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BTEV - A Dedicated B Physics Detector at the Fermilab Tevatron

Collider
J. N. Butler®

2Fermi National Accelerator Laboratory, Batavia, IL, 60510

The capabilities of future Dedicated Hadron Collider B Physics experiments are discussed and compared to
experiments that will run in the next few years. The design for such an experiment at the Tevatron Collider is

presented and an evolutionary path for developing it is outlined.

In this paper, we describe the BTEV experi-
ment at the Fermilab Collider — a Dedicated B
Physics Experiment whose acceptance is in the
forward direction. In the first section, we discuss
the role of dedicated experiments at hadron col-
liders in the the study of B decays and compare
their goals with those of other experiments. In
the second section, we present the key features of
the BTEV experiment. Section three presents the
results of the some of the simulation studies that
have been carried out to date for the BTEV de-
sign. We conclude by presenting an evolutionary
path for developing and constructing the BTEV
experiment at the Fermilab Tevatron.

1. The Role of Dedicated Experiments at
Hadron Colliders in the the Study of B
Decays

B physics is an extremely interesting and excit-
ing subject for investigation because fundamental
parameters of the Standard Model can be mea-
sured and physics beyond the Standard Model
might be observed. We believe that a Dedi-
cated Hadron Collider B Physics Experiment is
an essential follow-on to the planned asymmetric
electron-positron collider experiments, the sym-
metric electron-positron collider experiment, and
other ‘first generation’ hadron CP experiments.

Evolution of knowledge on B Decays has de-
veloped slowly over the period of almost 20 years
since the T [1] was discovered. Its past, present,
and future development may be viewed as going
through at least 4 phases [2]:

1. Initial discovery and characterization as a

weakly decaying quark. This includes the
period from the discovery of the T (FNAL),
to the observation of the narrow T states at
DORIS, the discovery of the the T(4S) at
CLEO, and early indications of the long B
lifetime;

. Detailed characterization of properties and

decays. This includes reconstruction of
many B decay modes (especially those con-
taining D’s and ¢’s) by ARGUS and CLEO,
the detailed study of semileptonic decays,
and the observation of mixing. At LEP and
at Fermilab, the B, meson and A, were
observed, B lifetimes were measured, evi-
dence was found for B**’s and higher mass
B-baryons, and the B° mixing parameter
was obtained from time-dependnent stud-
ies. CLEQ’s observations of ‘rare decays’
marks the transition to the next phase;

. Rare Decays and decay asymmetries. The

observation by CLEO of penguins: B —
sy and B — K®*v; of suppressed two
body modes: B° — nt7x~, K7~ and of
exclusive charmless semileptonic decays is
the beginning of this phase. I BELIEVE
THIS IS OUR CURRENT STATUS. Ahead
is the measurement of more rare decays,
more precise measurement of 777~ and
K*x~, and the first measurements of some
CP asymmetries —almost certainly those re-
lated to sin28, possibly other angles of
the unitarity triangle, and possibly some



direct CP violating modes. The experi-
ments which are going to be running and
hopefully will accomplish the remainder of
the work of this phase are: PEPII/BaBar,
KEK/Belle, CESR/CLEO, CDF/DO0, and
HERA-B. While many claims are made that
these experiments will answer all remain-
ing questions in B physics, there is a school
of thought that says that their accomplish-
ments, while great, will still not exhaust the
field of investigation. It is almost certain
that even after the successes of these ex-
periments one will still want to go on to a
fourth phase of B physics;

4, Detailed measurements of decay asymme-
tries, in particular of those giving the angle
v, B, mixing, studies of other B hadrons,

and very sensitive searches for rare and
Standard-Model-forbidden decays.

The eTe™ experiments offer a very clean envi-
ronment in which to study B physics. However,
even at design luminosity on the T(45), the total
number of produced B’s is only about 3 x 107 per
year. This is adequate, given the quality of the
detectors, to make a first measurement of sin 243,
once the design luminosity is approached. Many
other goals, such as precision measurements of o
and v and measurements of z,, are unlikely to be
achieved based on our calculations. In fact, it is
hard to see the experiments even running on the
T(53S) in order to begin to look at B, states un-
til several years into their lifetime and even then
the experimental challenges are such that good
measurements are not likely. Since the detectors
and triggers are already designed to be highly ef-
ficient, the only way to improve the situation is
to achieve increases in machine luminosity. There
is no clear path to an increase of even a factor of
three at present.

