will of the Vertex Detect9r (SVXII), 
CLua"c Silicon Layers (ISL) and the Outer Tracker (COT). It 

will produce major improvements in ability to containing band c 
hadrons, and reconstruct as its ability to identify the flavor 
of the b themselves. We purity 
than was the case in Run 1. The combination of a highly compact SVXII silicon 
vertex detector the increased length of all silicon layers, including those of 
the will result in a in b daughter 
track acceptance. Meanwhile, in stereo information available 
the COT, ISL and SVXII should greatly enhance reconstruction. The 
Run thus overcomes the of Run I 
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Figure 2.1: Schematic layout of the CDF II silicon tracker with Layer 00 at a 
radius of 1.6 cm. The radial scale is expanded to display the silicon layers more 
clearly. 

The Run II tracker does however have a few vulnerabilities. Exceptional 
track acceptance is achieved at the expense of increasing the mass of the active 
layers. As a result, the impact parameter resolution of the Run II silicon vertex 
detector for low momentum tracks is reduced in some regions of the detector. A 
second vulnerability is that it has no clear upgrade path. The innermost layer 
(LO) of SVXII will be exposed to large amounts of radiation, and although it 
should survive the next period of data taking ('" 2 fb- 1 in Run II) it will need 
to be replaced for the expected 20 fb- 1 in Run III. This presents problems of 
time and resources. For Run III to be useful, it should take place before the 
LHC detectors begin to produce physics. A significant portion of this window of 
opportunity will be lost when CDF disassembles to repair SVXII. This should 
happen only once and for the shortest possible amount of time. Layer 00 would 
address these issues as described below. 
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2.2.1 parameter resolution 

The low-momentum resolution of CDF's SVX and SVX' detectors was very 
2with a parameter resolution of a = 192 + [pm2]. 

This is to compared with the expected intrinsic resolution + 
(34/PT)2 is calculated from the detector geometry The 

intrinsic asymptotic value (13 pm) and 
as being due to contributions 

misalignments each of which pm. 
term (34 pm GeV/c) is well matched to the 

good 10 pm compared to 
a acceptance, SVXII will 

olution at low momentum than was the case for 
electronics, which are 

readout hybrids add an extra 
active area of each SVXII 

even more only cover 6% of the 
ter of a track therefore depends on which 
it traverses. amount of material traversed 

resolutions, for normally incident tracks, are  
The table lists the asymptotic  

B. Tracks that are not perpendicular to 
regions in different layers, parameter 

the extremes shown. 

intrinsic 
IH\..>U'CHv particles. Material is 

Xo. The asymptotic (A) and 
= A2 + (B/PT)2 [pm2]. 

wedges while Ab 
wedges in which the SVXII 

resolution terms are given 
final column gives the 

area of each SVXII layer. The values for 
are plotted in 2.2. 

impact parameter resolution is calculated with LOO 
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Figure 2.2: Calculated impact parameter resolutions at low momentum for 
SVXII hybrid regions (top red curve), silicon-only region (middle blue curve). 
These become the bottom green curve after adding LOa. In all cases, 10 Mm 
is added in quadrature to the asymptotic term to account for primary vertex 
uncertainty and wedge-to-wedge misalignments. 

included, and the results are also shown in Table 2.1 and Figure 2.2. The im-
provement in impact parameter resolution provided by LOa is substantial, par-
ticularly in the regions of SVXII covered by hybrids as shown in Figure 2.3 and 
Figure 2.4. 

We have also calculated the impact parameter resolution of SVXII for an 
installed but non-functioning LOa in order to assess the scenario in which LOa 
does not function in some regions. We find that in the hybrid regions, the 
multiple scattering constant B is increased by 1 Mm GeVIc, and in the silicon-
only region it increases by less than 2 Mm GeVIc. These increases are completely 
negligible. There is no effect on the asymptotic resolution of SVXII. 

Later sections will discuss how the improved impact parameter resolution 
improves CDF II's b physics capabilities and b-tagging efficiency for top studies 
and Higgs searches. 
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Figure 2.3: Impact parameter resolution for normally incident 1 GeV Ie tracks 
is shown as a function of z for SVXII and SVXII plus LOO (shown schematically 
at the bottom). The effect of multiple scattering in the hybrid regions is clearly 
apparent. 

2.2.2 Beyond Run II 

LOO should outlive the innermost layer of SVXII despite a two-fold greater ra-
diation exposure rate . If the inner layer of SVXII degrades prematurely, for 
example, LOO would allow the possibility of extended data taking. This would 
be especially useful if we happen to see signs of a major discovery. In addition, it 
would provide us experience with new radiation-hard microstrip detectors that 
could lead to a straightforward upgrade of the inner layers of SVXII for Run 
III. The current options for inner layer replacements in Run III are pixels, di-
amonds, and radiation-hard silicon microstrip detectors. While pixel detectors 
would give potentially outstanding radiation hardness and pattern recognition 
capability, they also require the most effort, time, and money. It would be a chal-
lenge to complete a pixel replacement by the end of Run II. Diamond microstrip 
detectors, while radiation-hard and continually improving in performance[l1]' 
still require some basic R&D and have not been used in large-scale systems. If 
viable diamond detectors can be produced in large quantities in the next few 
years, they will be an extremely attractive option. However, diamond detectors 
have a smaller pulse height than silicon and would therefore probably require a 

SVXII Alone 

SVXII wilh Layer 00 

-10 0 10 20 30 40 50 
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Figure 2.4: Ratio of impact parameter resolution for tracks traversing the SVXII 
hybrids without and with installation of LOO. The bottom curve is for the even 
numbered wedges where the inner layer of SVXII is at a radius of '" 2.5 cm 
(a-type wedges). The top curve is for the odd numbered wedges for which the 
inner layer of SVXII is at a radius of'" 3.0 cm (b-type wedges). 

new front-end readout chip. 
Silicon microstrip detectors with very high operating voltage and radiation 

tolerance have been developed for the major LHC experiments[12, 13, 14, 15] . 
They have been studied and are well understood at this time. Most impor-
tantly they could operate with the existing SVX3 front-end chip. Operational 
experience with these detectors during Run II would give us the knowledge and 
confidence necessary to use them more extensively in Run III . This would assure 
us of at least one fast upgrade path. 

2.3 Design 

2.3.1 Constraints 

LOO must fit between the beam pipe at r = 1.1 cm and the innermost boundary 
of SVXII at r = 2.1 cm. This limited radial space imposes many constraints on 
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the mechanical design. The radiation at that small radius is intense, the dose 
rate being double that at the inner layer of SVXII. Silicon exposed to such high 
doses of radiation must be kept quite cold, typically below 0° C. This requires 
a cooling system that directly cools the silicon sensors as well as the electronics. 
Furthermore, the innermost layer must be very lightweight which constrains 
not only the cooling system, but also the mechanical support structure which 
determines the stability and precision of the layer. 

An estimate of the radiation dose rate in CDF II as a function of radius 
can be obtained using the measurement of 0.35 kradjpb- 1 obtained in Run I 
for the innermost layer of SVX together with the observed radial dependence of 
radiation at BO[9, 10] . This yields 

<I>(r) = 2.22 r-1.68 Mradjfb- 1. 

For a delivered luminosity of 3 fb- 1 in Run II, this predicts an integrated dose 
of 1.1 to 1.5 Mrad on the innermost layer of SVXII. Those layers are expected 
to reach thermal runaway and possibly cease to operate as a result of increased 
leakage currents at an integrated luminosity of 3 to 4 fb- 1[17] and so will have 
to be replaced for Run III[18]. 

The radiation situation is obviously worse for LOO. At 1.6 cm, the dose is 
double that of the innermost silicon in SVXII. We expect'" 1 Mradjfb -1 which 
implies two constraints. First, extremely radiation-hard silicon must be used, 
as discussed below. Second, the silicon will itself become a source of heat and 
must be cooled. Averaging the rise in leakage currents as a function of integrated 
luminosity measured with the innermost layers of SVX and SVX' in Run I, we 
obtain[10] 

6I = 21 r-1.68 /-L A jcm2jfb- 1 

IS f Ldt 
at 24° C. For r = 1.6 cm, this is 9.5 /-LAjcm2 jfb-1. The leakage current decreases 
with temperature. For instance, at 0° C it is '" 1.3 /-LAjcm2 jfb-1 and at _10° 
C it becomes'" 0.6 /-LAjcm2 jfb-1. Clearly the silicon must be kept cold to 
limit the leakage current. Low temperature will also limit reverse annealing[16]' 
which has the potential to ruin detectors in a matter of weeks. This effect can 
be slowed dramatically by maintaining the silicon at, or below, 0° C. That is 
difficult when the readout electronics are mounted on the sensors, but for LOO 
the electronics would be separated from the sensors, as shown in Figure 2.5. This 
was the case in the CDF SVX detectors (and will be the case for the CDF II 
ISL detector[8]) . This does not eliminate the need to cool the sensors, but does 
dramatically reduce the amount of heat that needs to be removed from them, 
whilst also reducing the material within the tracking volume. 

2.3.2 Cooling and Support Structure 

In order to meet the space, cooling, and material constraints, it is necessary 
to combine some cooling and support structure functions. 'vVe plan to take ad-
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Figure 2.5: Solid model rendering of one half of LOa. Shown are 4 sensor groups 
(blue) starting at z = a and the readout hybrids (magenta) starting at z ~ 45 
cm. The cooling collar and pipes are shown in red. 

vantage of the beam pipe to provide the majority of the support. We plan to 
wrap the beam pipe in carbon fiber and build our support and cooling layers on 
top of it. The base layer will have thermally conductive carbon fibers running 
tangentially around the beam pipe to efficiently carry heat to the cooling chan-
nels . Small metal cooling tubes will be interleaved with the carbon fiber support 
layers as shown in Figure 2.6. The tubes have a l.5 mm inside diameter and a 
wall thickness of 50 /-tm if stainless steel is used or 100 /-tm if aluminum alloy is 
used. Surrounding the cooling tubes will be thermally conductive carbon fiber 
to support and cool the silicon layers. 

A very thin kapton layer will insulate the back of the sensor from direct 
contact with the carbon fiber and also carry the bias voltages to the sensor back 
planes. This design provides excellent structural support and heat transport. 
However, the carbon fiber layers will need to conform to any irregularities in the 
surface of the beam pipe. This will be achieved with a precise mandrill and very 
careful processing. 

Coolant will flow from outside the detector to a cooling collar wrapped around 
the beam pipe which will cool the readout hybrids. The collar will allow a small 
portion of the fluid to pass through to the cooling channels under the silicon. 
The flow route will do a U-turn at z = a as shown in Figure 2.7, then return to 
the initial distribution collar and back out to the chiller. 

16 



Figure 2.6: Cross sectional view of cooling and support structure with thin-
walled metal cooling tubes trapped between plies of thermally conductive carbon 
fiber. 

The SVX3 front-end readout chips consume roughly 0.5 "..; each and the layer 
will contain 64 of them on each end. This is the dominant source of heat but is 
not a serious concern. The large surface area of contact between the hybrids and 
the cooling collars , together with the relatively high flow rate of coolant through 
the collar, will provide ample heat removal. 

The largest source of heat for the sensors will be due to heat flow from the 
SVXII ambient environment (T ~ 15° C). This will be minimized by a thin 
aluminized carbon fiber screen between LOa and SVXII which will isolate LOa 
by preventing convection and reflecting radiation back to SVXII. The screen 
itself will unavoidably be heated by SVXII and heat up LOa in turn, but the 
total heat transfer is much reduced. Based on a calculation and mockup we 
expect this secondary heat load to be "-' 12\,y in total over all of LOa. 

Radiation damage is expected to result in an increase in leakage currents of 
'"'" 1.3 J-lA/cm2 /fb-1 at the radius of LOa for an operating temperature of O°C. 
The heat dissipation per unit area after 10 fb -1, assuming an operating voltage 
for the radiation-damaged sensors of 500 V, is then 6.5 m\,y /cm2 . The surface 
area of the entire layer is about 1000 cm2 , so the power dissipated by LOa silicon 
is 6.5 \,y. 

Image currents of the proton and antiproton beams in the Be beam pipe could 
also be a source of heat. In Run II the Tevatron will have up to 108 bunches of 
2.4 x lOll protons and an equal number of bunches with 1.0 x 1011 antiprotons. 

17  



Figure 2.7: Cooling U-turns at z=O using small cornering blocks and small sec-
tions of thin-walled tubing. 

The bunch spacing is 132 ns and the bunch length is roughly 0.2 m. A calculation 
determines that the power dissipated per unit length of beam pipe by image 
currents is 0.2 W jm. Following more careful calculation procedures used by the 
Fermilab Accelerator division[20] we obtain the range 0.15 to 0.33 W j m. 

As an aside, note that the beam currents could also be a source of noise. 
Although beryllium is not a very good conductor , for the frequencies associated 
with the beam currents, the skin depth is 32 pm. The beam pipe itself has wall 
thickness of 508 pm. This should be adequate to shield LOO. A more serious 
concern is that the beam pipe outer surface could act as an antenna. We would 
protect against this by placing a very thin , isolated layer of aluminum under LOO 
that would be connected to a quiet ground. This would add as little as 0.06% Xo 
of material. 

Ionizing particles also generate heat in the beam pipe. Based on the expected 
flux of2 .2 xr-1.68 Mradjfb-1 and an instantaneous luminosity of 2 x 1032 cm -2s-1, 
we estimate an average of 0.2 m W j m of heat from radiation. This rises to 
rv 6 m Vv j m for radiation at the level required to abort the beam (2 radjsec at 
r = 3 cm). 

iFrom the above discussions, we estimate the maximum heat transfer to LOO 
at Q = (12 + 6.5 + 0.5) W = 19 W. With 8 cooling circuits, each circuit would 
need to be able to remove 2.4 W of heat after a radiation dose of 10 Mrad. 

We have calculated the heat removal ability of the LOO cooling system design 
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and 
will 

a 

no difficulty. 
a mixture of water and ethylene 

of 10° C. 
load, the 
to outlet, is 2° 

of the 
it should be possible to maintain the silicon at rv 

To be compatible with SVXII chillers, the coolant 
(30% by at an inlet 

1.5 mm cooling tubes and 
drop is calculated to be psi and the 
To check the results of the calculation, 

found to be in Calculations 
from coolant to silicon surface are ongoing, but 

0° C for a coolant 
of - C. 

2.3 Silicon 

We intend to make use of recent LHC in the devel-
opment of silicon sensors with high Our sensors will be 

equivalent to sensors experiment.[12] These are 
expected to wi thstand an dose at the innermost barrel layer 
rv 10 have now consistently produced by a ven-
dors that withstand test of without more than 10%rv 

degradation signal-to-noise ratio (SjN). section we give a brief 
technical sensors. 

as either surface or bulk damage in silicon. 
as holes trapped the oxide or 

resen(~e of holes and 
deleterious effects are 

a decreased isolation leading to unwanted of between 
neighboring and capacitance leading to 
noise. can countered applying a bias voltage in excess of 
that depletion. high 

by the space-charge, into the 
damage is due to the creation lattice 
act as or 
leads to an 
particle 

Initially the sensor bulk is n-type as a result of a phosphorous (P) dopant 
creates donor With irradiation the charge, which was initially 

dominated absolute 
ence P-dopant donor density and radiation-induced density 
is defined as the dopant concentration Neff' \\lith continued irradiation, 

silicon less n-type eventually 
progressively more leading to inversion 
initial resistivity of 
inversion the are balanced (Neff = 0). After 

dominate and Neff can indefinitely. 
effective dopant-concentration is important because it 

damage. can be 
damage is mostly manifested 

to new energy levels in the forbidden energy gap. 

free 

radiation. 
In ..,.",,,,,•. ,,, 

in leakage current, which is linearly related to the 

to become 

by the initial P-dopant density. 
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Figure 2.8: The expected evolution of the depletion voltage of CMS sensors with 
two values of initial resistivity and for radiation doses totaling 1.6 x 1014 n/cm2 

and 2.4 x 1014n/cm2 after 10 years. The radiation doses for LOO are comparable 
to those for the (much larger radius) CMS microstrip detectors, and although 
the plot is based on expected running conditions at the LHC, it provides a useful 
guide to the expected time evolution of the LOO depletion voltages. 

the depletion voltage of the device , Vdep = Neff (ed2 /2E), where d is the thickness 
of the sensor, E is its dielectric constant, and e is the quantum of electric charge. 
It follows that the depletion voltage of the sensor should initially decrease with 
radiation to approximately 0 V at inversion and then increase continually. For 
large radiation doses such as those anticipated at LHC or by CDF II at small 
radius, the depletion voltages of sensors is expected to rise dramatically. CMS 
has developed sensors with bias breakdown-voltages in excess of 500 V. The 
evolution of the depletion voltage for these sensors operated at the LHC over a 
period of 10 years with regular intervals of no beam is shown in Figure 2.8. 

The LHC research program has resulted in design and processing specifi-
cations for silicon sensors to allow the consistent production of high operating 
voltage sensors. The most significant considerations are the treatment of the 
edges of the sensors, the implant shapes, and the oxides for both the surface 
passivation and the coupling capacitors. The edge of the sensor is generally 
fraught with defects as a result of the cutting process and can easily result in 
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Figure 2.9: Schematic diagram of the CMS sensor guard ring structure . 

breakdown across the bulk or act as a significant source of current. To counter 
these possibilities an n+ guard ring is placed on the top surface near the edge. 
Extending from 350 J.lm to 550 J.lm from the edge is a multiple p+ guard struc-
ture. This assures that the electric fields on the surface do not have a large 
gradient. The overall surface structure is shown in Figure 2.9. The leakage 
current per strip is required to be less than 0.5 J.lA at 500 volts of bias after 
irradiation and less than 50 nA before irradiation. 

CMS has prototyped sensors with these characteristics from several vendors 
and has included prototype LOO detectors on masks which will allow us to test 
the LOO sensor deSigns in the fall of 1998. 

2.3.4 R eadout 

The ability to place the readout hybrids outside the central tracking region is 
critically important for cooling and space, and also improves the performance 
by reducing the material within the tracking region. We plan to use lightweight, 
fine pitch cables to connect the sensors to the readout hybrids. These cables will 
be kapton with a total thickness of 50 J.lm. Traces can be made roughly 20 J.lm 
wide with up to 50 J.lm pitch. Currently these cables are made at CERN[19] and 
elsewhere in Europe and the U.S. The traces are 5 J.lm thick copper, with 200 
Angstroms of Nickel. Each cable represents only 0.023 % of a radiation length. 

With 50 J.lm pitch, the cables have a capacitance of 0.46 pF fcm, to be com-
pared with,....., 1.0 (1.4) pF fcm for the silicon detectors with 50 (25) J.lm pitch. 
Since the cable lengths for the sensors nearest z = 0 are quite long, the added 
capacitance becomes significant in increasing noise. To overcome this, we plan 
to use two 100 J.lm pitch cables for the longest paths. The capacitance per unit 
length is then halved and the maximum added capacitance is roughly 8 pF re-
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suIting a total capacitance of than"" 22 pF. This will result in an excellent 
SIN 1 with 396 ns (based on recent SVX3d chip tests). 

readout hybrids are expected to 
hybrids which are in turn 

fairly 
on 

on Alumina which can thin since the hybrid is 
design 

single-sided and will directly on top of a cooling are 
restricted to be somewhat narrow ("" 1 cm) but can be fairly long. One 
possibility is to have hybrid a chip. Eight these hybrids 
would be stationed, end to at the end of the row of 4 sensors. In the hybrid 

the total material contributed by the electronics is 2.1 Xo in addition 
to an estimated 0.5% Xo cooling 

The Data Acquisition (DAQ) for LOa will be identical to the SVXII DAQ[8] 
for all components downstream of the hybrids. the readout configura-
tion will differ from SVXII to minimize the DAQ cost while 
readout time than the time for the readout which occur in paral-
lel. The LOa sensors are sensors in SVXII, so 
they have, on average, about half as many out. 
two sensors to multiplexed. The multiplexing will done in z i.e., the data 
from two sensors at same ¢ but neighboring in z are time multiplexed into 
a readout path. 