Hadron experiments currently in the works,
such as CDF and HERA-B will aim at roughly the
same level of sensitivity as the et e~ experiments.
HERA-B suffers from a low cross section. CDF
suffers from low efficiency due to the soft momen-
tum spectra of the produced B’s and severe trig-
gering problems. Estimates suggest sensitivity to
sin 28 and (much) more optimistically to sin 2e.

These kind of estimates have been wrong before
because they have not been robust against the
assumptions that go into them.

We think that it is likely that some of these
experiments will see evidence for CP violation in
YK, but are convinced that they will not have
anywhere near the precision to do a comprehen-
sive set of precision measurements. Each exper-
iment faces fundamental limitations which make
it hard to push it too far beyond the sensitivity
achieved in the first few years of running. They
will, however, also learn many new facts about
B physics which will help in the interpretation of
future results. Some of these studies are best car-
ried out in an et e~ machine because they require
reconstruction of neutrals which is made easier in
the relatively clean environment.

To quote a colleague, “This round of experi-
ments is likely to open the study of CP violation
in B decays but it is unlikely to close it.’

The fourth phase will, therefore, need to be car-
ried out at high energy hadron collliders which
are the only machines that produce enough B’s
to advance beyond the generation of experiments
which are now being constructed. The next gen-
eration of hadron colliders, the Tevatron after the
Main Injector upgrade and the LHC, will cer-
tainly have adequate luminosities. The challenge
is to design a detector that can be efficient for de-
tecting and tagging B decays in the hostile {rate,
radiation damage) and complex ( high multiplic-
ities, many background events, extra jets even in
B events) environment in these machines.

2. The BTEV experiment at the Fermilab
Tevatron Collider

The challenge for any future hadron collider B
experiment is;

e To design an experiment that achieves high
efficiency in the hostile and complex envi-
ronment of a hadron collider. This requires
the effective and aggressive use of the most
modern technologies.

e To represent a significant step beyond what
will be achieved by the upcoming genera-
tion of experiments and their possible ex-



tensions and upgrades.

e To be competitive with other hadron col-
lider B experiments which could be taking
data in the same time frame. In the case of
BTEV, the competition is LHC-B.

Some parameters of the Tevatron that must be
taken into account in creating a design to meet
these challenges are given in table 1.

Table 1

A Few Tevatron Parameters Relevant to BTEV
Property Value
Luminosity 2x 1032
Bunch Spacing 132 ns

Length of Luminous Region | ¢,=30 cm

Transverse X dimensions oz = 30um
Transverse Y dimensions oy = 30um
Interactions/crossing mean = 2
B Cross Section 50 pbarn
Our/Tinel ~ 1073

Over the last year, BTEV has begun to take
shape based on an understanding of what needs
to be done to meet these challenges. A reference
design now exists. These are the key design fea-
tures of BTEV:

¢ a dipole located on the IR, which gives
BTEV an effective ‘two arm’ acceptance;

e a precision vertex detector based on planar
pixel arrays;

e a vertex trigger at Level I which makes
BTEV very efficient for states even if they
have no leptons in them; and

e strong particle identification. Especially
important is the requirement of very good
charged hadron identification. Many of the
states that will be of interest in this phase
of B physics will only be separable from
other states if this capability exists. Also,
it will allow for the possibility of kaon tag-
ging. Muon and electron identification are
also important for tagging and for studies
of decay modes involving leptons.

The motivation for a vertex trigger is explained
very well in the LHC-B Letter of Intent [3}:

“At LHC energies, B— B events look very much
like minimum-bias events, apart from having de-
tached secondary and possibly tertiary vertices
and a somewhat higher transverse momentum for
the B-hadron decay products.”

The tracking system has to be designed to-
gether with the trigger electronics to realize the
goal of a Level I vertexing trigger.