LOa will use the same portcard design as SVXII and It will require 
an additional 8 portcards beyond the 102 by SVXII LOa 
portcards will be mounted on portcard at each end of the detector. 
LOa can also use as SVXII with one modification. 

power are to have a maximum bias vol tage of V, 
while LOa may require a bias voltage above this level by the end Run II due to 
radiation The LOa supplies need to 
this higher CAEN are 

modified to ac{;onrlmoaate 

providing each of the different voltages needed. 
therefore involve only a daughter card. 

modification will 

2.3.5 Material 

total material added by LOa is rv 0.6% of a 
of the area without the of the area 

85% 
cooling 

it is 1 % of a radiation length. material includerv 

from the silicon and 0.07% from the cables. material in the hybrid 
which is outside the tracking volume, is ,......, 2.6% a radiation length. 
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2.4 Construction  

We intend to map the beam pipe on a coordinate machine 
(CMM) make a cast to form a dummy pipe with similar properties. LOO 
will be built in two half cylinder sections ( shells"), construction of 
which will then take on dummy pipe to support them in the same way 
it will be supported in the final installed state. 

\Ve will form cylindrical into channels with a All 
will then be glued place a CMM preCISIOn. Modules will be con-
structed on a flat, plate with a thin kapton layer. Four sensors and one 
hybrid group will be glued to the kapton a simple 

for precision strip alignments. The kapton will carry conductors to 
set the back plane voltage of the sensors. After the silicon is placed and glued 
to the kapton, which is itself attached via to plate, the kapton 
cables can be glued to the detectors and hybrids one by one. Each cable will 
wirebonded at both ends before the next is installed. 

Once the modules are complete, they will be installed on the struc-
ture. fixture will be to hold aluminum end which are pinned to 
the base plate during module construction. installation, the end pieces are 
retained to hold the of but the plate is removed. 
stepper motor and encoder will used to clock the modules into the ¢; 
location. module can then be glued to the support structure, and later the 
end removed by cutting the kapton to which they are glued. 

\Vith equipment available at the Fermilab Silicon Detector Center (SiDet), 
and based on past construction experience, we estimate that the detectors can 

within from module to module support structure, 
to 25 /-Lm. Using large CMMs, it is possible to map sensor locations 
relative to one another in 3 dimensions to better than 10 /-Lm, although such 
"1"'£'£'1<'0 measurements are probably not necessary at as final alignment 

done using tracks reconstructed offline. 
An additional thin kapton screen with a conductive will be used to 

surround LOO. The screen can to LOO or it could installed on the 
inside SVXII. screen can also serve to SVXII during beam pipe 
installation. 

the beam pipe with LOO attached would follow procedures 
to planned the absence of LOO. 

LOO and SVXII is adequate for installation. We no difficulties as 
as the beam pipe is not accidentally struck. Special precautions will taken to 
avoid accidental deflections during installation. After installation pipe 
can be rigidly at a number of points. Basic analyses of several 
support configurations have shown that it should possible to sufficiently damp 
any movement by a reasonable deflection of one end of the beam pipe. 
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2.5 Alignment and Position Monitoring 

precision with which LOa will measure positions far the 
by which sensors can positioned SVXII. Although the 

of LOa sensors to one another can measured a coordinate mea-
with a approaching the detector resolution men-

measurements are possible once detector is 
placement LOa determined by a impre-

installation procedure, it critical track data be sufficient 
to determine detector to the 
resolution. 

procedure for a alignment LOa is 
same as the detector. success of track-based 

alignments of III Run I that similar algorithms will 
succeed for II silicon detectors. for SVXII, larger 
overlaps, better initial alignment and z resolution than was 
available the Run I detectors of a greatly improved 

TTD"Dnr>c.C' between the 
and merit some discussion: 

the mechanical 

LOa modules will be larger than that wedges in 
has at First, that pass 

through a in SVXII. 
Second, 

it is 
the determination 

wedge-spann ing 
together can 

alignment problem. 
improves the to 

of the sensors (including rotations). 
position within LOa 

relative to III be more 200 /-tm nominal. a 
large misalignment significantly hamper proper association of hits within 
LOa to tracks the rest silicon. The solution to this problem is to 
start with a low multiplicity events in the hit can 
be made with a reasonable of A small 
even if by should 
level /-tm or Although at 

recognition, experience with 
than 20 or /-tm 



majority of in sparse events with sufficient to allow 
an automated algorithm. 

mechanical accompanying 
sibility relative motion the two is clearly a problem must be 
overcome if the alignment is to stable (and useful). The 
tube and the spaceframe are to isolate detectors 

that may during installation process, handling of cables, etc. 
the SVXII is mounted a stress-free state ISL. 

two are therefore both well from external mechanical effects. 
In LOO is connected directly to pipe opening possibil-

affected by incidental forces, so the of such must be 
minimized. 

addition, the pipe is in turn spacetube, 
ISL spaceframe and a number of other could com pro-
mise the isolation those systems, allowing un.,LU'-.U forces 
to move silicon as well. Also, it is 
pendent effects, mechanical deflections coupled to the 

forces alter the detector position on a 
the data during position state nr,"",,"'" 

the alignment. 
The solution to these problems is to design the support to 

induced at the end of the from those at center. In 
movement of ISL, the transmitted to pipe at the 

must be directly to of the tube, 
to the COT Care should exercised to ensure that 

transmitted to be damped prior to 
Foam or other material 

the 3° hole would likely suffice 
currently possess quite accurate mathematical models for behavior of 
spaceframe spacetube. tools can be to test and 
design and help the required for the pipe 
mounting Preliminary analyses indicate that vibration isolation 
can obtained. 



Chapter 3 

echnical escription of ime of 
Flight 

3.1 Overview 

Virtually all dedicated to the study of employ some 
type particle identification, whether it be Time-of-Flight, dE / dx, Cerenkov 
devices or a combination of A Time-of-Flight detector is the" simplest and 
most cost effective way to CDF II with the ability to identify 

over a useful of their momentum Based on resolu-
cosmic ray tests we believe that an timing resolution 

of 100 ps, obtained from a single scintillator is a reasonable This is 
measured 

the a TOF being in 
BELLE detector at KEK. Figure 3.1 shows that this resolution corresponds to 
roughly 1</11 separation p < 1.6 ' 

The proposed Time-of-Flight design builds on several of R&D. 
The included constructing and operating a cosmic ray test stand located in 
BO[21] and a successful "full-scale" TOF test the 
detector at the collider running period in 1995, known as the Ie 
test[22]. The cosmic ray studies provided the design parameters of the 
Run Ic test. in more [23, 24], confirmed 

proposed test also 
the time at which an individual collision occurred, called 

could be determined from the tracks in the and that the "hit" occupancy 
from neutrons and "back splash" from electromagnetic is not a 

on installation for the Ie 

the viability of 

cable plant is planned for Run II. 

TOF data from 
applied to the proposed 

~~~'r-." modifications came out the OV'T"Dr,an 

collisions 
system for Run II. These include using 

gain photomultipliers to offset the than expected reduction observed 
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Hamamatsu photomultiplier Connected to 
chain and a 

solenoid and a simpler 
saves space reduces 

cables in test also proved to be 
were due to connections. 

More recently, another cosmic ray test has been developed to refine 
system area not addressed some of the design. The 

and ADC's were 

and a single 
and tested. on this 
proposed TOF system should 

we 
single-bar 

resolution and will a high occupancy operation 
even at Te V33. 

scintillator, 3 m length, 
CDF II the COT. The location 
Mounted on each end of every is a 

fine 
tube is a base that provides the 
to increase the signal size. 
tially to a discriminator and card 

by the 
(leading 

inside the 
than constant fraction) 

cost. signal and high 
consequently several ~HU"HAvA 

consists of 216 bars 

3.2. 

timing channeL This circuit includes a time-
the resulting 

~..u,,~'" memory module (ADMEM) 
contains front-end (CAFE) mounted as daughter 

ADMEM board would have its cards replaced by 
obtain measurements while the 

and interfaces. A very stable « ps) TOF 
is used to generate the start-pulse for each TAC. 

for a with a 
card (called mounted as a daughter 

on a ADMEM 

3.2 Scintillator and PMT Assembly 

is about 4.7 cm of radial space available between the outer can the 
COT the cryostat. This would be occupied by bars of scintillator 
4 cm and 3 m to cover the COT. The optimal 

the of timing resolution counter occupancy and 
was determined to also be about 4 cm. Thus, 216 of scintillator would 

about 140 cm from the beam 
used to minimize the 

408, which The 

a trapezoidal cross 
between them. 

for system would 



cathodes, positive This is these 
to have a low current across the face which 
reduction in cost. each end 

End Wall  
Hadron  

SVX-II 

'0 c: 
W 

Layers 

both a and a long attenuation length of rv 380 cm.· in 
figure 3.3, the photomultiplier tubes are attached to bars via Winston cone 

Hamamatsu R5946-Mod or an equivalent, if available. These are 1.5 inch 
with 19 dynode which will provide in the 

magnetic field. We intend to purchase tubes rated for operation with grounded 

TOF 

Figure 3.2: Side view of CDF II showing 
su bdetector. 

light to optimize timing 
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Run test. It been modified to accommodate 19 
the R5946-Mod and includes a DC blocking at the 

bases, we 
term operation. 

base will constructed on a small, 
mount components. base 

on our previous 
~LLj"JJa'c", no problems in their construction 

end detector interface to the same electronics module. only does 
simplify the calibration procedure, but it also the eventual 

integration into a 2 mass trigger. This would require z-information 
obtained time measured at opposite ends of a bar. 

3.3 Electronics 

3.3.1 PMT 

The base design is similar to the one used to build for 16 stage 

3.3.2 PMT preamplifier 

the will also on a small board 
and mounted directly behind the PMT The shown in figure 3.4, 
is a classic common amplifier configuration with emitter followers to drive 

of shaperjdriver transistor. circuit shown was built 
used for 16 R5946 mesh tubes with good results. It a wide dynamic 
range has to very robust. We to modify 

design slightly by adding a transistor at the output to a 
differential signal on a shielded twisted pair This will provide additional 

rejection and mutual the two 
cable dispersion. 

The preamplifiers require low voltage and a control line can 
used to attenuate the This attenuation will necessary if are 

boards which 

to with CDF magnet It will convenient to bring the low 
into detector from the electronics crates 

PMT So as to 
isolated from the crate power supply, low voltage supplies would 
mounted near the front-end crates specifically for supplying power to 

3.3.3 High Voltage 

generally very stable gains even in a magnetic field. Since 
measurements are primary interest, with pulse height information 

Mesh 
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the TOF test.the 

used mainly for offline walk we will not require the ability to control 
the gains of individual PMT's the on individual 

PMT's can widely. Although we not need control of 
we to set high voltage on each tube separately so that the 
are approximately equalized and to possible saturation of the preamplifiers 

the most cost means to achieve is through 
a resistor-zener network powered from a bulk high voltage supply. The total 

for the would than 50 mA with 

is in 

H<::;'~U.<::;:U 

at 2000 volts. 
block diagram for this high 

ure Since current draw on will be known, resistors at 
the last stage can be chosen to fix predetermined PMT This 

of PMT's a magnetic field prior to installation and can 
at BO. performance will not 

depend strongly on the actual but optimal performance could be achieved 
using a 1.4 Tesla test magnet 

adjusting the values during accesses to the area. 
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3.3.4 TDC Design 

The front-end electronics 
mation and measurements 
electronics better than about 
dominant factor limiting 
timing stability is an 
CDF II electronics. 

the CLEO collaboration 

tromagnetic 
calorimeter 
20 channel ADMEM 
transition boards on the 
from the VME bus 

logic necessary to buffer events 
electronics infrastructure has 

are required to provide precise timing 
We desire a timing stability 

ps so that the photon statistics 
resolution of a single PMT. 

ro"",,,r.,,, what is required in most 
a TOF system has 

modifications where necessary. 
pulse height information 

modules receive the PMT 
crate and attach via a connector 

electronics for each channel is 
ADMEM board also provides 

a pipeline while awaiting a trigger. Since 
been developed, we intend to make use 

will be located space already allocated 
on the detector. Figure 3.6 shows 

crate. This figure shows 
to distribute low voltage power to 

of the PMT 

it as the basis for our measurements. 



25 ps, a bit be more than sufficient to cover the required dynamic 
range of ,,-,.50 ns. A ADC is the AD9042 chip which 
is similar to the bit AD876 chip used on modules. Each TDC 
digi tizes the time a common start clock the pulse from 
discriminator which is located on the transition 

The proposed shown in figure is to have minimal 
sensitivity to leakage current on capacitors. 
differential the capacitors 
initiates a The between the two 
capacitors is to leakage cancelled 
to first order. picked up equally on 
both capacitors motivates operating 
the TDC's in a common start mode, where switching noise will be 
picked up symmetrically on each capacitor at the start of the timing cycle. 
differential from the discriminator linear ramp and 
initiates sampling voltage difference across A prototype 
TAC circuit and tested. is to interface it 
with the ADC several channels for a cosmic 

is ("-' and the times at 
which pp occur will be distributed over a of a few nanosec-
onds in precise time-of-flight we 
to measure the to, at which each interaction occurred. This procedure, 
described in detail section 3.6.2, requires that TDCs in the front-end 
electronics start pulse to within the ps resolution. The 
modifications to board are required to and maintain this 
level of 

To achieve these a new connector is required on the front panel 
ADMEM to a precision differential Additional 

AD MEM board to to 
Although this of only 4 new 

fanout, the traces is critical and will 
require careful layout. Although the support is not required 
to make these board modifications, their past with and knowledge of 
the existing ADMEM design will be valuable. motivates performing 
these changes in layout at Fermilab close contact with 
the EE staff who on the original ADMEM 

Because of timing requirements of 
dent changes due to temperature drifts, ground 
components must anticipated. It is essential to 
these effects electronics. 
on the by a quartz oscillator 
is included in the This provides a to determine the 
slope of the amplitude VB dependence of the 
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to monitor temperature at key 
desirable as it could allow correlation 

of and accounted In 
eral, we c.an provide insurance perform with the 
level of precision by providing as many means of calibration monitoring as 

simply apply an correction for discriminator walk, the preCIsIOn 
and dynamic range by the CDF ADMEM is not required. 

the cost of electronics, we will build cards and 
use instead the cards in ADMEM modules for pulse-height 
measurements. is a the card design it does 
not include components for the 

3.3.5 Clock Distribution 

To achieve required preClSlon, a common start signal must be sent 
to TDC channels with a of < A would 

the RF and a dedicated fanout for TOF would 
required to achieve maintain this stability. The clock fanout 
would be an of magnitude more the clock distribution used 
for synchronization of electronics for event readout [26] 
but would be 

All signals would be differential and would be sent along 
twisted pair from a fanout point to to each 
module within crate. clock on Motorola's 
ECLinPS integrated circuits. system- and fanout would 

be driven MClOOElll which of a differential 
signaL This has a small channel-ta-channel of typically 

< 25 ps which a channel-to-channel jitter much less than this. 
Although event-ta-event jitter would be small, it is to 

measure the propagation from the central location to each 
of crates. This will allow term included 

offline calibrations. This will be achieved m 
crate and, in addition to distributing it to the TDC modules, returning it along a 
separate clock to the distribution point. A central clock 
fanout module then measure round-trip time which would include all 

effects external to the crates. 
One important cause of in propagation is the temperature 
the cable. Thus, we propose an additional cross whereby 

temperature each cable is measured at eight points with which we could 
correlate measured in the round-trip propagation Even larger 

speed are caused by thermal across the dielectric 
and we intend to minimize wrapping the cable, 
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clock cable the sensors mylar 
have built a prototype clock distribution system which drives a differential 

on a 40 foot cable. propagation delay was measured with a 
LeCroy TDC ps resolution. Although the 

was less this resolution, we it by introducing an 
additional delay proportional to an analog control signal. By varying this voltage 

distribution could be across ps count allowing 
its width to be be measured. In way we determined that 
jitter with the clock electronics, the 
was 0(3 ps). 

3.4 Calibration and Monitoring 

maintain resolution it will be to monitor 
ments of the system so that changes in operating conditions can 
and calibration corrections to Since 

be an important in the analysis of violation 
mixing measurements, it is important to minimize time required to 

and the so that key measurements made as 
quickly and efficiently as 

described in 3.3.5 we intend to some 
tion measures into The oscillator 
clock generator on transition boards the slope of each 

to as often as will be This it easy for 
any changes timing due to drifts in the ground voltage or crate tempera-
ture to be detected and 
such 
electronics boards and 

out. It will also be 
the 

to correlate any 
points on the 

We also 
is via 

by we could inject l
located at the ends 

ight 
bars 

mounting assembly. Although not useful for calibration, the information 
obtained pulsing LED's is valuable for detecting bad channels or cabling 
errors and would speed the of the system. 

would also provide an way to monitor long term changes 
the attenuation length of scintillator. 
since it can be implemented almost cost. 

To 	 as many aspects of system as possible in a well controlled 
propose a laser calibration system. Light from a nitrogen 

into the glass into the 
to scintillator. laser also 
attached to a outside detector to provide a time. time 
difference between channels the time would allow timing 
resolution on individual channels to be measured and monitored. This would 



provide an important way to validate changes in calibration constants without 
relying exclusively on data recorded with physics triggers . CDF has already 
purchased a Nitrogen laser for TOF R&D work which can be used for this system. 

3.5 Installation and Integration 

To prevent loading and possible deflection of the COT end plates , we would sup-
port the scintillator for TOF from mounting hardware attached to the cryostat. 
In the current CDF II upgrade schedule, the CTC used in Run-I will be re-
moved at the end of August 1999 which will allow free access to the inside of 
the cryostat . We would then perform a survey of the radius of the inner surface 
at several points and locate the positions of welded seams in the cryostat. If it 
is found that the cryostat is more than 3 mm out-of-round, adjustments to the 
mounting hardware dimensions could be made at this point. 

3.5.1 Mounting Scheme 

We have designed the mounting hardware such that it can be partially disas-
sembled to provide maximum radial space for the insertion of the COT, and 
then reassembled after the COT is in place. The proposed design is shown in 
figure 3.8 and consists of three components. A total of 24 slotted aluminum rails 
can be safely attached to the inner surface of the cryostat either by gluing or us-
ing spot-welded threaded aluminum studs. Extruded aluminum fins running the 
length of the detector are then inserted into these slots. These fins have notches 
at their inner radius which hold rolled aluminum shelves in position on which 
the scintillator rests . The mount would be attached, assembled completely, sur-
veyed and removed in about a week. There would then be about 3.5 cm of radial 
clearance for the COT to be inserted after which the mount would be completely 
reassembled. The scintillator could then be inserted into the mount at any time 
thereafter. 

3.5.2 Cable Routing 

The inner subdetectors will route their cables radially outward to slots in the 
30° crack between the plug calorimeter and the central electromagnetic calorime-
ter. The natural cabling scheme is for the outermost subdetectors to be cabled 
first, having their cables covered by successive layers of cables from the inner 
subdetectors. Thus, it is highly desirable to have all cables in place prior to 
the cabling of the COT. As we will have only 216 channels per side, the time 
required to fully dress and route the TOF cables will be short compared with 
cabling the COT, ISL and SVXII su bdetectors and should not interfere with 
their installation schedule. 
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The cables to be routed include the high voltage cables for the PMT's, low 
voltage, signal and control lines for the preamplifiers as well as control lines for 
pulsing the LED's and fibers for the laser calibration system. Some of the low 
voltage and control lines can be distributed from inside the detector and will not 
require routing separate cables for each channel. As previously discussed, the 
signal cables from PMT's at both ends of a scintillator bar are brought out to 
the same side of the detector but this is not necessary for the high voltage or 
preamplifier power and control signals. 

3.6 Event Reconstruction 

Many aspects of event reconstruction with this TOF system have been studied 
using a fast Monte Carlo parametrization[27]. This assumed that the timing 
resolution varied linearly with the distance, d, from the phototube at which a 
track entered the scintillator: 

at = (100 ps) + (0.4 ps/cm) . d (3.1) 

and is motivated from cosmic ray tests. Event reconstruction proceeds by first 
associating PMT hits with tracks and then determining the times (to's) at which 
pp interactions occurred in the event. Several pP interactions can occur in a 
single bunch crossing and it will be important to determine the production times 
of each. These times must be known much more precisely than the overall 
event to used, for example, by the COT to measure drift times. Ultimately, 
each interaction will have its to measured to approximately 30 ps which will 
in no way limit the performance of TOF for particle identification. Given the 
production time, each track from a pp interaction vertex will have its time-of-
flight determined. 

3.6.1 Association of tracks with PMT's 

Some events may have as many as 20% of the activated TOF counters hit by more 
than one track in Run II and as many as 30% for luminosities of 1033 cm-2s- 1 

in possible future Tevatron runs. However, the way this influences the ability to 
perform particle identification depends on how information available from the 
TOF system is used. In particular, the particle identification efficiency depends 
on the algorithm used to associate tracks with PMT's. We have considered two 
approaches and have studied how they perform at high luminosities. 

A common algorithm used to determine whether both PMT's on a bar are 
associated with a track is to compare the extrapolated z-position of the track, 
determined using information from the tracking chambers, to the z-coordinate 
determined from the time difference: 

(3.2) 
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where TL and TR are the times measured at left and right ends of the bar and 
Sbar is the speed of light propagation in the bar. VVe refer to this method as 
the "TL - TR" algorithm and consider a track to be associated to both PMT's 
on a bar jf the extrapolated and measured z-position agree to within 2a. The 
efficiency with which this algorithm associates hits with tracks and the frequency 
with which hits are incorrectly assigned to a track are shown in figure 3.9. 

This algorithm does not make optimal use of the available information since 
the PMT's on bars which are hit by multiple tracks will not, in general, be 
associated with any of them. An alternative algorithm has been considered in 
which a PMT is associated with a track only if no other tracks hit the bar at 
z-positions between the track in question and the PMT. Since the distributions 
of to and time-of-flight for tracks are typically shorter than the time required 
for light to propagate to the ends of a bar, this algorithm usually makes the 
association correctly. We refer to this as the "closest track" algorithm and the 
efficiency with which it associates tracks with PMT's and its misassociation 
frequency are shown in figure 3.10. 

3.6.2 Determination of Interaction to '8 

In general, we may need to determine the z-coordinate and to of each interaction 
in the event. The problem of finding to for each interaction in the event will 
reduce to applying a clustering algorithm to tracks in z and to and determining 
the mean to for each interaction separately. However, for analyses in which a 
B decay is fully reconstructed it will be sufficient to identify only those tracks 
associated with its primary interaction vertex. \Ve have studied the details of 
this latter problem. 

The average production time for the four final state tracks in a BO ---+ J/'l/JK~ 
decay (/1+ /1-7r+7r-) already determines the to of the event with a resolution of 
about 63 ps. This is sufficient to identify tracks in the event which have pro-
duction times consistent with the to of the J/'l/JK3 primary vertex. These tracks 

, are used in the to fit if their transverse and longitudinal impact parameters are 
within 0.5 cm and 1.0 cm of the J /'I/J vertex, respectively, and if their produc-
tion time, under any of the 7r, K or p hypotheses, is within 5a of the J/'l/JK~ to 
estimate. 

Figure 3.11 shows the to distributions for both the J/'l/JK~ alone and for 
the full event, obtained by fitting to using tracks associated with the J/'l/JK~ 
production vertex. The to resolution is found to be about 33 ps and has a 
negligible effect on particle identification. This figure also shows the distribution 
of the number of tracks used in the fit. This has a mean of 10, in addition to 
the J /'I/J and K~ tracks. 

The fit is performed by first computing the expected production times for 
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each track under assumed particle hypotheses: 

(3.3) 

where Ti is the time recorded by the TOF counters, D is the path length of the 
track from the production point to the counter and p is its momentum. 

Then, the to for the interaction is determined by maximizing the likelihood 
function 

r _ 1 -(tJNKO -to)2/2u; IT (f r ( 7r .) f r (K .) f r ( p .)) 
L- ~ e s . 7rL7r ti,CJt;,to + KLK ti ,CJt;,to + pLp ti,CJt;,to 

v 2nCJt .
l 

(3.4) 
where tJNK~ is the measured production time of the J /'ljJK~ with uncertainty 
CJt, fh are assumed particle production fractions and 

r ( h ) 1 e-(th -to)2 /2u;Lh t ,CJt; to = 	 -----==-- (3.5)
.j2iCJt 

The interaction to resolution roughly scales with the number of tracks from 
fragmentation and in the underlying event as 1/J Nt rack . Thus, there will be 
sufficient information available to determine to as precisely as will be necessary 
even for, physics processes with low multiplicity final states such as pp ---* fr. 

This same procedure was used to determine to in events recorded during 
the Run Ie test[23]. Because only 5% of the full system coverage was installed 
there was, on average, less than one track per event with which to determine to. 
Nevertheless, this algorithm was shown to be effective and we are confident that 
it will perform as expected for the full TOF system. 

3.6.3 Kaon Identification using TOF 

Particle identification using TOF is performed by comparing the event to with 
the expected production time of a track, calculated using its momentum, path-
length, time-of-flight, and an assumed mass. We also calculate the uncertainty 
on this difference, and use it to form a X2 variable for each mass hypothesis. The 
probability Ai that a given track is a particular particle type i = n, K, p, e, J1 is 
calculated using a normalized likelihood: 

fiLi (3.6)Ai = L-j fjL/ 

where Lj = exp( -x;/2) and fJ are PT dependent particle fractions, determined 
from the Monte Carlo. With real data, it will be sufficient to use estimates of 
these fractions using Monte Carlo, but we can also measure fi (PT) directly using 
TOF. 

A sample of kaons is selected by requiring AK > Alt. The efficiency with 
which real kaons are selected and the purity of the resulting sample are shown for 
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a range of values of A<j{t in figure 3.12. For this figure, we have used the Monte 
Carlo dataq sample described in Section 5.3.1. It can be seen from this figure that 
the 'closest track" algorithm has a higher efficiency, as it must, since the PMT's 
it associates with tracks form a superset of those associated by the "TL - TR" 

method. Nevertheless, the class of tracks which have only one associated PMT 
will have worse average timing resolution. Therefore, the highest purity kaon 
samples will generally contain tracks with which both PMT's are associated. 

3.6.4 TOF System Occupancy 

The occupancy expected in Run II will depend on the luminosity per bunch 
in the Tevatron. The number of additional minimum bias events which will be 
present for various luminosities and bunch crossing intervals is listed in table 3.1. 

.5 X 10J :l 396 2 
2 x 1032 396 5 
2 x 1032 132 2 

10 x 1032 132 10 

Table 3.1: Expected (nmb) for different luminosities and times between bunch 
crossings. 

The average counter occupancy in B O --+ J /'ljJK~ events for these various 
operating scenarios is shown as a function of the mean number of additional 
minimum bias events, (nmb), in figure 3.13. These estimates are made using 
minimum bias events recorded in Run-I with the reconstructed tracks propa-
gated to the positions which would be occupied by the TOF system. These 
additional tracks are added to the event record of Monte Carlo events in the 
physics studies used to quantify the enhancements provided by TOF under real 
operating conditions. g 

3.7 Performance Summary of TOF R&D 

We very briefly summarize three R&D projects for the TOF system; a cosmic 
ray test at BO, the 20-bar test in Run Ie, and a cosmic ray test at Penn. The 
first data was recorded in 1995 using a cosmic ray test stand located in BO. The 
results from this early test indicated that outside of a magnetic field a resolution 
of'"100 ps was possible. A typical timing performance plot is shown in Fig. 3.14. 

At the end of the Run Ib running period, a test TOF system was installed be-
tween the Central Tracking Chamber and the 1.4 Tesla superconducting solenoid 
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at a mean radius of 140 cm. The TOF system consisted of 20 bars of Bicron 
BC408 scintillator, each 130 cm in length with a cross section of 4 x 4 cm2

. To 
each end was fitted a small compound parabolic concentrator (Winston cone) 
and a 16-:stage R5946 Hamamatsu fine-mesh photomultiplier. The arrangement 