A schematic of the experiment is given in fig-
ure 1. We now discuss the key elements of the
reference design.

2.1. Dipole centered on IR — a.k.a. ‘Cen-
tral Dipole’

The original motivation for this was to increase
the acceptance. It was also realized that the ex-
tended IR and the limited space in z in the avail-
able collider halls at Fermilab made it difficult to
make a geometry for a single arm that preserved
the acceptance and did not produce a strong and
oddly shaped field in at least part of the collision
region. The central dipole arrangement gives us
acceptance from 10 mr to 300 mr in both hemi-
spheres. It may be viewed as the limiting case of
two arms being pushed closer and closer to the
center of the IR until they merge.

It was soon understood that having a large uni-
form field at the vertex detector was a virtue for
the trigger since it permits a crude momentum
measurement using only the elements of the ver-
tex detector and this information will be avail-
able to the first level trigger. This allows one to
eliminate tracks whose resolution is dominated by
multiple Coulomb scattering.

The dipole in the reference design has a cen-
tral field of 15 kGauss. The pole face can widen
beyond the IR but the overall integrated field
strength needs to be about 75 KGauss-meters.
The overall length is around 6m and the aperture
at the downstream end is around £1m x =+ 1m.

2.2, Tracking System

In designing a vertex tracking system, one must
consider the long interaction region of the Teva-
tron which has a o, of 30 cm. This forces one
to have a rather long vertex detector. On the
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Figure 1. Schematic representation of the BTEV detector

other hand, it is actually a positive feature which
partially compensates for the long bunch spacing.
It may well be possible to work at luminosities
higher than the design point of 2 x 1032 because
each little section of z is effectively monitored by
its own ‘quasi-independent’ set of detector planes.

The ‘reference tracker’, shown in figure 2 has
triplets of planes arrayed along the IR separated
by about 4 cm. Each triplet consists of one wafer
that measures the bend view, one that measures
the non-bend view, and a third that measures the
bend view again. The pixels are 30u by 300u.
The pulse height is read out and made available
to the trigger so that one can actually derive
a crude momentum measurement over three or
four triplets. This can be used to reject very soft
tracks, whose mulitple scattering would make the
information from this track confusing to the trig-
ger algorithm.

The implementation of this system will be very
difficult. Because pixel information must be made

available to the trigger, a custom electronic design
is necessary. Radiation damage is an issue for the
inner edge of the detector where the fluence can
reach values of 2 x 10* per cm? per year. There
are also significant mechanical and thermal issues
that must be addressed.

2.3. Triggering System

BTEV’s trigger focuses on the key difference —
the presence of detached vertices — at Level I. It
is very efficient for the B decays that can be suc-
cessfully reconstructed by the spectrometer and
used for analysis. It also avoids the need to focus
on specific final states at Level I which can limit
the accessible physics.

Use of pixels, with pulse height, for the tracker
will produce very high spatial resolution for the
trigger and the final analysis. If pixels with pulse
height achieve the expected resolution of around
6 microns, this provides real momentum infor-
mation, clean pattern recognition, and precision
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Figure 2. ‘Reference’ pixel tracker

track extrapolations to the level I trigger.

Deriving the vertex trigger from the pixels
without matching to the downstream (coarser
and slower) elements provides very high speed
tracking and triggering and makes it possible to
operate at very high luminosities. In the trig-
ger, BTEV relies on fast, low occupancy elements
(the silicon vertex detector) which are relatively
immune to pileup and random overlaps.

The reference trigger scheme we show was de-
veloped by the Penn Group - Selove, Sterner, and
Izik [4]. While it may undergo some revisions, we
are sufficiently encouraged by the initial results
that all our simulation and hardware efforts cur-
rently are directed towards this approach.

The basic idea of the trigger is to divide the
vertex detector into ¢ slices each of which has an
occupancy that is fairly small - typically about

one half track per slice per event — and to con-
sider each an independent tracking problem. The
reference design uses 32 ¢ slices. Pixel informa-
tion from each ¢ slice is preprocessed by ‘hit pro-
cessor’ electronics and the digitized hits — which
are really minivectors — are sent via a switching
network to a farm of processors. In the current
design, there are 64 processors per ¢ slice or 2048
total processors.