of the scintillation bars is shown in Fig. 3.15. 

The electronics chain consisted of a custom designed preamplifier, constant 
fraction discriminator , and commercial TDC and ADC Fastbus modules readout 
with the CDF data acquisition system. The CDF charged particle tracking sys-
tem was used to measure the arclength of the helical track from beam collision 
point to the scintillation bar. In general, the charged track momentum resolu-
tion and the intersection of the charged track with the scintillation counter as 
determined by the tracking system had a negligible contribution to the mass er-
ror. At very low momentum, however , the contribution to the timing resolution 
from multiple Coulomb scattering can be significant. No attempt was made to 
separate the timing resolution from various CDF detector effects, since the main 
goal was to measure the overall performance of the system. We determined a 
procedure for calculating the interaction to time from all tracks in an event , the 
timing resolution , and the particle identification performance of this system. 

Fig. 3.16 shows one measure of the performance of the test system. The 
system subtended only about 5% of the solid angle, and so typically very few 
tracks per event were detected . Fig. 3.16 used one track to determine the event 
start time, and one track was used for the mass plot. A paper, reporting these 
results , has been submitted to NIM and here we summarize some of the results 
and conclusions from the test. 

The test system performance can be determined in a number of ways and used 
to estimate the performance expected for a full system. We measured a flight 
time resolution , averaged over all tubes, of 220-250 ps. In this analysis there 
was usually only one charged track available to define to . In a full TOF system 
we would typically have 10 charged tracks from which to could be determined . 
Correcting for this fact, the resolution of a full system would be 155-180 ps. 
The best performing tubes indicate a single bar resolution of "" 100-125 ps is 
attainable. 

We have performed tests and simulations to determine the cause of the lower 
than anticipated average PMT timing resolution. A combination of broken glue 
joints and performing an average walk correction (due to limited statistics) rather 
than an individual tube walk correction accounts for about 40-50 ps degradation 
in resolution. In addition, smaller than expected signals from the PMTs in the 
CDF magnetic field coupled with the constant fraction discriminator design is 
also a potential cause of the lower resolution. This suggests that higher gain 
tubes will perform better. It is possible to purchase a 19-stage 1.5 inch diameter 
tube from Hamamatsu, which will allow greater gain in the field. Care will also 
be required to ensure good glue joints, if used. We are investigating a different 
procedure for mounting the PMT assemblies which should relieve some of the 
stress at the optical interfaces. In summary, this small test system has been 
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extremely valuable in guiding us to extract the best timing resolution from the 
"full" 

\tiore recently, a TOF test stand developed at the lJniversity of 
Pennsylvania. test stand is being to explore a number improvements 
to As a measure of the being obtained from 
setup, we simply present the results a recent cosmic ray run in Fig. 3.17 
After modifications to the electronics chain and better tube-by-tube roAT'.,."''' 

it can be seen resolutions below 100 It should 
be that other most notably the Kichimi 
et at. have also achieved very good resolutions in their beam tests. 
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Figure 3.9: Track-hit association efficiency and misassociated fraction of tracks 
using the "TL - TR" algorithm. These are plotted as functions of the mean 
number of minimum bias events, (nmb), present in the event. 
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Figure 3.10: Track-hit association efficiency and misassociated fraction of tracks 
using the "closest track" algorithm. These are plotted as functions of the mean 
number of minimum bias events, (nmb) , present in the event. 
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of SVXII (LO) is reduced by radiation 

Chapter 

Physics with Layer 00 

4.1 Overview 

The motivations for including 00 (LOO) in the II were 
in 2.2. They are: 

1. 	 LOO will substantially im-
parameter resolution of the II system, particularly for 

tracks that low momentum or through readout hybrids in 
The improvements are approximately 

0'::::9 11m 

for that not through hybrids, and 

66 
0'::::9 -----+ 6 -11m 

PT Pr 
for tracks that pass hybrids each 	 of (See 
for details). 

2. 	 Beyond Run II. LOO silicon sensors are designed to withstand much 
than in SVXII. If of the 

ence 

of 

mean an almost  
resolution allowing continued data ~u,nu.Fo.  

radiation-resistant  

II to 
identify displaced tracks (i.e. 
and hence long-lived particles, i. e. 

at II will rely on 
in V'""oE>""E> efficiency power 
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importance of 
it is 

low PT 
about 

For example, as shown 

will also 
directly the resolution proper time in 

In the inclusion of LOO will dramatically enhance identification 
decay products in two ways: 

• measurement uncertainties on impact sep-
aration of displaced 

• 	 better measurement of tracks cutoff 
tracks to included in tagging algorithms. This is complimented 
by the ability of CDF silicon to do stand-alone tracking, 
including lower tracks would otherwise have failed to pass through 

superlayers to be reconstructed. 

clearly show the improvement resolution at 
for low PT studies is immediately 

worth noting that high PT physics channels contain many 
4.1, in top production events 

of the observed b descendant particles have PT < 2 GeV. 

o 5 10 15 20 25  

4.1: PT distribution for charged 
filter 

from b and subsequent c decays 
in t1 production events blue curve 
shows 	 distribution. 

Studies 

will the 
in many channels. 
physics studies, while both b can be important in exotic 
particle searches or to bb, top to 
charm neutralino, etc.}. The improvement in proper time resolution is very 
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important for violation mixing measurements (e.g. mixing 
in Section 

quantify the effect of adding LOO to the II tracking on the 
type of physics topics mentioned, two been performed (more are 
still 

.. PT b-jets in top the double b-tag with LOO 
eluded was found to up to 32% to that without LOO. If 

(LO) were to cease functioning, the tagging efficiency 
unaffected with LOO installed bilt would drop by 

are to high PT in-
cluding many exotic particle searches . 

.. 	 In low PT produced in QeD the double efficiency 
was found to be up to higher with LOO than without almost 
four times the "''''',-,,''',n 

analyses are described in the next three sections. It must be noted 
the results obtained are conservative, the tagging algorithms used were 

the same as those Run I. Work is to develop new to 
advantage of unique capabilities that LOO and the eDF II tracking 

will offer. 

.3 Analysis Tools 

In order to quantify the contribution of LOO to the eDF II physics 
we have written a PYTHIA-based program, a parametric detector 

and the necessary allow to 
desired smear tracks according to chosen 
to create parameters with corrected matrices, and 
na"".rTY> physics analyses with the output. As a benchmark, we 
standard b-tagging algorithm for the Run I top analyses) 
with output ntuples additional tests. To include effects of 

vertex and alignment uncertainty described at the beginning 
Section , the length calculated by SECVTX was by 10 Jim 

tagging. 
crosscheck our analysis, we ran our ~aA.•n.a~:,c; 

simulate the b-tagging performance of during 
results with those from real Run I data. The 
with the was 49% to 
simulation efficiency should be slightly 

tag efficiency is defined as the fraction of b-jets which are  
C;'U'_''''''',".Y is the fraction of events with two b-jets in which both are  



include detector or pattern recognition inconsistencies. Therefore, although we 
cannot rely on the simulation to give the absolute performance of a detector to 
a high degree of accuracy, we feel confident in using it to compare the relative 
performance of different possible configurations. 

4.4 b Tagging in Top Events 

To study the effect of LOa on high PT physics analysis, we simulated it production 
at 2 TeV. The general results are also applicable to any similar physics signatures, 
including exotic particle decays to bb (e.g. Higgs). Using the SECVTX tagging 
algorithm with standard kinematic cuts, 'we find that the addition of LOa to 
SVXII leads to a significant enhancement of single and double b-tagging. For 
b-jets in the SVXII layer a hybrid regions, the addition of LOa increases the b-tag 
efficiency by 25%. In the low mass regions of SVXII, there is an enhancement 
in the b-tag efficiency of 7%. Overall, the SVXII detector with LOa is found to 
have a 9% higher single tag efficiency and a 20% higher double tag efficiency 
than without LOa, (assuming a 30 cm luminous region). 

Moreover, the use of the SECVTX algorithm with standard kinematic cuts 
does not give a complete picture of the potential improvements we can expect 
with LOa. Since 250 to 750 MeV tracks with LOa will be as well resolved as 
500 MeV to 2 GeV tracks without LOa, LOa should enable a reduction in the 
values of track Pr cuts. We therefore also ran the SECVTX algorithm with LOa 
parameters and "equivalent" Pr thresholds, i.e. PT cuts lowered to accept tracks 
with as good a resolution as those at the higher cuts without LOa. We then find 
that the addition of LaO leads to a 32% increase in the double tag efficiency. 

Finally, one can ask how LOa improves things after SVXII Layer a has died. 
If this occurs with a functioning LOa, then there is negligible change in tagging 
efficiencies. Without LOa, there is an 8% reduction in single tagging and 15% 
reduction in double tagging. Thus the relative improvement in efficiency with 
LOa in this case is 18% for single tags and 42% for double tags with standard Pr 
cuts, and 24% for single tags and 64% for double tags with equivalent PT cuts. 

All of the results of our simulations are summarized in Table 4.1. Note that 
the results presented are for overall efficiencies, including acceptance factors. For 
example, the SVX' single tag efficiency of 25% consists of a b tag efficiency of 
49% multiplied by a geometrical acceptance factor of 0.5, since only half of the 
b-jets produced pass through the detector. 

4.4.1 Factors Not Included in the Simulation 

As already mentioned, these results do not take into account all the nuances of 
real tracking. Pattern recognition errors and failures will diminish the tagging 
rates shown in Table 4.1. Secondary tracks produced in interactions between 
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B Tag Quoted efficiencies include detector 
10 Jlm decay length smearing. and fourth columns 

relative to those for the baseline CDF II system. 
PT cuts otherwise 

and in will the I t is 
not planned to include in the described, (although they 
will naturally be part of full CDF II tracking simulation currently 
development), but it is these effects qualitatively. 

An additional hit with position resolution, as afforded by LaO, is 
to reduce and an increase 

efficiency. On argued that LOa adds material 
to the and hence track However, 

u,""''''",,",, by LOa is minimal Xo over most the and 
it is possible that LaO may prove to valuable in untangling the of 

at larger 
more robust with LOa than without. 

Any or ""''''UU''n to a reduction tagging efficiency 
should therefore affect than SVXII 

One concern is possibility that many tracks would have overlapping hits 
LOa, particularly in dense our simulations, the fraction tracks (PT > 

100 MeV) having hits within 2 strips of track in was found to 
23%, a radius 1.7 cm and a Jlm readout 
with in SVXII a (radius = 2.44 em, piteh = 

that these are since the Z was not 
taken into account. 

4.4.2 Tagging as a Function of b quark 

shows the b-tagging "'''''-''v' as a function PT of b quark. 
Comparing black and using the track 
PT cuts, LaO a relatively constant In "annU"n efficiency at 
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4.5 Displaced Tracks in Low b Decays 

To study the LOa on low PT physics we generated and 
bb events. b-jets in events were then by requiring at one 
displaced track with PT > 2 GeV. Figure 
of significantly observed in b-jets using SVXII 
without LOa. 

shows a comparison of the LAU'U""~L 

It is seen that LOa more than 0.5 per b decay on 



cuts at 0.4). \Vith PT the 

98/08/10 16.11 

4  

10 20 30 40 
Pr (b quark)

Displaced Track Multipl 

Number of displaced in low PT b SVXII; 
SVXII+LOO 

This can to a significant physics 
when considering the statistical background for 
much smaller that for two. Thus we improvement signal 
to noise, the possibility both new 
physics power in ones. 

estimate efficiencies in this low PT jet sample we increased the 
maximum allowed angle between the jet track to one unit in 7J ¢> space 

standard 
addition of relative increase in 
a 289 increase efficiency. 
double efficiency This 
of LOO and its power to the tracking and 

is so 

II detector. 



Chapter 5 

hysics with Time of Flight 

5.1 Physics Motivation for TOF 

5.1.1 Overview 

will broadly physics capabili ties of the 
CDF-II detector. Here we highlight a few the main topics. 

will make a dramatic improvement in the ability to the 
U,'-""'''vAU",,,V. with the Bs meson, in particular, This 
conjunction with a measurement of sin 2{3, may provide 
of the unitarity The could more flavor 
tagging effectiveness and consequently same-side kaon for B~ may our 
most powerful B III Standard Model, asymme-
tries by in B~ to C P eigenstates B~ / B~ -7 J11jJ¢) 
are expected to extremely small. A measurement of a significant asymmetry 

indisputable the is 
TOF extends sensitivity to any long-lived charged 

gauge mediated SUSY breaking models, the stau could be 
and into the (the lightest 

such models, all SUSY cascade down 
into a stau. TOF system 
will extend the 4a discovery reach detector from "-'110 Ge V / c2 out to a 
stau mass of ",160 GeV /c2 . 

In the following the nomenclature associated with the 
unitary triangle, we a description of TOF and then 
follow with a discussion flavor tagging. report first on flavor tagging results 
from the decay mode -7 J/1jJK~ because it been studied in the Run-
I data, allowing a of Carlo are 
detailed of opposite-side and same-side J/1jJK~, 
followed by same-side Bs. We expected improvements to 
Bs and the to violation in the decay mode -7 J /1jJ¢ 



from the system. We outline details of 
tau. Finally, we end with a of 

brief summary. 

5.1.2 Unitary Triangle 

The of hadrons are of great interest, they 
the elements in the three-generation Cabibbo-Kobayashi-Maskawa matrix. 

unitarity of this matrix leads to nine unitarity relationships, one of which 
is of particular 

1) 

In the complex-plane, sum three complex numbers can be drawn 8.-0;; a 
triangle, this triangle is commonly referred to as the Unitary Triangle. The 
weak decays of B hadrons can be used to measure the magnitudes of three 
sides the Unitary 
used to measure the 

to measure both t
consistent picture. 

he 
angles. The 

and angles t

meson can be 
in next decade will 

his triangle to see if they give a 

We can use <0>'"'''''''''' 
form: 

approximations to eq. 5.1 in a more convenient 

\1.*,....." V' 	 (5.3)ts '" - cb, 

(5.4) 

Vus 	 is >. sin Be. Equation 5.1 then becomes 

Vub (5.5)1 + >'\1.* XV: = 0, 
ts cb 

which is shown as sum of vectors in the complex plane Figure 1. 

1 

Figure 5.1: Unitarity with sides renormalized in a 
way. 



The Cabibbo is already 
IVub/Ycbl 

CLEO and 
0.0023 [28], 

will be measured more precisely by adding 
and CLEO. 

measuring sin 2f3 
will probably determined by 
oscillations, comparing it to the already well 

oscillations: 

to a precision of A = 0.2196 ± 
a combination 

f3 will be both 
colliders. 

asymmetry 
The 

I = (1.15 ± 0.05) . (5.6) 

test of unitarity will be a combination measurements of 
I. The collaboration is in a posi tion in that it can 

B~ mesons are not produced on , this physics the domain 
of hadron for some time to come. 1. 

5.1 B Reconstruction and Flavor Tagging 

Measuring oscillations and CP asymmetries requires: 

1. the B meson in the appropriate e.g., 
2f3, or -+ D;1f+, by D; -+ 

2. proper-time of meson 

3. 	 the B meson when it is produced 
measurement of oscillations, it to the Havor 
cays). 'vVe to this determination as "b-Havor Havor of 
the meson is determined or bantiquark: 

(bd) B+ (bu) 	 have opposite 

Time-of-flight (TOF) is 
protons. In the context of B physics, identification is 
reconstructing decays and for b Havor tagging. The motivation for 

upgrade is b The for a b 
V~h'I->""b method is its effectiveness" , Here the efficiency € is 

you can apply given you have a decay (such as J /'Ij;K~) that 
you want to 0 < (. < 1. D is as "dilution" and is to the 
probability P is correct: D = 2P - 1. A = 1 (or 

l In the next years, depending on the performance of the SLC ,",vu'u"" the SLD collaboration 
could achieve a sensitivity of 15nps-l. 



"dilution" = 100%, to P = 1) a perfect flavor tag that 
is always correct; a D = 0 (or "dilution" 0%, corresponding to P = 0.5) 
describes a 

The statistical error on the determination of a asymmetry A determined 
with N total '-' ....,.'-"u is approximately 

(5.7) 

to a 
VU,55HJ'5 method that 
statistical error on A 

error example, the CP 
or more is respectable. 

a factor of two 
(and the same 

parameter sin 2(3). A 

Using I investigated several b methods: 

1. the soft-lepton tag or SLT; 

2. the or JCT; 

or SST. 

that is, they 
the flavor of the 

is based on semileptonic decay of 
the B hadron. of the lepton identifies the b flavor of the B hadron: 

JeT is based on the momentum weighted sum of 
formed by the b quark. 

a b quark and containing 

is expected 
Figure 5.2 we 

or BO meson. , a b quark combines 
pair, pulled from which leaves a u quark 
of the charged or p. For B+, all 
this way have same which is opposite that of 
charge. However, for a meson, a positive charge correlation occurs only when 
a 1T+ is formed. methods rely on fragmentation 
tracks produced in """"'UUlGtvJlUH with a B meson and to the 
production flavor. 

The performance b flavor tagging 
measuring BO flavor which also requires 
the neutral B meson at the we measure 

13)% we measure tD2 = (0.78 
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Tevatron in 

----~} B~ 

,A,15C~} 

schematic 
A IS 

a B O is produced 
In 0,,,,,,,,,,,10,1.; 
with positive 

antiprotons. A is produced in "",,,'V,,:la..,jlVll 

of partially reconstructed 
semileptonic decays. on a combination Monte Carlo and 

determine 

SST we measure (D 2 = (2.4~g:~)% [6] using a 

(1.8 ± 0.3)% our 
SST. 

These the PYTHIA Monte Carlo, 
meters tuned to reproduce the charged multiplicities and IT distributions 
observed the data. We found [32] that explains well 
dilutions measured in our data, and reproduces distributions associated 
with the of tracks for same-side 5.3 shows an exam-
ple. In the following sections, we rely on PYTHIA, the same 
for our for tagging 

produce more 
can be used to both 

tagging. decays of hadrons containing b 
K+ on Therefore a charged B decay can used 
as an opposite-side b flavor This is the basis one of the two tags 
that will used by the B factories (the other is lepton-tag). The can 
be used as well. In the case B~ production, 

produces a ) in association the 
is especially it will be 

In addition to to 
enhance for B~ / l3~, we can also use it to this 
case, however, the kaons produced in association with B O/ l30 have the opposite 
charge-b correlation for pions 5.4). we will 
either use TOF to identify (and too, by the way) and reject 
them, or to their correlation for tag. 
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from 
data. The 

[30], the 
are 

resolution for a single 

Togging 
c 0.6 ,-------------=:....:::.---=-----,-, 
~ 
::l 

°05 

0.3 

0.2 

0.1 

0.4 0.6 0.8 1 1.2 1.4 1. 6 
PT(SST) Threshold 

Figure 5.3: of data with 
dilution as a function of 

correlated with other. 

5.2 Time-of-Flight Simulation 

We have written a simulation TOF that can be used for 
studies. detailed of the can found in 

magnetic 
magnetic 

efficiency as for 

are 

with 330 < < 400 MeV je 
are not in physics analyses, but counter occupancy is 
taken into account. In addition, the 

helical charged particles in 
Me V je curve so much in 

the 
particles with PT > 400 MeV je. 

• resolution, fluctuations in photon 
statistics in the scintillator. The is 
lOOps. 

• The in flight of and pions before they enter the TOF. 

including of one by another have 
not multiple hit electronics), effect of additional 
collisions (minimum bias photon the scintillator 

outer can of COT. 
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Figure 5~4: Dilution as a function of the tag PT cut from Monte Carlo simulations 
from the J/7jJK modes of BO's (solid squares) and B+'s (solid circle). When the 
tagging is restricted to prompt pions only, the neutral dilution becomes the open 
squares, and the charged the open circles . 

• The resolution on the time to measured with TOF of the pp interaction. 

In opposite-side kaon tagging, we are searching for kaons coming from the 
decay of B hadrons. We must separate these kaons from kaons coming from the 
underlying event and additional inelastic collisions. We can achieve this sepa-
ration efficiently by exploiting the relatively long lifetime of Band D hadrons. 
The kaons from B hadron decay should have significant impact parameters with 
respect to the primary vertex. The simulation uses a parameterization of the 
impact parameter resolution of tracks, both for the currently proposed SVXII 
geometry, and for SVXII plus an additional layer of silicon (Layer 00) with 
np readout only, located inside SVXII. 

5.3 	 Results on b Flavor Tagging using the TOF 

5.3.1 Flavor Tagging for BO / BO -7 J/'ljJK~ 

To study opposite-side and same-side flavor tagging for the measurement of 
sin 2{3, we have generated a sample of bb-events using the PYTHIA Monte 
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Figure Transverse momentum distributions for B that decayed to 
JI'I/;K~ (left) the opposite-side B hadrons (right). 

Carlo [30]. The bb events were generated with the same parameters 
our published studies [6] on same-side tagging, as described in Section 5.1 
The hadrons these events were decayed QQ [33] with a modified 

-;;d) . 
decay table that forced B -+ and J 1'1/; -+ Jl+ Jl-. A sam-
ple of 20,000 such events were and were the studies of both 

and opposite-side V~I"'lI"'l""1"'l 

To simulate the Run trigger, we required the two muons from J 1'1/; -+ 
to be within 1171 < 1, and muon was to 

than 1.5 Ge V Ie. We also required the K~ PT > 
1 Ge V Ie. The resulting PT distributions for the 

hadron are Finally, when 
the PT of the reconstructed be than 4 

used in Run-I CDF analyses that gives a good signal-to-noise in the 
This reduces the data sample by 25%, and increases the mean PT of 

the from 7.3 GeV Ie to GeVIe. 

multiplicity in tagged B decays has measured 
The multiplicities produced by the B meson decay 

with the measurements at 20% Unfortunately, 
inclusive branching fraction -+ has not measured. 

excess of positive kaons in B provides a means to 
of an opposite B. We construct a flavor by 
as kaons that are separated from the J N)K~ and that impact parameters 
inconsistent with production at the primary vertex. A B is tagged if there is 

one kaon selected this according to attempt is 

III 



made to the remaining small fraction of events (14%) in which two or 
more have been The momentum of 

B decay is shown in 5.6, The is soft and 
will over one-half of the decays with> 2a separation. 

a TOF 

500 
> ~ 
(!) 

c:J  
C\I 400 0 
<Il 
(!)

<0;: 

C 300 w 

200 

100 

a 
0 2 4 6 8 10 

57% tagged 
with 

Kaon momentum (GeV/c) 

5.6: Momentum spectrum of kaons from B F -+ 
J11jJK~ events with py(F) > 4 Opposite kaons are to 

py > 400 and 1171 < 1. We find 57% these kaons have momentum 
than 1.6 GeV Ie would be 

acceptance for an opposite B to have only one (at one) kaon 
Pr > 0.4 GeV Ie that a 3m TOF bar was found to be O. ± 0.004 

(0. ± 0.004). did not neutral B meson mixing in PYTHIA 
Monte but we reverse the the kaons if 
from a with probabilities 

(5.8) 

(5.9) 

where md = 0.472 [34] and t is the decay time the , generat~d with an 
lifetime of 1.59 

An upper bound on iD2 can be by considering only those kaons 
hadron. a U~M,<->""b 

dilution of 0.67 0,02 to give a combined 
= (6.5 ± 0.4)%. In a real 

reduced by the kaon and purity, and by withthe 
which tracks from the primary vertex are 

of is performed applying cut on likelihood 
variable AK > 0.25. of tracks from vertex was first 

were decay products of the opposite side 
of 0,144 ± 0,004 with a 
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Figure Distributions f:l.Rryrp for kaons from fragmentation, underlying 
the decay of the opposite-side Entries are weightedand 

J/1/J K~. 
5.7. The 

by requiring the kaon candidates separated in f/-rp from 
f:l.Rryip distributions kaons in Monte is shown in 

from generally region from 

We kaons for tag by requiring f:l.Rryip > 1. 

were 
longitudinal impact' 
to construct a probability 

vertex. Tracks from the primary vertex 
track originated primary 
weights distributed uniformly be-

To 

W DoZo' 

J/1/JK~ jet, while an excess can be seen around J/1/JK~. 

tween a 1, while from will generally have 
weights near zero. The distributions of weights for these two 

tracks are shown in We require kaon candidates to have WDozo < 0.01 
to considered the tag. 

Applying this algorithm to opposite-side kaons 

E 0.100 ± 0.003 (5.10) 
D - 0.44 ± 0.02 11) 

± 0.001 (5.12) 

for no additional minimum bias 
for 

5.9 the value the 
and 10 additional 

tight cut on WDozo is necessary to obtain a from 
the of the hadron. the from 
B passing increased if their impact parameters were 
measured more precisely. The "Layer 00" silicon would 
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Probability weight distributions produced at the primary 
vertex (open histogram) and produced in the decay chain of B-hadrons (hatched 
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0.01 

o o 5 10 

nnnn'<l'for 	 kaon tagging an of 0, 5 10 
additional minimum bias events. 
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located very close to the beam pipe and would provide Do measurements with a 
resolution approximately half that of SVXII. We repeated the previous analysis 
of opposite-side kaon tagging except in this case, the Do resolution including 
Layer 00 [27] was used. This gave 

0.112 ± 0.003 (5.13) 
0.461 ± 0.022 (5.14) 
0.024 ± 0.002 (with Layer 00) (5 .15) 

for no additional minimum bias events. With (nmb) = 2, we obtained ED2 = 
0.020 ± 0.001. 

The need to reject kaon candidates that have impact parameters consistent 
with the primary vertex is not necessarily an optimal procedure. Instead, it 
might be better to apply a high efficiency secondary vertex reconstruction al-
gorithm to the opposite-side tracks from which the kaon candidates would be 
selected. This will studied in the future, when we have a full tracking simulation 
package. Nevertheless, the simplicity of the analysis presented here indicates 
that opposite-side tagging should be feasible even without sophisticated vertex-
ing algorithms. 

Same-side Taggingin EO lEo -+ JI1jJK~ 

We use the same-side tagging algorithm used in the CDF measurement of EO H EO 
mixing [6] and in the CDF measurement of sin 2{3 [2]. This considers all charged 
particles with PT > 400 MeV Ie within an T/-rp cone of radius 6.Rrytp = 0.7, 
centered along the direction of the JI1jJK~ momentum vector. Since we are con-
sidering only fully reconstructed E decays, we do not apply a cut on the impact 
parameters to select tracks from the primary vertex. For each track considered, 
the quantity p;;;l is calculated, which is defined as the transverse momentum 
of the track with respect to the combined momentum vector of the B and the 
track. If no track can be found in an event that satisfies these criteria, the event 
is not tagged. If at least one such track is found, the production flavor is tagged 
according to the charge of the track with the minimum p;;;l. 

We compare the performance of this algorithm to one that makes use of 
the particle identification capabilities that would be provided by time-of-flight. 
In this modified same-side tagging algorithm, we consider tracks with PT > 
400 MeV I e within the T/-rp cone as before, but also require that they be con-
sistent with being pions when they have TOF hits associated with them. This 
consistency is made based on the the normalized pion likelihood by requiring 
A1I' > 0.1. If the track has no TOF information, it is still considered as a same-
side tagging candidate. The resulting flavor tagging efficiency, dilution, and ED2 
are shown in Table 5.1 for events with no additional minimum bias events. When 
we use the minimum p;;;l algorithm and no additional information from TOF, 
our values of efficiency (E = 0.582 ± 0.004), dilution (D = 0.155 ± 0.012), and 
ED2 agree well with the values obtained by CDF and published in [6]. 
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1: Flavor purities and cD2 for 
with and without TOF used for 

pions. 

additional information provided by the by over 30%. 
5.10 shows how depending on the mean number of minimum 

bias events present. 

0,03 

0.02 

0.01 

o 

Minimum 

[ 

j 

o 5 10 

5. vs (nmb) for the Min algorithm 
with TOF (points with error and without particle identification (shaded 
band). 

In this degradation of with increasing (nmb) is minimal, 
mainly because the pion identification is only required if a track has 

Thus, the same pion with minimal pfjl will as the tag even 
if its TOF information is lost to occupancy. 

5.3.2 Same-side kaon tagging for B~ 

same-side tagging principle when a B~ is formed, except that an 
uvov",>uvc,u kaon is produced in the fragmentation as 
in Fig. 5.2. The ability to identify kaons in a sample of same-side tag candidates 
can provide a very powerful method for tagging the production flavor of B~ 
mesons. 
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Monte Carlo. imposed the same 
on the decay 

1 GeV Ie, 
the ---+ J /l/JK~ 
PT(K~) > 1 

except that 
Again, when 

we required of the be greater 
than 4 GeVIe. 

apply the same-side algorithm in section 1 to the 

To st.udy tagging in B~ decays, we generated approximately 7800 

---+ J11/J¢ sample, that in this case we a cut on kaon 
likelihood, requiring all tag candidates to have AK > 0.25. The charge the 
candidate track selected in this way with the smallest is used to identify the 
production flavor. The resulting flavor dilution and 
a TOF and no minimum bias events are 

0.172 ± 0.004 (5. 
± 0.025 17) 

0.026 ± 0.002. (5.18) 

5.11 shows for tagging for (nmb) 0, 2, 5, and 10 
events added to the Bs decay and the nominal underlying event. 

N 0.05 
0 
'" 

0.04 

0.03 

0.02 

001 

0 

N 0.06 
0 

I I , I ' I , 

w 

Minimum p~1 0.04 + Minimum p~1 

+ 
0.03 .. 

I ++ + - 0.02 

0.01 

a 
0 5 10 o 5 10 

<nmb> 

€D 2 vs (nmb) for kaon 
---+ Min. algorithm. shaded region shows 

of €D2 obtained with no particle identification. The right shows VB 

(nmb) for B~ ---+ the Min. algorithm. 

results are strongly on the PT the  
being studied. the results we imposed PT(B~) > 4 GeVIe. If the  
acceptance is restricted to PT(B~) > 8 GeV Ie, we obtain €D 2 0.039 ± 0.004  
for mInImUm tag. This is particularly B~ decays "~F,"''-'U 
with an all-hadronic will have a harder PT distribution. 

this we to generate a Monte Carlo 
of approximately 11000 s ---+ where ---+ 11+¢ and ¢ ---+ 

Levelland Level 2 hadronic track was simulated following one 
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of the proposed for Run II [35J. This two oppositely 
charged tracks with 1'1]1 < 1, each of which PT > 2 GeVIc. The sum 

their PT was required to be than 5.5 GeVIc, and the azimuthal 
between them was required to be dip < the 1["- the B~ decay 
has the hardest PT we the two oppositely charged tracks to 
be either or 7[- K+. The PT spectrum of is shown 
in 5. and has a mean of about 12 GeVIc. Also shown in this Figure is the 
PT distribution of the kaons from if; ---t K+ K-, which indicates that about 45% 
of these have PT < 1 Ge V I c. A significant fraction of these will 
then be distinguishable from pions using time-of-flight for identification. 

300 400~ > > ~ (!) (!) 
<.'J <.'J 350 
'- 250 
(j) 
(!) a"'" 

'- 300';:: 
E (J) 

(!)w 200 ';::: 250E w 
150 200 

150
100 

100 
50 

50 

0 0 
0 10 20 30 0 2 4 6 8 10 

PT (GeV/c) W, K PT (GaVle) 

---t D;1["+ decaysFigure 5.12: PT with a hadronic 
track trigger and K+K-. 

Applying the same-side kaon using to 

€ 0.170 ± 0.006 
D 0.496 ± 0.016 

0.042 ± 0.003. 

to significantly to our 
, indeed it may turn out to 

u ..../'>,..,..".., using in B~ decays 
most powerful single flavor tagging 

Summary of b Flavor Tagging with TOF 

and summarize our expected b flavor tagging in 
Run II with without the The flavor tagging effectiveness of the same-
side tag depends on whether the neutral meson is a BO or B~, and on PT(B). 

a result the total for BO I fjo ---t JI7j;Kg (summarized in Table 5.2), 
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B~ / B~ -7 J /'l/J¢ (summarized in Table 5.3), and B~ -7 D;7r+ (summarized 
in Table 5.4) are different. The values of ED2 projected for Run II for the 
soft-lepton tag and the jet-charge tag are taken from the values quoted in the 
CDF-II Technical Design Report. The values of ED2 for same-side tagging and 
for opposite-side kaon tagging are the values reported in this proposal. For 
opposite-side kaon tagging, we use the value of ED2 that is obtained when both 
TOF and Layer 00 are used. The potential variation in the effectiveness of the 
opposite-side flavor tags with the PT of the B that triggers the event has been 
neglected, since this variation is expected to be much smaller than in the case 
of the same-side tag. Studies of applying multiple b flavor tags to our Run I 
B O/ BO -7 J /'l/JKg data sample indicate that adding up the ED2 values of the 
individual tags is a good approximation of'the total tagging efficiency. 

I without TOF I with TOF 
Same-Side (pion) Tag 1.4 1.9 
Soft Lepton Tag (p,) 1.0 1.0 
Soft Lepton Tag (e) 0.7 0.7 
Jet Charge 3.0 3.0 
Opposite-Side Kaon Tag - 2.4 
Total 6.1% 9.0% 

Table 5.2: Projected values for ED2 for Run II without and with TOF. These 
flavor tagging efficiencies are for B O/ BO -7 J/ 'l/J K~. 

I without TOF I with TOF 
Same-Side (Kaon) Tag 0.2 2.6 
Soft Lepton Tag (p,) 1.0 1.0 
Soft Lepton Tag (e) 0.7 0.7 
Jet Charge 3.0 3.0 

-Opposite-Side Kaon Tag 2.4 
Total 4.9% 9.7% 

Table 5.3: Projected values for ED2 for Run II without and with TOF. These 
flavor tagging efficiencies are for B~ / B~ -7 J/ 'l/J¢. 
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5.4: These 
flavor efficiencies are 

5. Bs Mixing Performance with TOF and Layer 00 

present sensitivity to B2 mixing the detector as U'-'LLU,,·<.A 

in the and with TOF Layer 00 added separately and then combined. 
TOF and 00 the to 
the oscillations. 

sensitivity is assuming a of 20,000 fully reconstructed 
B Odecays obtained the two decay S -+ and B 8 

O -+ 
. This number is on a study of expected 

of the 1 track trigger 2 secondary vertex trigger[35]. 
the number of events 

program was used to estimate the sensitivity to 
time of was according to the distri-

bution impact parameter cuts imposed by the 2 secondary 
vertex trigger. B~ production flavor was to tagged 
with probability - 1, probability that the B~ had mixed at 
the decay time t was 

12 (1 - cos x s t / T ) 

where T(B~) 1 ps [28). After smearing with the proper resolution, 
decay were into and unmixed histograms. mixed 

asymmetry, defined as 

Amixed(t) (5.20) 

was determined from the and unmixed distributions. asymmetry was 
to the 

(5. 
"''''Anarwhere amplitude A is by dilution (D), the 
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time signal-to-background (5): 

A 

The the effective dilution due to the smear-
ing in proportional to the 
proper 

parameter in the fit was Is; including the amplitude A as a 
did not appreciably Is reach. difference 

deepest minima in the curve of the 
log-likelihood log l as a function of Is was used to the 
of an Is measurement N(T J2~ log l. An of 
was used to the significance (N(T) of the measurements at a 

value of Is' 

combination of will increase substantially the 
values of Is which we can obtain a measurement. This 
depends on tagging the the proper resolution, and 

background level according to 

N(T CK ------- (5.23) 

the proper at, translates into an extension 
range of Is for which measurements of a significance can made. 

expected SVX-II is 60 fs while addi-
this to Layer 00 increases 

sensitivity to Time-of-Flight 
on the value Is two ways. as shown 

5.4, fD2 is to 11.3% with the addition of opposite-side 
and to kaons and use them in 
the of background under the mass 
peak. 

The Monte study of mixing[37] included the of finite 
momentum resolution, the background and presence of non-Gaussian 

proper resolution Since the is fully 
the momentum resolution is expected to ~PT(B~)/PT(B~) < 0.4% and 
negligible on the signal-to-background 
5 is difficult to CDF did not have an trigger 
all-hadronic D*-lr+. were in recon-

an collected an lepton 
trigger. decayed semileptonically, a 
fully the of the other 

-+ DX). these samples, 
we adopted a for our studies of our to 



oscillations. We studied the non-Gaussian the proper 
distribution. For our predictions shown we do not include these tails. 

Our experience with our Run-I data has tails can be reduced 
to a if necessary, by applying strict enough selection on 

silicon clusters associated to reconstructed tracks [38J. This results, of 
course, in some in 

Figure 5.13 how the addition of Layer 00 
of Is for which we would 
to-background. the baseline, we assume a combined tD2 

is included, we assume a combined = 11.3%. The effects of momentum 

B~ oscillations for two different values of 
= 5.7%, when 
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13: Average significance of Is measurements obtained with signal-to-

of 2:1 (left) 1:2 (right). 

resolution and non-Gaussian tails were neglected. In both cases, the Is reach is 
extended by about with the addition of Layer 00 TOF, allowing the range 
of Is by the Standard Model to be even in the case of a 1:2 
signal-to-background ratio. We study by 5a 
tails in the proper time distribution to 10% of the the proper time 
distributions. This reduced the Is reach by about 5. 

5.14 shows how an observation of B2 oscillations with Is = 30 and a 
of 1:2 appear if 

tor and with the addition 
observations is shown in 5.15 by plotting the log.c as a function Is. 

the baseline 
00 and TOF. The ""F,H."'v"'c"vv 

is a local minimum at Is = 30 with the baseline detector, but one could 
not claim an with this distribution a 
at Is 59 with a significance of With the Layer 00 and TOF upgrades, 
however, Is is measured to be 29.94 0.06 with a significance 11 standard 
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deviations. 
if a particular of I.s yields a 50' measurement on average, there 

With 00 + rOF 

0 1 2 

be a high probability that no significant measurement can be made. 
30 and a ratio of 1:2, Is 

tively, the 
significance 
lowers all of our 

baseline detector. With 
is reduced to 5%. 

value of Is where a measurement with a 
95% of the Adopting definition 

by about 10. 
BU."'"..,' .... as the benchmark process to demonstrate the power 

of is difficult to determine with high certainty 
detector we lack knowledge 

quantities as signal-to-background the mass peak. find over a 
broad range of assumptions, however, that CDF-II will benefit dramatically 

the 

and Layer 00. In the differential improvement, 
to 

final state. improvement in 
the possibility that 
levels of background or 

backgrounds identifying the kaons 
be considered insurance against 

may be either to the 
tails in proper time 

76  

3 



Such an would signal an anomolous 

of our reach for 
a very pessimistic flavor 

we obtain an uncertainty on 

0 20 40 60 80 100 0 20 40 60 80 100 
Xs 

Figure 5.15: A comparison of- £., VSIs when Is = for the baseline detector 
and upgrade (right). 

5.5 Search for CP  the 

Even if an observation 
our abili ty 

is well within our reach, there are still 
strong motivations to to 

CP 
the decay mode ---1- can be to measure the 

are modulated by oscillation 

CP ---1- J /1/Jf/J a test of unitarity 
of the CKM matrix in a single measurement. We expect' first order) a CP 

mode if and only if the unitarity triangle close. 
violating in b ---1- S 

discusses scenarios which can result in a phase. 
CP angle 'Y the decay mode ---1-

efficiency. If we simply rescale 
analysis for the flavor tagging efficiency shown in Table 

0.25. Thus, with 
we can begin to be to "I in 

Our Run I experience is that our yield of ---1- J /1/Jf/J events will about 60% 
that of ---1- J /'1/JKs. assume that will also apply Run II. 

flavor tagging efficiencies are shown in Table An angular analysis 

this procedure. 
CP B s ---1- J / 1/Jf/J, 

5.16. We see that with Layer 

2: 500 
OJ 

~ CDF baseline 400  
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to the different possible CP eigenstates contributing 
and the loss of sensitivity 



time result is all SUSY 

A TOF 

0.5 

0.45 

S- O.• 

--, 

t 
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I..... 

0.1 

0.05 

0 
10 

Xs 

5~ as a function 
of 

uncertainty on the 
curve is for 

improvements from 

Bs -7 

the bottom curve 
the Bs x s' The baseline 

Layer 00. 

is improved, falls off more slowly with00 and TOF upgrades, our 
H>~L,",<"""U,'!". xs. 

5.6 	 Sensitivity Gauge-Mediated upersymme-
try 

The supersymmetric model we use is one in which the stau is the With 
parameters, stau is the next-to-lightest particle and decays to 

a T a gravitino on a 
decay to the stau which is 

objects in 
detector. Since SUSY 

event. 
will CDF-II stau limit by about 

from", 150 GeV/c2 to rv 200 GeV/c2 • A 40' discovery sensitivity would 
160 GeV /c2 with TOF, about 110 GeV/c2 without the TOF 

momentum acceptance for a 100 GeVIc2 SUSY T is shown in 
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the 
among the most important 

of the next decade. 
all found 

we achieved 
in Run II without 

5.7 Other Potent· for the TOF System  

system other potential uses identification. \Ve have 
not explored of these in detail, merely point out the 
Several of study. 

III TOF could be used to reject ray muons collider events. 

III It will be for making a cosmic trigger. 

III It could used to on very such as 

III It could serve as a preradiator front of the since we measure pulse 

III 

from 
portant for 

can be 
that independent cross checks 

as a luminosity monitor. It is well known 
the luminosity are very 

the error. 

III information can be combined with the track and 
information as of a 2 

5.8 Summary 

measurement of neutral 

the measurement 
eigenstates and in 

the search 
B~ H flavor oscillations, measurement of the asymmetry between 

the decays B~ I B~ -t J I 'ljJcjJ, which is a sensitive probe of physics beyond the 
and measurement 

-t JI'ljJJ(~, which determines sin 2p, will 
mea..."lurements in physics made 

IS III unique to 
the TOF and Layer 00 are particularly 

B~ mesons. 
the benefits of we to 

B flavor tagging in Run I and to our projected B 
We quantified the performance of the flavor 

effective . If we a of N 
statistical precision with which we can determine an asymmetry or 

statistical significance with which we can measure an oscillation frequency is 
proportional to JfD2 N. we can add a 

technique or techniques that double value , we effectively doubled 
of our data sample. 
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1.7%, and our projection is fCD2(JCT) 
the the 

(Combined) 6.7%. 
is (SST) = 1.0%, without TOF, 

• 

Using our Run I we 
the soft-lepton tag (SLT), tag (JCT), and 
(SST). The measured values are fCD2 

of three flavor tagging 

1.07 ± 0.13%, fCD2(JCT) 
0.78±0.15%, and (SST) = 1.8±0.4%, for a total of fCD2(Combined) = 3.7%. 

combined number is applicable to BO only, was 
measured BO and JCT are tagging techniques so we as-
sume they apply equally to BO and 

In Run II, improvements to are expected to enhance significantly 
the effectiveness of our flavor tags: for the fCD2 

= 3.0%. may 
Run II TDR. BO, the projected flavor tagging 

(SST) 2.0%, without yielding a total 
B~, the flavor effectiveness 

a total of fCD2(Combined) = 

We find that for opposite-side kaon tagging (OKT), (OKT) = 2.4±0.02% 
(the error is statistical error only). Opposite-side kaon tagging can be applied 

to and B~. For BO, we find that using TOF to select 
only candidates improves 30%. For SST B~, we find 
that using to help only as candidates yields values tD2 

ranging from 3% to 5% on (PT(B)) of the 

up 

method 
alone would more than double r:.D2 B2 tagging from 
so in I (1.9% from JCT combined), 
the most powerful all our flavor techniques. Combining all our flavor 

including those made by TOF we could B~ mesons with 
a combined tD2 (Combined) = 9.7% to 11 

The summary our 

would a dramatic 	 our ability to the 
it doubles our flavor tagging effectiveness compared to what we 

expect without TOF in This is especially important given the 
of this to the Tevatron and the crucial it in 

the test of closure 

may our most powerful kaon tagging 
vor 

• 	 The combination ofTOF Layer 00 will lead to a substantial increase in' 
to oscillations. of Xs for which a measurement 
with an significance of at 50' would be 

from Xs = 65. 

• 	 will also improve our tagging of BO: the total flavor tagging 
tiveness from 6.1 % without TOF to 9.0% with This corre-

to an of 40% of the statistics of our J /7/JK2 sample 
sin 2/3. 

http:2.4�0.02
http:0.78�0.15


• 	 The TOF system will allow the search for the supersymmetric tau well 
beyond the LEP-II limits. TOF extends the discovery reach for stau from 
110 GeV /c2 to 160 GeV /c2 

. 

Having begun the process of studying the application of TOF at CDF-II, we 
have not had time to study all the potential uses of the system, and if approved, 
the TOF will be a very important and productive part of the many different 
analyses not yet studied. 
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Chapt 6 

Conclusions 

Technical descriptions of the the TOF detector have 
been in Chapters 2 enhancements to the physics 
of II research have been in Chapters 4 

we briefly  
for resources and conclude  

6.1 Implementat' Issues 

system were by an internal II 
Based evaluation 

these are technically will 
AHH'JUoJ of the physics capabilities  

to this committee was to evaluate  
completion of the  

baseline upgrade  
date. We n1"l"ln'"I"'" 

tion 
these two 

In particular, development of is 
include preliminary cost estimates, not yet 

""".n"""C>rI in detaiL addition, with new are ongoing 
to secure and personnel. Nevertheless, we believe that information 
available now is useful to the scale of the in scope we are propos-
ing, and progress we are toward strategies resources 

6.1.1 Layer 00 

Silicon 00 will have about 16,000 channels. This represents only a few 
per cent in the II upgrade count for silicon. Layer 00 
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would use same readout chip (SVX3) as other CDF II systems. All 
from port would be identical to those 

other II Thus no development is required any of 
these components. 

The development effort for Layer 00 be divided into three areas 
the sensors, hybrids and mechanical/cooling issues. have discussed 

development is to be at LBNL, where both 
hybrids are 

sensor development and testing is to be done by new collab-
orators. vVe are now with the UK to join the II 

groups are planning to contribute people to the 
the and are very 

gaining experience with 
sensors is very 

Currently we the bulk of mechanical work being 
though at least one UK has that they have 

could available to CDF II. The interaction 
not yet been worked out in detail. 

of the material cost for 00 is in 6.1. expect 
would used. of DOIMs is possible. 

A silicon 
though we 

plan to complete While allowing for a 
installation it insures Layer 00 

will be compatible with the vu.>v."uv Furthermore, such a '-Lv,,",""-" 

is to swapping out situ, to allow 
for extended running. 

The schedule for the on Run are currently 
conjunction with to secure additional resources from outside 

(new and within collaboration. Support the I 
scientific approval from Director will 
Our plan would to more 
to and certainly prior to 

00 will provide a significant increase in 
physics cost. 

6.1.2 TOF System 

effort required to construct 
well estimated our experience with system 

Run Ic. In addition, us to state with confidence 
that TOF and can be scheduled 



such that the 

mounts 

of delay to the 

DAQ Items 
SVX3D 
HDI 

FIB 
VRB 
CLinks 
Power supply 

128 
32 
8 

32 
32 
4 
4 

16 
8 

150 19,200 
500 16,000 

1200 9,600 
1500 48,000 

16,000 
26,200 
22,000 
12,256 

8000 64,000 
crate slots) Total DAQ: 233,256 
Non DAQ 

Hybrid 
i Mechanical 

Total NonDAQ: 

64 
128 
128 

32,000 
64,000 
76,800 
35,000 

207,800 • 

Table 6.1: Estimated cost of Layer 00 

schedule is The only 
these assertions to true is that the scintillator bars and 

installed of 1999. 1 

The planned bars, 
those already . We understand performance 
is required. scintillator bars, concentrators, and 
all be ordered The time can be We estimate 
that one physicist and two technicians can assemble, wrap, test and install the 
scintillator bars months. A small amount of additional 
drafting will for the mounts. for this work 
on the required schedule as the mechanical work starts to wind down. 
Photomultiplier bulk HV system for system 

require physicist for one year. 

and 

item is the fine 
test system a 16 stage tube. 
system, however, our tests indicate a 
and thus better performance due to 
already 19 2 inch 
that they can 

gain 
has 

ofIThe TOF could still be staged without the scintillator bars installed at the 
the run. in this case installation of the scintillator bars in situ would 
they be less than 1.5 M in length and this would double the number This in turn 
would substantially increase the cost by the number of readout channels. 



III 

of four months then 100 tubes/month afterwards. To avoid this 
lead time it would be some of tubes soon. we 
have developed a scheme us to mount in provided 
the scintillator are The PMTs could be installed 
any two day or longer access in which we open the end plugs. Similarly although 
it is 
too could 

to install 
added at a l

TOF cables through 
ater 

they 

of 
custom, but will 

Run II, as 
a variant 

in section The electronics development, production and installation could 
staged as TOF is straight 

forward. We have extra existing endwall crates to house 
the is no cost or associated wi th new crates or 
power supplies. 

by the University 
of 

Pennsylvania is <>VI,,<>,'t people committed 
to it. particular, group plans to the electronics development, 

with Fermilab on the ADMEM boards. 
development would be 

(COT is in the project 
from other U.S. non-U.S. CDF II collaborators as well. 

An the cost is shown Table 
scintillator before Run II would require about $200K 

We are exploring possibilities of obtaining from collabora-
tors. 
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, Component Cost Basis 
Detector 

$1037 Quote 
$33 Quote 
$12 Eng. est. 
$16 Eng. est. 
$30 Eng. est. 

$760 Quote 
$0 in baseline $687,600 

$3500 FNAL 
$100 Eng. est. 

$3700 Eng. est. 
$4500 Eng. est. 
$850 Eng. est. 
$40 Eng. est. 

$5000 Eng. est. $330,775 

Eng. est. 
& Connect. Eng. est. 

& Control Eng. est. $36,875 
Supplies 

Bulk + "COW" Eng. est. 
preamp Eng. est. 

Cables 
Coax to ADMEM $16 Eng. est. 
HV to HV Syst. $18 Eng. est. $8100 
LV to LV Syst. $10 Eng. est. 

Cent. to Crate $40 Eng. est. 
Fanout to Cards $30 Eng. est. $1650 $23,250 

Cost $1,094,500 

the second the quantity 
Detector. in paren-

The cost of 
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.2 Resources for the 00 and TOF upgrades  

to implement the we need to identify 
technical personnel for completion 
II detector. for early 

should not rely upon of contingency from the 
project. Although constraints, we believe not 

us from adding the detectors to the CDF II 
Our collaboration is convinced that of these beyond-the-baseline 

,-,'_n","v,-,-will allow us to generate resources required for their instal-
early in Run II. 

vVe are pursuing two general obtaining the personnel 
funding required to carry out 00 and TOF projects. The first is 

new institutions to the which can bring in additional re-
sources. In recent months we have proposals from four United Kingdom, 

Korean, and one Russian to in the CDF II 
A collaboration requirement on new groups is that they contribute to 

baseline upgrade, but, as in Section 6.1, 
interest in for the Layer 00 

United Kingdom support from their 
""1'>"U'-'.1<,,,, but at this the outcome of these 

of upgrades by 
would greatly enhance obtaining this non-U.S. 

The second approach to resources is through institutions 
part of the CDF II Collaboration. The Collaboration has clearly 

the completion of the II upgrade as highest priority. 
00 and TOF proposals physicists actively working on 

CDF II upgrades and to their on-time completion. 
In some cases, resources will as institutional commitments to 

"' .....'v",,,'"' project are fulfilled. 00 project has come 
at Fermilab and project from the 

of Pennsylvania, Fermilab, and Italian institutions. 
is not an list of CDF II projects is 

Collaboration. 
summary we are aggressively for the implementation of 

00 and TOF detectors. aware that our efforts must 
the timely completion of II detector. vVe do not 

a resource loaded schedule and place at this time, but 
are confident that these can be developed once projects are granted Stage I 
scientific approval. 
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6.3 	 Summary of Physics Benefits of Layer 00 and 
TOF upgrades 

In this proposal we have described two complementary, new detectors which 
significantly improve the 'beauty' detection capabilities of the CDF II detector. 
This not only enhances our B physics program, but also top quark studies and 
searches for new phenomena. \Ve briefly summarize some of the physics benefits 
of the Layer 00 silicon and TOF detectors here. Details have been presented in 
Chapters 4 and 5. 

By providing a very precise tracking measurement exceptionally close to the 
beamline, Layer 00 substantially enhances the vertex resolution of the CDF II 
tracking system. This will benefit a wide variety of high Pt physics studies, 
most notably those that benefit from double b-tagging, such as physics with 
the top quark and search for a Higgs boson decaying to bb. \Ve estimate that 
with Layer 00 our double b-tagging efficiency will improve from 21% to 28%, 
and furthermore, will remain at 28% even as the innermost layer of the SVX II 
detector loses functionality from radiation damage. We expect to obtain further 
improvements in the double b-tagging efficiency from optimizations specifically 
designed to take full advantage of the improved resolution of Layer 00. Given 
the importance of the physics accessible via double b-tagging, it is crucial that 
we maximize the capabilities of the CDF II detector in this area. 

With the addition of Layer 00, the vertex resolution of CDF II will compare 
very favorably with those of other experiments. \Vith a CCD pixel laye·r at a 
radius of 2.8 cm from the beamline, the SLD experiment has achieved impressive 
results in the analysis of the vertex topology of their events [41]. \Vith Layer 00 
at l.6 cm, CDF II will have somewhat better resolution in the r-¢ view and a 
somewhat worse resolution in the r-z view, and can anticipate similar capabilities 
in topological analysis. The BTeV experiment, with multiple planes of silicon 
in the forward region, anticipates achieving very good proper time resolution for 
B hadrons [42]. With Layer 00, CDF II will match the expected proper time 
resolution of BTeV. 

By providing for particle identification, in particular K -71" separation, the 
Time of Flight system, in conjunction with Layer 00, will further enhance the 
B physics capabilities of the CDF II detector. This is particularly the case for 
Bs physics: Bs mesons are produced in association with kaons useful for flavor 
tagging if they can be identified. Also Bs final states are enriched in kaons, which 
a TOF system can potentially exploit to reduce backgrounds. We have taken as 
a benchmark our sensitivity to the Bs mixing frequency XS' 'With flavor tagging 
improvements from TOF, and the improvement in proper time resolution from 
Layer 00, we expect our reach in Xs to improve from 45 to 65. This measurement, 
using fully reconstructed hadronic Bs decays, relies on the ability of CDF II to 
trigger on tracks with nonzero impact parameters. 

The proposed upgrades will also significantly enhance CDF II's ability to 
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-+ decays as 
projections measuring CP 

physics measurements with all species of b 
Ab, are possible at the 

In summary, the additon silicon Layer 00 and 
the capabilities baseline CD F II 

enhancement of our II physics program. 
of the inner of radiation-hard 

extending the CD F II silicon 
potential of III. 

provide a 
gained 

lead to a 
for the 
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l Introduction 
On 22 September 1998, the CDF Collaboration submitted a proposal (P-909) to the Fermilab 
director and Program Advisory Committee (PAC) entitled: "Proposal for Enhancement of 
the GDF II Detector: An Inner Silicon Layer and a Time of Flight Detector." This proposal 
was presented to the PAC on 23 October 1998. We proposed two additions to the CDF II 
baseline detector: 

1. Layer-00: This additional inner layer of silicon would be mounted on the beampipe 
at a radial distance of 1.6cm from the beam. This additional layer would serve two 
primary purposes: first, as it would sit inside our silicon tracker SVX II, it would 
enhance our impact parameter resolution and improve significantly our ability to tag 
b quark jets. The impact parameter resolution of a track with transverse momentum 
'PT= 1 GeV /c would improve to~ 25µm compared to~ 50µm with SVX II alone. 
Second, it is made out of a new type of silicon that can be operated at much higher bias 
voltages. The detector can continue to operate, therefore, after significant radiation 
damage, and serves as a prototype for a silicon tracker for the intense luminosity 
(1033cm-2s-1) expected in Run III of the Tevatron. 

2. Time-of-Flight (TOF): This detector would be installed at a radius of 138cm from 
the beam in the 6cm of radial space between the main drift-chamber ( the Central 
Outer Tracker or COT) and the cryostat of the superconducting solenoid. It would be 
used to measure the time-of-flight of charged particles from the pp interaction point 
with a precision of lO0psec. This detector would significantly increase our particle 
identification capabilities: in particular, it would allow separation of kaons and pions 
with a statistical precision of two standard deviations up to a momentum of 1.6 GeV /c. 
This would enhance our b flavor tagging, which is a crucial component of precise 
measurements of neutral B meson flavor oscillations and C P asymmetries in the decays 
of B mesons. It would double our flavor tagging effectiveness for B? mesons. As 
Fermilab is considering a dedicated B physics experiment in Run III, the TOF would 
also provide crucial data (instead of Monte Carlo data) to study the effectiveness of 
kaon identification in the environment of a hadron collider. 

Several physics studies were presented in the proposal to illustrate the utility of these 
additional detectors. These studies included the increased b quark jet tagging efficiency for 
the reconstruction of t quark decays, the increased b flavor tagging efficiency in the mea-
surement of GP asymmetries in neutral B meson decays such as B 0 / i3° --+ J/'lj;K~, and 
increased b flavor tagging efficiency and proper decay time resolution in the measurement 
of B2 meson decays, in particular, the precise measurement of B? flavor oscillations. Since 
B2 mesons are not produced on the T(4S), this physics will be unique to hadron colliders1, 

1The one current exception is the SLD experiment operating on the zo resonance at the SLC at SLAC. 
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and dominated by the Tevatron during the first half of the next decade. The· precise mea-
surement of B2 flavor oscillations is particularly important because it is a crucial part of 
testing unitarity of the Cabibbo-Kobayashi-Maskawa matrix when combined with already 
existing precise measurements of B~ flavor oscillations. The proposal described a study of 
B2 flavor oscillations that·predicted that CDF could see these oscillations if the B2 mixing 
parameter is in the range X 8 < 42. This alone covers the currently favored value within 
the Standard Model [l]. With the addition of Layer 00 and TOF, this reach is extended 
to X 8 < 63. Given the importance of this measurement and the unique sensitivity reported 
by CDF, the PAC focused its questions on our predicted reach for B2 flavor oscillations. 
The PAC posed several questions, which are listed below, to the collaboration. This Report 
contains the response to these questions. 

1.1 Questions from the PAC 
In response to our proposal, the director communicated the following questions to us in a 
letter dated 11 November 1998. The full text of this letter can be found in Appendix A. 
The questions concerning our sensitivity to B2 flavor oscillations are paraphrased below: 

1. The collaboration should report on what trigger was assumed for the mixing studies, 
how its efficiency was estimated, and the reliability of these estimates in the face of 
real-life conditions such as noise and multiple interactions per crossing. • 

2. The collaboration should justify their use of the DELPHI signal to background given 
the very different B momentum spectrum and event environments at the Tevatron and 
LEP. 

3. The collaboration should provide studies of the benefits of the TOF for suppressing 
background, including B2 ➔ D;1r+ and B2 ➔ D;1r+1r-1r+ mass plots. 

4. In all studies, the collaboration should specify the luminosity assumed and should 
provide the results for the baseline detector and for the detector upgraded with LOO 
and the TOF separately and together. 

5. The committee would like the results of these studies in January. 

6. In addition, the committee recommends that the collaboration begin to develop a 
detailed Monte Carlo simulation of B decays, as this tool will be essential as CDF 
pursues B physics. 
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2 Overview of Measuring B~ Flavor Oscillations 
The measurement of B2 flavor oscillations requires a proper decay time dependent measure-
ment. This requires 

1. Reconstruction of the proper decay time of the B2. The addition of Layer 00 provides 
an important improvement here. 

2. Determining the flavor of the B2 at production, i.e., did it contain ab or ab quark. 
TOF plays a crucial role here. 

3. Determining the flavor of the B2 at decay. For the decay modes considered in this 
Report, the final state identifies the flavor at decay unambiguously. ;;. 

The signature for flavor oscillations is 

Nunmixed(t) - Nmix(t) D ( Xs t) 
Nunmixed(t) + Nmix(t) = • COS r(B~) ' (1) 

where Nunmixed(t) (Nmix(t)) are the number of decays at proper decay time t in which the 
flavor at production is the same (opposite) the flavor at decay, Xs is the mixing parameter, 
which is related to the mass difference between the two mass eigenstates by X 5 = D..m5 r(B2), 
and D is the dilution of the flavor tag, which is related to the probability P that the flavor 
tag at production is correct: D = 2P - l. The proper decay time t is not measured with 
infinite precision, and this introduces further dampening of the amplitude of the cosine. Of 
course measuring the flavor oscillations is predicated on the ability to extract a B2 signal 
with adequate statistics and signal-to-noise. 

In Run I, the CDF collaboration proved it could reconstruct B2 mesons with excellent 
signal-to-noise. We were limited by our trigger, however, to reconstructing either semilep-
tonic decays such as B2 -+ D-; t+-111,X ( f, = e or µ), or fully reconstructed decays involving 
J/'1/J-+ µ+µ- decays, e.g., B2-+ J/'1/;¢. Precise measurements of the B2 lifetime were pub-
lished [2] based on these signals, and the semileptonic decays were used to make the first 
direct limit on the difference in width .b..r s between the two B2 mass eigenstates. The signals 
are shown in Figures 1 and 2. We also have a preliminary result on the C P composition of 
B2-+ J/'1/;¢ using a transversity analysis. 

This fully reconstructed state is a C P eigenstate and cannot be used to measure B2 flavor 
oscillations, but we can use semileptonic decays. The proper time t is d~terrp.ined from the 
measured decay length L and the momentum p: 

L t = m(B) • -, (2) p 
where m(B) is the mass of the B hadron. The uncertainty t5t on tis 

(Ot)' = ( m~B) OL )' EB (t • ;')', (3) 
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where fJL and fJp are the uncertainties on the decay length and momentum, respectively. The 
semileptonic decays are only partially reconstructed. This means not all of the B momentum 
is measured, and this degrades the proper time resolution at larger t according to the second 
term in equation 3. Nevertheless, there is some sensitivity to B2 flavor oscillations in our 
current data set. We searched for B2 flavor oscillations in a dilepton triggered data sample. 
One lepton was associated to a ¢ and an additional hadron to form a partially reconstructed 
sample of semileptonic B decays with a B2 purity of 60%. The second lepton in the event 
was used to tag the flavor of the B2 at production. No evidence for B2 flavor oscillations 
was seen, and a lower limit of .6..ms > 5.8 ps-1 at 95% C.L. was established. This result (3] 
has been submitted to Physical Review Letters. 

To increase our reach in Run II, we need fully reconstructed decays such as B2 -+ D; 1r+. 
This requires a trigger to collect hadronic decays without a J /'¢ in the final state, that is, an 
all-hadronic B decay trigger. The Silicon Vertex Trigger or SVT, a new component of the 
CDF trigger system for Run II that will be used to exploit the long lifetime of B hadrons, was 
motivated by this need. The SVT makes it possible to identify tracks with significant impact 
parameters at the second level of the trigger. The initial development of an all-hadronic B 
trigger using the SVT focused on collecting a large sample of two-body hadronic B decays 
such as B 0 -+ 1r+1r-. We have expanded the two-body hadronic B decay trigger to include 
modes such as B2 -+ D;1r+, with D; -+ ¢1r-. In all our studies presented here, we assume 
that ,SVT will perform as designed. We did not have this hardware in Run I, so this is 
new _territory for us. Nevertheless, our existing data includes test runs as well as standard 
triggers that have been used for the studies presented in this Report. The SVT uses only 
axial" information from SVX II, and the geometry of SVX II is similar to the geometry of 
the Run IB silicon detector SVX'. We have used, therefore, data from SVX' and passed 
these data through a simulation of the SVT to estimate the all-hadronic B trigger rate. This 
reduces the dependence on Monte Carlo imposed on all other experiments at hadron colliders 
proposing to trigger on all-hadronic B decays. These studies of the all-hadronic B trigger 
and the estimates for signal rates for B2 are presented in Section 3. 

Even if we are able to collect large samples of hadronic B decays with our trigger, there is 
still the question of whether or not we can extract the signals with acceptable signal-to-noise. 
The combinatorial background originates from two distinct sources: 

1. heavy flavor production, namely bb and cc production, and 

2. light-quark and gluon production (QCD jets). 

This second source has a production cross-section that is between two orders and three 
orders of magnitude larger than bb production; however, the impact parameter requirements 
in the second level of the trigger reduce this background significantly. In the limit of perfect 
impact parameter resolution, we would expect combinatorial background only from events 
with displaced decays, namely heavy flavor production. Our minimum bias data samples are 
too small to search for hadronic B decays or to even study the combinatorial background. 
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We must use, therefore, our inclusive lepton data samples (electron and muon), which are 
enriched in heavy flavor production. These samples are collected with an inclusive lepton 
trigger, which requires a lepton with 'PT > 8 GeV /c approximately. These data are from 
semileptonic b and c decay, and QCD background in which a hadron causes a fake signal 
of a lepton in the detector. For the events in which the lepton originates from B hadron 
decay, we can attempt to reconstruct the other B hadron in an all-hadronic decay mode. We 
start by first reconstructing charm signals opposite the lepton, and then we try combining 
the observed charm signals with one (i.e., D1r) and three (i.e., D1r1r1r) charged tracks to 
search for a B signal. These studies are presented in Section 4 and are very much "work-
in-progress." Despite their preliminary nature, they indicate that it is plausible that the 
combinatorial background from heavy flavor production is manageable, and they have the 
advantage, again, of being based on data, instead of Monte Carlo. We can also use these 
data to study the combinatorics from QCD background: in the inclusive electron sample, we 
can identify electrons originating from photon conversions. These conversions are dominated 
by QCD background. . 

Following the presentation of our trigger performance, expected signal rates, and an-
ticipated signal-to-noise, we present our expected sensitivity to B~ - B2 flavor oscillations 
in Section 5. These expectations are based on the same studies presented in our original 
proposal, but are repeated here to form a self-contained documentation of this work. 

Finally, in· Section 6 we discuss current studies and studies planned in the near future. 

3 Hadronic B Trigger and Expected Signal Rates 
In Run I, the CDF trigger had three levels. The first two levels were implemented in ha'fd-
ware. The first level triggered on objects such as clusters in the electromagnetic calorimeter 
(e.g., electrons and photons), or track-segments in the muon chambers. The second level in-
cluded track reconstruction in the Central Fast 'frack {CFT) processor [4], and the capability 
to perform limited event reconstruction ( e.g., match a CFT track to an electromagetic cluster 
to form an electron candidate). The third level was a farm of Silicon Graphics computers in 
which the data were processed and filtered using a version of the offline data reconstruction 
program that was optimized for execution speed. 

In Run II, the trigger will continue to have three levels, but the through-put of each level 
will be increased by more than an order of magnitude from the Run I trigger to accommodate 
the shorter 'PP crossing interval (initially 396ns, and eventually 132ns), and the order of 
magnitude increase in instantaneous luminosity. The maximum output of Level 1 will be 
50KHz and the maximum output of Level 2 will be 300Hz. The CFT has been replaced 
by the eXtremely Fast '!racker (XFT), which has significantly better 'PT resolution and is 
implemented at Level 1, instead of Level 2. Data from the silicon tracker (SVX II) will be 
available at Level 2. The Silicon Vertex '!rigger (SVT) can associate clusters in SVX II with 
XFT tracks, providing enough precision that the lifetime of heavy flavors may be exploited 
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to trigger on B hadron decays at Level 2. The third level will consist of a farm of PCs 
running LINUX. A description of the Run II trigger, including the XFT and SVT, can be 
found in the CDF II Technical Design Report [5]. 

The feasibility of a trigger for hadronic B decays without final-state leptons in CDF has 
been studied since the 1993 Snowmass Workshop on B Physics at Hadron Accelerators [6]. 
At that time, work focussed on triggering on B 0 -+ 1r+1r- decays. This work led to the 
development of the Two-Track Level 1 trigger and the SVT for Level 2. Because .6.ms is 
now known to be large [7], its measurement will require fully reconstructed Bs decays in 
order to achieve the necessary momentum resolution, as discussed previously in Section 2. 
Therefore, we expanded the studies to include selections for hadronic decays of Bs. Although 
this Report focuses on Bs mixing, we include information on B 0 -+ 7r+7r- as well since the 
trigger selections have large overlap, and the sensitivity to a GP-violating asymmetry in 
B 0 -+ 7r+7r- is important as well. 

The Bs decays modes of greatest experimental interest have only charged particles in the 
final state and relatively low multiplicity. The modes used in this study are B2-+ D;71"+and 
B2-+ D_;-7r+7r-7r+. The assumed branching fractions are listed in Table 1. We have also 
included B2-+ n;-11"+, which may also be useful since the photon in the n; decay carries 
little momentum so that the B2 mass and momentum resolution are not seriously degraded. 
Our estimates for our sensitivity to Xs do not include this mode, however. We have studied 
trigger rates for these mode_s using minimum bias data2 for Level 1 and data sets collected 
with specialized test triggers taken in Run IB for Level 2. The signal yields are estimated 
using a parametric Monte Carlo simulation that . accounts for the geometry of the SVX II. 
The-Monte Carlo generates single b quarks according to the Pr and rapidity y spectrum of 
Nason, Dawson, and Ellis [9]. Correlated production of bb pairs is generated according to the 
calculation of Mangano, Nason, and Ridolfi [10]. The b quarks are fragmented into B hadrons 
using the Peterson [11] function with the fragmentation parameter value fb = 0.006. The 
B hadrons are decayed using the CLEO Monte Carlo program QQ [12]. The cross sections 
and branching fr~ctions used to estimate the yields are listed in Table 1. Because the B s 
branching fractions are not measured, we use measured B0 branching fractions for analogous 
decay modes. The measurement of the Bs production fraction ls in pp collisions from 
CDF [13] is larger (but less precise) than those from LEP. Although the fragmentation 
fractions from pp and e+ e- production may not be identical, to be conservative, we use 
the LEP values. The cross section is normalized to the CDF measurement [8]. There is a 
correlated uncertainty of 40% on the signal yields due to the uncertainties in the production 
cross section a(B0), the production fraction of B2 mesons ls, and the branching fraction 
Br(D;-+ <fnr-). When the uncertainties on the B2 branching fractions are included, the 
total uncertainties on the signal yieids vary from 40% to 50%, depending on the particular 
channel. These uncertainties greatly exceed any statistical uncertainties in our Monte Carlo 

2These data are triggered by a forward-backward coincidence of beam-beam scintillator counters (BBC) 
and are intended to be an unbiased sample of inelastic pp collisions. 
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Quantity Value Source 
Br(Bu --+ 1r+1r-) 1.0 X 10-5 Assumption 
Br(B~ --+ D;1r+) 0.30±0.04% Analogous B0 channel [7] 
Br(B2 --+ n;-1r+) 0.28±0.02% Analogous B0 channel [7] 
Br(B~ --+ D;1r+1r-1r+) 0.80±0.25% Analogous B0 channel [7] 
Br(D; --+ </J1r-) 3.6±0.9% [7] 
Br(D;--+ K*° K-) 3.3±0.9% [7] 
!slid 0.26 ± 0.05 LEP average [7] 
a(pp--+ B0 X) (JJr(B0 ) > 6 GeV /c, IYI < 1) 2.39 ± 0.54 µb CDF measurement [8] 

Table 1: The branching fractions, the production of Bf relative to B0 Us/ !d), and the B0 

production cross section used in this Report. 

studies. In our estimates of our sensitivity to Xs, we have varied the estimates of our signal 
yields by 50%. 

We describe the Level 1 trigger selection and rates in Section 3.1, the Level 2 selection 
and rates in Section 3.2, and the predicted yields in Section 3.3. • 

3.1 Two-'Irack Level 1 '!rigger 
The original motivation of this trigger was the selection of a large sample of two-body B 
decays, in particular, B 0 --+ 1r+1r-. The inclusive PT spectrum of charged particles in pp 
collisions at vs = 1.8 TeV falls rapidly with PT approximately as PT8 [14). The charged 
particle PT spectrum from B hadron decay produced by the hard-scattering process pp --+ bbX 
is significantly harder. The selection of two-tracks above a PT threshold is the initial step in 
reducing the background of inelastic collisions relative to B hadron production. Furthermore, 
tracks from B decay are correlated in angle, and often the two tracks with the largest PT from 
B decay have opposite charge, so we exclude track pairs that are back-to-back in azimuth 
and require that the two tracks have opposite charge. 

The Level 1 selection uses tracks found by the XFT track processor. The XFT can find 
tracks of PT > 1.5 Ge V / c that traverse the full radius of the COT with a momentum reso-
lution OPT/Pr< 0.015(GeV/c)-1 and an azimuthal resolution at superlayer 6 (R=l06cm) 
of ocp6 < 0.0015 rad. All tracks with PT exceeding a selectable threshold p-;min are fed to 
the two-track trigger module. The two-track module compares the values of PT and </J6 from 
all pairs of tracks to valid trigger patterns in a lookup table. In order to limit the number 
of combinations that must be evaluated, events with seven or more tracks exceeding the 
threshold are automatically accepted. 

Three sets of two-track trigger criteria are listed in Table 2. In addition to the individual 
track PT threshold PTmin and the restriction on maximum separation in azimuth O<P6,ma:x, there 
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is a minimum requirement (EPT )min on the scalar sum EPT = PT,1 + PT,2 of the transverse 
momenta of the two tracks. Scenarios A, B, and C correspond to three possible operating 
conditions of the Tevatron. The scenarios cover the possible bunch separations (Tbunch), 
instantaneous luminosity (.C), and mean number of interactions per crossing ( (Npp) ). 

Scenario Tbunch .c (Npp) PTmin (EPT)min b</J6,max 
(ns) ( x 1032cm-2s-1) (GeV /c) (GeV /c) 

A 396 0.7 2 2.00 5.5 135° 
B 132 2.0 2 2.25 6.0 135° 
C 396 1.7 5 2.50 6.5 135° 

Table 2: Level 1 trigger criteria for the three operating scenarios studied. 

Figures 3 and 4 show the distributions of PT and EPT respectively, for CDF minimum 
bias events and those expected for the Bf--+ D;1r+ and B0 --+ 1r+1r- channels. Figures 5 
and 6 show the efficiency for the PT and EPT requirements, respectively, as a function of the 
minimum requirement. In all four Figures, we require 6</J6 < 135° to suppress back-to-back 
combinations. These Figures illustrate that the PT spectrum of the background is signifi-
cantly softer, and falls more rapidly, than the signal. If the trigger rates are unexpectedly 
high, we can always increase PTmin and (EPT )min to reduce the rates, without unacceptable 
loss of signal. 

The Level 1 two-track trigger rate will be dominated by QCD background in which the 
two tracks that satisfy the trigger requirement each come from 

• a single pp interaction, or 

• a different pp interaction, during bunch crossings with multiple pp interactions. 

To determine the trigger rates, we must simulate the pattern of hits generated in the COT 
and then feed these hits to the XFT simulation. We can not use directly the CTC data, 
since the COT has approximately five times as many sense wires as the CTC, and a different 
geometry. We must use, therefore, the COT simulation to generate hits from tracks. We 
must be sure, however, to use a distribution of tracks that will have the correct angular and 
kinematic correlations between charged particles from the same interaction, as well as from 
different interactions in the same bunch crossing. At the same time we must be sure that we 
produce the correct hit multiplicity. We have accomplished this by combining a sample of 
minimum bias events from Run IB with events produced by the CDF minimum bias Monte 
Carlo, MBR, to generate a sample of simulated Run II events with the various interaction 
multiplicities. The Run IB sample of minimum bias events was collected at low luminosity 
so that each event contains only one interaction per crossing. The CTC reconstruction was 
greater than 98% efficient for charged particles with PT > 0.5 GeV /c, and pseudorapidity 
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lvl < 1. We can use, therefore, the minimum-bias data to generate hits from tracks with 
'PT > 0.5 GeV /c, and pseudorapidity l'1JI < 1. We still need, however, to generate hits from 
charged particles at larger rJ or with smaller PT• These hits are generated using tracks from 
the MBR Monte Carlo. We have found the number of MBR events necessary per minimum 
bias data event such that. the combination reproduces the CTC hit occupancy observed in 
the Run IB data. We use this same number to generate hits in the COT. 

The number of interactions per event is varied according to Poisson statistics, and the 
positions of the interaction vertices are distributed according to the expected longitudinal 
beam profile. The generated events are processed with the same detector simulation that 
was used in preparation of the Technical Design Report (5) to create a list of COT wire 
hits. This list provides the input to a full simulation of the XFT. The resulting trigger 
rates for each of the scenarios are given in Table 3. The Level 1 bandwidth is 50 kHz, and 
we expect to allocate a maximum of 30 kHz to the two-track trigger: all three operating 
scenarios are predicted to be at or below this maximum rate. Again, if the trigger rates are 
unexpectedly high, we can always adjust the Level 1 selection criteria to reduce the rates, 
without unacceptable loss of signal. 

We also studied the XFT fake rate in these samples. We define a fake as an XFT track 
that on the basis of the measured resolutions is inconsistent in curvature or ¢6 with all tracks 
used to generate the simulated data. The fake rate is less than 4%. The XFT efficiency is 
expected to exceed 97% per track. 

Scenario Two-track cross Two-track 
section (µb) rate (kHz) 

A 252 ± 18 18 
B 152 ± 14 30 
C 163 ± 16 28 

Table 3: Level 1 trigger rates for three operating scenarios outlined in Table 2. 

3.2 Level 2 
At Level 2, we use the SVT, which associates clusters formed from axial strips in the SVX II 
with tracks of PT > 2 GeV /c found in the COT by the XFT. This provides an improved 
measurement of 'PT and the azimuthal direction at the beamline ¢0• More important, it also 
provides a measurement of the closest distance of approach to the beam line ( or "impact 
parameter'' ) of the track in the plane transverse to the beam axis. The measurement of 
the impact parameter is sufficiently precise so that we can resolve the true large impact 
parameters of tracks coming from the decays of heavy flavor from the impact parameters 
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of tracks coming from QCD jets, which have non-zero impact parameter only due to mea-
surement resolution. The SVT sends a list of tracks to the Level 2 Alpha processors. The 
first step of our Level 2 selection is to find pairs of tracks with significant impact parameters 
that also satisfy the Level 1 requirements. Next we find the intersection point of these two 
tracks, and we require that the vector pointing from the beam line to this point, Xv, satisfy 
PT·Xv > 0, where PT= PT,I +f>r,2 . Two random mismeasured tracks from QCD background 
that intersect will have PT • Xv > 0 and PT • Xv < 0 with equal probability, but two tracks 
originating from the decay of a B hadron predominately have f>r • Xv > 0. We have studied 
selections both for hadronic Bs decays and for B 0 -+ 1r+1r-. In the latter case, all decay 
products of the B are found so we can require that the impact parameter of the two-track 
combination dn is consistent with zero, i.e., the B candidate points back to the beam line. 
This allows the B0 -+ 1r+ 1r- selection to have a looser requirement on the track impact pa-
rameter do. We optimize the opening angle requirement separately for the two selections. 
In both cases we exclude large impact parameters to suppress fakes and photon conversions 
as well as Ks and A daughters. Although the two kaons resulting from D;-+ </nr- decays 
have a small opening angle, we nevertheless exclude small-angle track pairs from our trigger. 
In the SVT simulations described below, we found that excluding small-angle track pairs 
reduced the expected trigger rate by nearly 50%. We attribute this to a high fake rate in 
dense hit environments. Because the pions in B2 -+ D;1r+, D; -+ </>1r- events tend to be 
higher momentum than the kaons, requiring A</>o > 2° has less than 10% inefficiency for this 
mode. Our Level 2 selection requirements are summarized in Table 4. 

Bs hadronic Bo-+ 7r+1r-

120 µm < Idol < 1 mm 100 µm < Idol < 1 mm 
2° < A</>o < 90° 20° < A</>o < 135° 

'fJ'r·Xv > 0 'P'r • Xv > 0 
- dB< 140µm 

Table 4: Level 2 trigger selection requirements 

In order to derive accurate estimates of the trigger rates, it is necessary to use a detailed 
SVT simulation with event samples that include the correct detector occupancies. Therefore, 
we again use the Run IB data and simulate the performance of the SVT using track patterns 
optimized for the geometry of the Run IB silicon detector, -SVX'. Since only 1 out of every 
200 minimum bias events passes the planned Level 1 trigger selection, it is not possible 
to get a large enough minimum bias sample for Level 2 studies. Therefore, we use data 
collected in several test runs that had a two-track requirement using the CFT track processor. 
The sample contains about 400,000 events from two Tevatron stores and corresponds to an 
integrated luminosity of approximately 1 µb-1. This is an order of magnitude more integrated 
luminosity than the entire CDF Run I minimum bias data sample. 
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. Because the XFT efficiency is high and the XFT fake rate is low, it is not necessary to 
perform a full simulation of the XFT on this sample. We use tracks found by the standard 
CDF oflline reconstruction smeared by the XFT resolutions. The geometry of the inner four 
layers of SVX II is quite similar to that of the SVX'. Therefore, rate estimates based on 
SVX' data should be accurate when corrected for the increased longitudinal acceptance of 
SVX II. We derive a set of track patterns for the SVX' geometry using the same procedures 
that will be used to derive patterns for the SVX II. To be conservative, we use all channels 
of SVX' without noisy-channel suppression, while in reality this may be carried out in the 
SVT hardware~ The baseline plan for the SVT is to require hits in each of the inner four 
layers of the SVX II. Therefore, it is quite natural to simulate this requirement in the SVX'. 
Because the gaps between SVX II barrels lead to substantial inefficiency, we believe that we 
can improve SVT efficiency by requiring hits in 4 out of 5 SVX II layers. This would also 
help maintain trigger efficiency if the innermost layer of SVX II starts to lose efficiency due 
to radiation damage. But we do not believe we can make accurate predictions of trigger 
rates with a 4/5 requirement until we have Run II data. 

We find the numbers of event that satisfy the requirements for each of the three Level 1 
scenarios and that satisfy either the Ba or B 0 ➔ 1r+1r- Level 2 requirements of Table 4. The 
trigger cross section is found by 

(4) 

where N is the number of events passing the trigger requirements, .C is the integrated lumi-
nosity of the test data, and f z is a factor to account for the increased longitudinal acceptance 
of the SVX II. To account for the increased z length of the SVX II detector, we define <:(z0) 
to be the geometric acceptance for a track to intersect the inner four layers as a function of 
the track origin z0 . We do this for both SVX' and SVX II detector geometries and calculate 
a correction factor by convoluting <:(z0) with the distribution g(z0 ) of primary event vertices. 

f = J g(zo)<:jizo)dzo = 2_5_ 
I g(zo)€1{Zo)dzo 

(5) 

The expected trigger rates for the Ba and B 0 ➔ 1r+1r- selections are given in Table 5. 
The two trigger selections have a large overlap, so we also present the combined rate. The 
expected rates are well below the total Level 2 bandwidth for all triggers of 300 Hz. Several 
factors, not yet taken into account, may increase the trigger rate. In the SVX II, the 
hybrids containing the readout chips overlap the active detector region. This overlap leads 
to approximately twice as much material compared to SVX' over about one third of the length 
of SVX II. We have estimated the effect of the additional material by degrading the impact 
parameter resolution of simulated tracks that pass through this extra material. This increases 

3In our simulations of SVT in the Run lB data, noisy-channel suppression reduced predicted trigger rates 
by about 30%. However, we cannot know the effect on the signal rate until the noisy-channel rate in the 
SVX II is known. Therefore, we do not allow for any noise suppression in our rate estimates. 
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Scenario Bs selection Bu -+ 7r+1r- Both Level 2 
selection selections Rate (Hz) 

A 394 ±105 360 ±100 560 ±125 39 
B 280 ±89 196 ±74 336 ±97 67 
C 196 ±74 84 ±48 224 ±79 38 

Table 5: Level 2 trigger cross sections in nanobarns for the three Level 1 scenarios. The 
errors are the statistical errors based on the number of events passing the selection criteria 
in the data. 

the trigger rate by 10%. This does not account for any effects on the pattern recognition, 
or for hard scatters. Studies to understand these effects are in progress. In additton, we 
have not superimposed events to simulate higher luminosity conditions. The data from the 
two stores have luminosities equivalent to Run II conditions of C = 0.3 x 1032cm-2s-1 and 
C = 0.9 x1032cm-2s-1 at 396 ns crossing period. Using a looser set of requirements, we 
observe no dependence of the trigger cross section on the instantaneous luminosity within 
the limited statistical precision available in our samples. If multiple interactions do present 
a problem, we can mitigate the increased rate from random combinations by requiring the 
two. tracks to have their innermost hit in the same 14 cm half-barrel of the SVX IL Just 
as with the Level 1 rates, if the Level 2 rates are unexpectedly high, we can always adjust 
the tevel 2 selection criteria ( e.g., the impact parameter requirement, see Figure 7 and the 
discussion in the following Section) to reduce the rates without unacceptable loss of signal. 

3.3 Signal yield 
To estimate the signal yield, we generate Bf-+ Di•)-7r+(7r-7r+) and B0 -+ 7r+7r- using the 
Monte Carlo described earlier in this Section. The B production point is selected randomly 
according to the expected 25 µm R.M.S. transverse beam envelope and the 28 cm R.M.S. lon-
gitudinal beam profile. The B~ and D; decay positions are generated using their measured 
lifetimes. The geometry of the SVX II is approximated as a set of five concentric cylinders 
with radii equal to the mean radii of the ladders. We track the paths of final state particles 
through the cylinders to determine whether they cross within the fiducial range along the z 
coordinate. We account for all expected gaps in z between sensors in this way. On the basis 
of experience with SVX', we assign a 98% efficiency for making a hit if a track is within the 
fiducial acceptance of a layer of silicon. For a track to be considered usable by the trigger, it 
must be simulated to have hits in the inner 4 SVX' layers and must traverse all COT axial 
superlayers. A track is considered fiducial if it is simulated to have hits in any 3 out of the 
5 SVX II layers and exits the COT at a radius greater than 110 cm, consistent traversing at 
least 3 axial superlayers. For each trigger-usable track, we apply a 90% efficiency for satisfy-
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Mode A B C 
Bu ➔ n-1r+ s s 5.3pb 4.2pb 3.6pb 
B0 ➔ n-1r+1r-1r+ s s 6.4pb 5.2pb 4.lpb 
B0 ➔ D*-1r+ 

-S S 4.7pb 3.7pb 2.9pb 
BU ➔ 7r+7r- 7.6pb 5.9pb 4.2pb 

Table 6: Cross section in pico barns for B decay modes of interest where all final-state charged 
hadrons are observed in the CDF tracking fiducial. 

ing an SVT pattern in the associative memory and smear the impact parameter according to 
a resolution function determined in a full hit-level Monte Carlo simulation. The resolution 
used iil this study is 

•ado= [19+ (40GeV/c)/p,r]µm for tracks that miss the hybrid in Layer O; 

• ado= [19 + (80GeV/c)/p,r]µm for tracks that pass through the hybrid in Layer 0. 

An event is considered available for analysis if all final-state daughter tracks are fiducial 
and there is a pair of tracks that are found by SVT and satisfy all Level 1 and Level 2 
requirements. The cross sections for analyzable events for decay modes of interest for the 
three operating scenarios are given in Table 6. Figure 7 shows the expected trigger cross 
section for the Bs selections and the cross section for analyzable B2 ➔ D;1r+ events as a 
function of the selection requirement on impact parameter. 

For our estimates of our sensitivity to B2 flavor oscillations, we assume we will collect 
2fb-1 of data in two years. The corresponding numbers of signal events are listed in Table 7. 
As mentioned earlier, the uncertainties on these numbers ranges from 40% to 50%, and 
are highly correlated. In our estimates, we combine the expected number of events for 
B2 ➔ D;1r+ and Bf ➔ D;1r+1r-1r+ to obtain a total number of signal events. This total 
varies from 23400 if all the data were taken using Level 1 scenario A to 15300 if all the data 
is taken using Level 1 scenario C. We vary this total by from 5000 to 30000 when we evaluate 
our Xs reach. 

4 Signal-to-Noise in B Hadronic Final States -. 
As summarized in Table 7 of Section 3, we expect to collect large samples of B2 ➔ D;1r+ 
and B2 ➔ D;1r+1r-1r+. The next question we must address is whether or not we will be 
able to extract these signals from the potentially enormous combinatorial background. The 
combinatorial background originates from two distinct sources: 

1. heavy flavor production, namely bb and cc production, and 
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Mode A B C 
Bu-+ v-1r+ s s 10600 8400 7200 
B 0 -+ v-1r+1r-1r+ s s 12800 10400 8100 
B 0 -+ v•-1r+ s s 9400 7400 5800 
BU-+ 7r+7r- 15200 11800 8400 

Table 7: Sample sizes expected in 2fb-1 of data for the B decay modes of interest corre-
sponding to the cross sections reported in Table 6. 

2. light-quark and gluon production (QCD background). 

Charged particles from b hadron and c hadron decay can satisfy both the kinematic re-
quirements and the impact parameter requirements of the trigger. We expect the kinematic 
requirements and the smaller mass and shorter lifetimes of charm particles to suppress the c 
background relative to the b background. The background from bb can be modeled reliably, 
but this involves generating a large sample of bb Monte Carlo events. Our measured cross 
section of a(pp-+ B0X,1>r(B0) > 6 GeV/c, jy(B0 )1 < 1) = 2.39±0.54 µb, corresponds 
to approximately 1010 bb events in 2 fb-1. We are working on a scheme to generate such 
a Monte Carlo sample efficiently, but we were unable to do so for this Report. Instead we 
have used our Run I data samples, as described later in this Section. 

The QCD background has a production cross-section that is between two-orders and 
three-orders of magnitude larger than bb production, even after the kinematic requirements 
of the Level 1 trigger have been applied. However, the impact parameter requirements in 
the second level of the trigger reduce this background significantly. The impact parameter 
requirements can be satisfied by.this background only when the trajectories of charged par-
ticles are badly mismeasured, or when tracks originate from photon conversions or hadronic 
interactions in the detector material, or from the decay of strange particles. Although in 
principle it is possible to model these affects, in practice it is impractical, so again, we must 
rely on our current data to estimate this background. 

We can get an initial indication of the importance of the combinatorial background from 
QCD compared to the background from inclusive B production from an estimate of the· 
fraction of the trigger sample that comes from bb production. This estimate is based on 
generator-level4 Monte Carlo combined with the CLEO QQ B decay simulation [12]. We use 
three Monte Carlos of bb production: PYTHIA [15], HERWIG [16], and a generator based on 
a next-to-leading order QCD calculation [10]. The Pr spectra and azimuthal correlations 
of the band bare quite similar for all three generators, and the predicted trigger rates due 
to bb production are equal within ±5%. To estimate the effect of the impact parameter 

4This means we produce the four vectors of the decay products of B hadrons, but we do not apply a 
detailed simulation of the Run II detector to these events. 
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r,equirements in Level 2, we use a parameterization of the nominal SVX II resolution. To 
determine the trigger rates due to bb, we count the number of events passing the Level 1 and 
Level 2 trigger requirements. These rates are normalized to our measured cross section [8] 
(2.39µb for B 0 production with PT(B0) > 6 GeV /c and IYI < 1). 

For trigger scenario A,· we obtain the following average rates from the three Monte Carlo 
generators: abli(Level 1) = (720 ± 20) nb, and O'bii(Level 2) = (81 ± 4) nb. These yields 
may be compared with the rates measured in the real data: (252 ± 18) µb for Level 1 and 
(394 ± 105) nb for Level 2 (B2 selection only). As expected, the bb contribution to the 
Level 1 cross sections is small, of order 0.3% of the measured Level 1 rate. However, with 
the SVT impact parameter cuts in Level 2, the predicted fraction of triggers coming from 
bb production improves substantially, to around 24% of the total measured Level 2 yield for 
the B2 Level 2 selection. 

This indicates that the expected bb purity after Level 2 is very high, typical of the 
purity we currently obtain with J/'¢ {20%) and inclusive lepton triggers (40%). We have 
reconstructed B ➔ J/'¢K and B ➔ .e,-;:;nx decays in these samples successfully with 
excellent signal-to-noise. Therefore, we expect that the bb combinatorial backgrounds will 
dominate the combinatorial backgrounds from the QCD background in the all-hadronic 
trigger modes as well. 

To study the combinatorial background from bb production, we have attempted to re-
construct a hadronic B signal in our inclusive lepton data sets. The trigger requires either 
an electron or a muon with PT > 8 Ge V / c. Approximately 40% of these events come from 
semileptonic decay of B hadrons. Since B hadrons are produced in pairs, these events con-
tain a second B hadron with a decay that is not biased by the trigger. In approximately 
40% of these events, this second B hadron is within the fiducial acceptance of the CTC 
(i.e., 1771 < 1). We attempt to reconstruct n mesons opposite the lepton, and then combine 
the reconstructed n mesons with one or three charged tracks with the appropriate charge 
correlations to look for B candidates. The n mesons we reconstruct are ( charge conjugate 
modes are implied) 

• n° ➔ K-1r+• 
' 

• n•+ ➔ n°1r+, n° reconstructed as above; 

• n+ ➔ K-1r+1r+• 
' 

Significant signals are seen in all four channels. The signals are shown in Figure 8. Then+ 
signal is of particular interest, since it is topologically similar to then;- signal (a three-prong 
vertex, although then+ lifetime is significantly longer), and has much higher statistics. The 
selection criteria used to extract these signals are less restrictive than the criteria that will be 
imposed by the displaced two-track trigger. Then+ signal that is observed after applying the 
Level 1 and Level 2 trigger criteria specified in Section 3 to the events is shown in Figure 9. 
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Applying these stricter criteria improves the signal to background from approximately 1:6 
to 1:4. The next step is to combine these D signals with either a single track, which is 
assumed to be a pion, or a combination of three tracks. The tracks are selected to have the 
expected charge correlation, e.g., 1r- or 1r-1r-1r+ with n+. The resulting mass plots in the 
case of the n+ are shown in Figure 10. In order to interpret these distributions in term 
of signal-to-background, we need an estimate of the expected signal. Preliminary estimates 
indicate that the expected signal is comparable to the background found in these plots, i.e., 
assuming a signal to background in the range of 1:2 to 2:1 is reasonable. This is work in 
progress, and we will continue to refine this analysis ·to obtain more quantitative estimates 
of the background due to bb. 

5 Sensitivity to B2-B2 Oscillations 
The most powerful tool for observing of B2-B2 oscillations is the ability to trigger on B2 
decays which can be fully reconstructed. It is also necessary to tag their production flavor 
in order to classify them as being mixed or unmixed at the time when they decayed. A 
measurement of the B2-B2 mixing frequency, b:..m8 = x8 /-r, can be made by fitting the 
mixed asymmetry, 

to a Junction of the form 

A . (t) _ Nunmixed(t) - Nmixed(t) 
• mixed - Nunmixed(t) + Nmixed(t) 

a(t) = Acosxst/-r. 

(6) 

(7) 
If the fit is performed by minimizing a log-likelihood quantity, the significance of a measure-
ment of x 8 can be defined in terms of the depth of the minimum. The significance can be 
expressed in "equivalent standard deviations" by 

Sig = J2b:.. log£ (8) 

where b:.. log£ is the depth of the minimum compared to the next-to-deepest minimum, or 
in general, to the value of log£ as x8 --+ oo. 

This significance can be expressed analytically by the formula 

Sig(x ) = ✓ N€D2 e-(xa<Tct/r)2/2✓ S 
s 2 l+S (9) 

where N is the number of B2 decays reconstructed (untagged), € and D are the tagging 
efficiency and dilution, respectively, O"ct is the resolution with which the proper decay time 
is reconstructed and Sis the signal-to-background ratio of the B2 sample; -r = 1.54 ps[7] is 
the B2 lifetime. Figure lla shows a comparison of this formula with the average significance 
obtained from ensembles of Monte Carlo experiments. Figure 11 b compares the shape of the 
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---: log .C curves from various simulated experiments with the shape expected from a similar 
analytic expression. There is generally good agreement between the analytic expressions 
and results obtained by averaging ensembles of Monte Carlo experiments. Therefore, we 
use the formula given in equation 9 to estimate the maximum value of Xs for which a 
significant observation of B2-B2 oscillations could be made under various assumptions for 
the parameters N, ED2 , a ct and S. This use of this formula allows one to scale our projections 
for different values of the assumed input parameters. 

We consider four possible detector upgrade scenarios: the CDF baseline configuration, 
the addition of TOF and Layer 00 separately, and the addition of both TOF and Layer 00 
combined. TOF doubles the tagging efficiency by providing opposite-side and same-side 
kaon tags. We use (see Section 5.3 in P-909) 

ED2 = { 5.7% 
11.3% 

without TOF 
with TOF 

for the effective tagging efficiencies. The significance of an observation scales with V€D2 for 
any value of x8• The addition of Layer 00 will provide more precise decay length measure-
ments which will improve the proper time resolution. We use (see P-909) • 

{ 
60 fs 

act= 45 fs 
without Layer 00 
with Layer 00 (11) 

in the following discussion of the sensitivity to B2-B2 oscillations. The range of Xs for which 
oscillations would be observed at a given level of significance is inversely proportional to the 
proper time resolution. 

Figure 12 shows the significance of observations of B2-B2 mixing as a function of Xs for 
the four upgrade scenarios and for signal-to-background ratios of 2:1 and 1:2. The curves 
shown in this figure assume N = 20, 000 as well as values for the other parameters given 
by equations 10 and 11. This figure illustrates the separate benefits provided by TOF and 
Layer 00 in different regions of X 8 • In the range Xs < 32, where the oscillation period is large 
compared with the proper time resolution provided by SVX II alone, the addition of TOF 
would enhance the significance of an observation by roughly a factor of ,12. This will be 
particularly important if we fall short of our goal of N(B2) = 20,000 or if backgrounds are 
higher than expected. TOF will also be used to improve the signal-to-background ratio in the 
B2 sample which will increase the significance of any observation of oscillations, regardless 
of the frequency. If x8 > 32 then the range for which a significant observation of B2-B2 
oscillations could be made is more effectively extended by the addition of Layer 00. 

Table 8 shows the maximum value of x8 for which an observation of mixing would be made 
with a significance of at least 5a for various values of N(B2) and for signal-to-background 
ratios of 1:2 and 2:1. This range of N(B2) is expected to encompass all trigger scenarios 
described in Section 3. The signal-to-background ratios in the range from 1:2 to 2:1 is 
reasonable based on the preliminary studies described in Section 4. 
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S/B=2:l S/B=l:2 
N(BJ) Baseline TOF LOO TOF+L00 Baseline TOF LOO TOF+L00 

5,000 30 36 40 49 21 30 27 39 
10,000 37 42 49 56 30 36 40 49 
20,000 42 47 56 63 37 42 49 56 
30,000 45 . 50 61 67 40 45 53 60 

Table 8: Maximum values of X 8 for which observation of mixing could be made with at least 
5a significance. Values for signal-to-background ratios of 2:1 and of 1:2 are shown. 

X 8 = 30 Xs = 40 
N(B2) Baseline TOF LOO TOF+L00 Baseline TOF LOO TOF+L00 

5,000 2.20 0.53 0.61 0.24 - - 2.20 0.53 
10,000 0.52 0.21 0.23 0.11 - 1.01 0.52 0.21 
20,000 0.21 0.10 0.10 0.05 0.99 0.34 0.21 0.10 
30,000 0.13 0.06 0.07 0.03 0.50 0.20 0.13 0.06 

Table 9: Minimum values of the signal-to-background ratio for which observation of mixing 
could be made with at least 5a significance. The dashes indicate scenarios for which a 5a 
observation could not be made even in the absence of any background. 

Table 9 shows the how low the signal-to-background ratio can be before a 5a observation 
of B2-B2 oscillations can no longer be made, for Xs = 30 and Xs = 40. This table illustrates 
how signal purity must be favorable, if we are to observe B2-B2 oscillations with a B2 sample 
smaller than anticipated with the baseline detector. The demand on signal purity is relaxed 
significantly with the addition of TOF and Layer 00. 

To conclude, if Xs is in the range expected by the Standard Model and current experimen-
tal constraints[!], we should observe B2-B2 oscillations in Run II even for rather pessimistic 
scenarios for the B2 sample size and signal-to-background. In some scenarios, the observa-
tion of B2-B~ oscillations is possible only with the addition of TOF and Layer 00. while 
in others they will provide an.important increase in significance. In addition, they will also 
extend the Xs range for which a significant observation could be made, well beyond the values 
currently expected and into regions anticipated for new physics scenarios. 

Once oscillations are observed, their frequency will be measured extremely precisely. 
These additional upgrades provide important insurance that the great investment already 
made in SVX II and the secondary vertex trigger will indeed result in the precise measurement 
of the B2-B2 mixing frequency. This measurement is not an end in itself, but instead it would 
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r~present the beginning of a new program of physics. Since GP asymmetries are modulated 
by the oscillation frequency, the search for, and the study of, C P violating effects in the B~ 
system will benefit greatly from the enhancements provided by TOF and Layer 00. 

6 Plans for Future Studies 
The studies presented in this Report are at various levels of maturity. Some of the studies are 
based on work that has been in progress for several years (e.g., the trigger rate studies), while 
others are only a few months old. We will continue these studies until we begin collecting 
Run II data. We hope that we will make substantial progress in the near future on further 
quantifying our expected background in the all-hadronic B decay modes. We are beginning 
an effort to generate a large bb Monte Carlo sample with a detailed simulation of the Run II 
detector, in particular of the Run II tracking system. This should allow us to investigate, 
for example, non-Gaussian tails in the reconstructed B2 lifetime, and may also help us with 
understanding how often tracks from primary particles ( e.g., fragmentation particles from b 
quark hadronization) are misreconstructed and appear to have significant impact parameter. 

We have not addressed the question concerning how particle identification from TOF 
could help improve the signal to background in the reconstruction of B hadrons. Again, this 
is a study we have begun and will continue in the next months. We can get some indication 
of the potential using our current Run I data. In Run I, our only particle identification 
was based on dE / dx from the outer six layers of the CTC. The dE / dx resolution was 
approximately 10%, and provided 1r-K separation that was typically on the order of one 
standard deviation, or slightly better, in the region of the relativistic rise. Despite this limited 
particle separation, the dE / dx played an important role in many of our published papers. 
We illustrate this with two examples. The first is the use of dE / dx to identify protons in the 
reconstruction of the decay At ➔ pK-1r+. The At was combined with a lepton to provide 
a clean signature of the decay of the Ag baryon, Ag ➔ 1.-vtAtX. Using this signal, CDF 
published a measurement of the Ag lifetime [17]. Figure 13 shows the reconstructed A't ➔ 
pK-1r+ both before ( upper curve) and after (lower curve) identification of the proton with 
dE / dx has been required. The proton identification reduced the combinatorial background 
substantially with an acceptable loss of efficiency for the signal. TOF provides a separation 
of two standard deviations of protons from pions up to a momentum of 3.2 GeV /c. 

The second example is the rejection of combinatorial background in the partial recon-
struction of B~. decays used in a search for ~-B2 flavor oscillations [3]. The 'signature was 
B2 ➔ 1.-vt</>X, with</> ➔ K+K-. The dE/dx was used to reduce the combinatorial back-
ground in the</>, as illustrated in Figure 14. The kaons in this plot have p,r(K) > 1.0 GeV /c, 
well within the range that TOF would provide powerful K-1r separation. Again, despite the 
narrow width of the </>, particle identification is very important in reducing combinatorial 
background. 
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7 Conclusions 
We repeat here the PAC questions and summarize our responses. 

1. The collaboration should report on what trigger was assumed for the mixing studies, 
how its efficiency was estimated, and the reliability of these estimates in the face of 
real-life conditions such as noise and multiple interactions per crossing. 
The trigger is an all-hadronic B Decay trigger that uses tracks at Level 1 and impact 
parameter at Level 2. We have estimated the rate of this trigger using data collected 
during Run I of the Tevatron, which takes into account noise and multiple interactions. 
These are the most reliable estimates we can make, until we get Run II data. The signal 
yields are estimated using Monte Carlo with the B hadron production cross-section 
normalized to the GDF measurement. We include a ±50% uncertainty on the signal 
rates in the estimates of our reach for X 8 • 

2. The collaboration should justify their use of the DELPHI signal to background given 
the very different B momentum spectrum and event environments at the Tevatron and 
LEP. 
We are no longer relying on results from the LEP experiments to justify our expected 
signal to background. Instead, we have looked at our own Run I data. This study is still 
in progress, but preliminary indications indicate that our assumed range of signal to 
background of 1:2 to 2:1 is reasonable. The committee has been provided with enough 

, information to determine our reach for Xs for a more pessimistic value of signal to 
background, as well. Results on signal to background from Run I data are a pessimistic 
estimate of the signal to background since the Run I silicon detector only provides 
two-dimensional measurements in the plane transverse to the beamline, but SVX II 
will provide a three-dimensional space point. This could have a significant impact, 
particularly for two-body modes such as B 0 -+ 1r+1r-. 

3. The collaboration should provide s~udies of the benefits of the TOF for suppressing 
background, including B2-+ D-;1r+ and B2-+ D-;1r+1r-1r+ mass plots. 
We have begun these studies, but have not reported on them here. We illustrated 
the potential with two examples of using dE/dx in our Run I data. TOF provides 
significantly better separation that dE / dx in a part of the momentum range important 
for reconstructed B hadrons, so we believe it will have an impact. 

4. In all studies, the collaboration should specify the luminosity assumed and should 
provide the results for the baseline detector and for the detector upgraded with LOO 
and the TOF separately and together. 
The studies presented here are for 2jb-1 of data. The sensitivity to B2 flavor oscilla-
tions has been presented separately for all four configurations: (1) baseline detector, 
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(2) baseline with TOF, {3} baseline with Layer 00, and (4) baseline with TOF and 
Layer 00. 

5. The committee would like the results of these studies in January. 
We tried to provide ·as much new information as possible. 

6. In addition, the committee recommends that the collaboration begin to develop a 
detailed Monte Carlo simulation of B decays, as this tool will be essential as CDF 
pursues B physics. 
We agree with this recommendation and we are working on the most efficient means 
to generate a large sample of inclusive B hadron decays with a detailed ~imulation of 
the Run II detector that can be used, in particular, to study details of the tracking 
performance. 

We hope that this supplement to proposal P-909 will help the PAC arrive at the conclusion 
that both TOF and Layer 00 are powerful additions to the CDF detector, particularly in 
the study of B physics. The precise measurement of B2 flavor oscillations is a cornerstone of 
the test of unitarity of the CKM Matrix that is unique to hadron colliders and SLD in the 
near future. We have demonstrated that TOF and Layer 00 are complementary detectors 
for the measurement of x.,. The TOF system makes the most significant improvement at 
lower x., ( < 30). The Layer 00 upgrade is more important at high x., (> 40). Although we 
have presented plausible arguments based on our best knowledge that we expect high yields 
in the number of B2 events, lower yields are quite possible. Both these upgrades are more 
powerful if the event yield is low (5000 events). 

Observing B2 flavor oscillations would be the beginning of a plethora of important mea-
surements in the B2 system, including measurements of C P asymmetries in B2 decays. The 
impact of TOF on b flavor tagging and the improvement from Layer 00 on proper decay time 
resolution could be even more important for these measurements. 

The studies presented in this report should help convince the PAC that CDF has designed 
a practical trigger to collect very large samples of hadronic B decays, allowing us to take 
advantage of the enormous B production cross section at the Tevatron. All other experiments 
devoted to the study of B physics have realized that particle identification is crucial and 
have made major investments in detectors that will provide excellent particle identification 
capabilities. CDF will need particle identification as well to extract the most physics from 
our large samples of B hadron decays. Time-of-flight is the most economical and the only 
practical means for us to augment our particle identification capabilities for Run II. 

We emphasize that both TOF and Layer 00 have many more applications that we have 
not explored in the detailed studies presented in this Report. Better vertex resolution and 
event-by-event particle identification are crucial for extending the physics reach of an already 
very powerful baseline CDF-II detector. 
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A Letter from Fermilab Director 

Thank you for the presentation at the recent PAC meeting on the new 
proposal for the addition of a LOO silicon layer and TOF device to CDF (P-909). 
The PAC's comments follow: 

P-909 - CDF (Bedeschi/Goshaw) 

CDF proposes a new silicon layer (LOO) mounted on the beam pipe. Addition 
of the layer would improve impact parameter resolution by more than 30 percent, 
would preserve vertexing capabilities should LO succumb to radiation damage, 
and would be the first trial of the rad-hard technology that CDF is considering 
for a replacement silicon detector in the later part of Run II. One important 
beneficiary of the improved tracking is CDF's sensitivity to B_s mixing. For 
their conservative assumptions about backgrounds, use of LOO would extend 
CDF's reach in x_s from about 35 to 47 and improve its resolution at x_s = 30 
from 15 percent to 11 percent. No other experiment with comparable reach in 
x_s is likely to run in the same time period. 

The Committee finds the LOO upgrade very attractive 
Laboratory and the collaboration to pursue it strongly. 
that the collaboration has found most of the funding for 

and encourages the 
The Committee notes 
this project. 

CDF also proposes installation of a TOF device outside the COT. By 
providing 2 sigma K-pi separation over the range 0.4<p<1.6 GeV, this detector 
would improve flavor tagging for B_d and B_s and might reduce combinatorial 
background to B decays. For B_s decays, epsilon 0-2 would double, extending 
the reach in x_s to 54 and improving the x_s resolution at x_s = 30 to 8 percent. 

The Committee believes that the TOF would be a useful addition to CDF. 
The collaboration has considered installing only the scintillator before the 
start of Run II, postponing installation of the PMT's and electronics. This 
appears to be a sensible approach if full funding has not been obtained by the 
start of Run II . 

The Committee would like further information regarding CDF's sensitivity 
to B_s mixing. Areas of particular importance are the trigger and backgrounds. 
Regarding the trigger, the collaboration should report on what trigger was 
assumed for the mixing studies, how its efficiency was estimated, and the 
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~eliability of these estimates in the face of real-life conditions such as 
noise and multiple interactions per crossing. Regarding the backgrounds, the 
collaboration should justify their use of the DELPHI signal to background given 
the very different B momentum spectrum and event environments at the Tevatron 
and LEP. It should also provide studies of the benefits of the TOF for 
suppressing background, including B_s -> D_s pi and B_s -> D_s pi pi pi mass 
plots. In all studies, the collaboration should specify the luminosity assumed 
and should provide the results for the basline detector and for the detector 
upgraded with LOO and the TOF separately and together. The Committee would 
like the results of these studies in January. In addition, the Committee 
recommends that the collaboration begin to develop a detailed Monte Carlo 
simulation of B decays, as this tool will be essential as CDF pursues B 
physics. 

The Committee notes that the Laboratory's funds for new projects are very 
limited and the availability of unused contingency is very unlikely, and urges 
the collaboration to seek outside funds. 

Please plan on making a presentation to the PAC on the studies on trigger 
and backgrounds as noted above at the January 15-17 meeting. You should also 
present a detailed plan on how these upgrades are to be funded. Written 
documentation should be submitted no later than Tuesday, January 5 so that it 
may be sent to the PAC before the meeting. 

Sincerely, 

John Peoples 
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Figure 1: The mass spectra of the D; mesons reconstructed in four different decay modes: (a) 
upper:left: D; ➔ </nr-, (b) upper-right: D; ➔ K*°K-, (c) lower-left: D; ➔ KBK-, and 
(d) lower-right: D; ➔ 4>£-vX. These D; mesons are associated with a lepton (£) and are 
presumed to originate from the semileptonic decay of a B2 (The charge conjugate modes are 
included as well). The points with error bars are the data for the case that the Ds and£ have 
opposite-charge as expected for semileptonic B decay. The shaded histograms are the data 
for the case that the Ds and£ have the same charge: no signal is evident. The superimposed 
curves are a combined fit for the signal (Gaussian) and background (polynomial). A signal 
for n- ➔ </nr- is included in the curve superimposed in the upper-left-hand distribution. 
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Figure 2: The mass spectrum of B~/B~ ➔ J/'lj;</J candidates used in the measurement of the 
B~ lifetime. The curve is a fit of the data to a Gaussian for the signal plus a second order 
polynomial for the background. 
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Figure 3: Distribution of the lower-PT value for opposite charge track pairs with 6¢6 < 135° 
for CDF minimum bias data and the B~ ➔ D;1r+ and B0 ➔ 1r+1r- decay channels. 
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Figure 4: Distribution of EPr for opposite charge track pairs with Pr > 2 Ge V / c and 8¢6 < 
135° for CDF minimu~ bias data and the B~-+ D;'lf'+ and B 0 -+ 7r+7r- decay channels. 
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pairs with 0¢6 < 135° for CDF minimum bias data and the Bf-+ D;1r+ and B0 -+ 1r+1r-
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Figure 8: The mass spectra ·of D mesons reconstructed in inclusive lepton triggers: (a) 
upper-left: D0 ➔ K-1r+ (e trigger only); (b) upper-right: D*+ ➔ D01r+ (e trigger only), 
this is the mass difference fl.M = M(D01r+) - M(D0); (c) lower-left: n+ ➔ K-1r+1r+ 
(e trigger only); and (d) lower-right: D; ➔ ¢nr+, with </> ➔ K+ K- (e and µ trigger 
combined). The superimposed curves are a combined fit for the signal (Gaussian) and 
background (polynomial). 
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Figure 10: The mass distributions when a n+ candidate is combined with one track ('rr-) 
or three tracks (Jr+1r-1r-). (a) upper-left: the n+1r- mass distribution when no trigger 
requirements are imposed on the event; (b) upper-right: the n+1r+1r-1r- mass distribution 
when no trigger requirements are imposed on the event; (c) lower-left: the n+1r- mass 
distribution when the Level 1 and Level 2 trigger requirements are imposed on the event; 
(d) lower-right: the n+1r+1r-1r- mass distribution when the Level 1 and Level 2 trigger 
requirements are imposed on the event. The bin size is 20 Me V / c2, and there are thirty bins 
total in each distribution. Our expected B mass resolution is approximately 10 Me V / c2. 

36 



:§: 20 

~ 18 
C: a:, 16 0 

:E 
C: 14 .Ql 

Cf) 
12 

10 

8 

6 

4 

2 

0 
0 

(a) CDF baseline 
Combined flavor tag 
2/1 signal/background 

Monte Carlo 
--. --. -- Analytic expressions 

Ser measurement 

25 50 75 100 

:::r 200 
gi 
1 150 

100 

50 

0 

-50 

-100 
20 

(b) CDF Baseline 
Combined flavor tag 
2: 1 signaVbackground 

40 60 80 
~ 
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Figure 13: The improvement in signal to background in the signature At-+ pK-1r+ when 
the proton is identified using dE/dx in the CTC. The curves are fits to the data with a 
Gaussian for the signal and a linear background. The upper curve shows the signal before 
proton identification, and the lower curve shows the signal after proton identification. 
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Figure 14: The improvement in signal to background in the signature </> ➔ K+ K- when 
the kaons are identified using dE / dx in the CTC. These </> are from semileptonic B decay. 
The curves are fits to the data with a Gaussian for the signal and a polynomial to describe 
the background. The upper curve shows the signal before kaon identification, and the lower 
curve shows the signal after kaon identification. 
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