The processors receive ‘minivectors’ from each
triplet consisting of an x,y,z coordinate and a
slope %. The hits are sorted into two sets de-

pending on the sign of %. These are also ordered
according to z. This produces two z-ordered lists:
one of ‘forward’ going tracks and one of ‘back-
ward’ going tracks.

The bendview hits are processed as followed:

e A track is traced from the upstream end in



Z.

e The algorithm takes the average of the —:’z‘

in the current plane with the % in the next
plane. It uses this average slope (which rep-
resents the slope of the chord of the magnet-
ically deflected trajectory) to project from
the first plane into the second plane.Then,
it checks to see whether the y-value of the
minivector in the downstream plane agrees
with the projection.

e This process is continued until no link is
found in a z plane.

o If three or more hits satisfy the tracking re-
quirements, the string of minivector coordi-
nates are fed to a fitting stage which uses a
fast fitting algorithm to get the momentum
of the track candidate.

e The resulting track with its measured mo-
mentum is then traced backwards in both x
and y to the interaction region to get an im-
pact parameter (this assumes that the beam
o is small compared to the expected impact
parameter from B decays. If it is not, then
a vertex algorithm would be used). An im-
pact parameter and quality factor (approx-
imate normalized error) are obtained.

The way in which this track information is used
to form the Level I trigger is described below in
the section on simulations.

A design for implementing such an algorithm in
hardware has been worked out. Prototype boards
are being developed. Estimates of the time to car-
rying out the tracking algorithm are in the neigh-
borhood of 20 us.

The Level I trigger we plan must be capable of
reducing the trigger rate to a few khz. We plan
to take all the data from vertex detector at the
full crossing rate of 10 MHz off the detector. This
amounts to 100 Gbytes/s. The track information
goes to a bank of vertex processors which operate
on the set of individual tracks from each inter-
action. The event rate is then reduced down to
something like 50 kHZ if the only test made is
for a detached vertex in vacuum. The Level I —

Level I1 bandwidth is sufficient to transfer all this
data. However, the data rate out of Level I can
be much lower if we also make tests on the effec-
tive mass at the detached vertex. Since most of
the detached-vertex events will be K, or charm.
a mass cut can reduce the rate to a few kHz with
almost no bias against B events of interest. Only
when we get to this rate do we have to read out
the entire detector.

2.4. Particle Identification:

Only a limited amount of work has been done
on particle identification so far but it is a crucial
part of the experiment. The momentum range
that needs to be covered is large, extending from
~1 to 70 GeV/c. This is determined by studying
the momentum spectra of particles in a variety
of B-meson final states, including B — #xtx~
and B, — K*, which is a proposed mode for
measuring B, mixing [5],[6].

The reference design uses two Ring Imaging
Cerenkov counters to cover this large momentum
range:

1. A sawtooth LiF radiator (thickness about 1
cm) followed by a 20 cm expansion gap and
a proximity focussed photon detector. This
detector provides good -k spearation from
0.5 GeV/c to 3.5-4.0 GeV/c.

2. A CyFg gas radiator of length 2.5 m with
a system of focusing mirrors. The plan is
to use TEA as the photosensitive material.

This counter covers the momentum range
from around 3.5 GeV/c to about 70 GeV /c.

Other options are being considered.

3. Simulation Studies

The fourth generation B experiment must go
beyond the measurement of CP asymmetry in
By — YK, and must do a very complete pro-
gram of rare B physics. It therefore needs to
have good performance for a wide range of final
states such as: B° — xtx~, B — D°K and
B — D3, K, B° — D*D~ and D** D", vari-
ous B, mixing modes including ¥ K*°, a variety
of B baryon modes, B. modes, rare decays, and
many others. To insure this, simulation studies



are being carried out with the simulation package
MCFAST [7].

One study which has been done is B — n*«
The interest first is to establish the fact that
this design can achieve adequate efficiency and
background rejection to measure sin2a. The
main background to this state was found to come
mainly from ‘generic’ BB events which are more
than 10% times more numerous (rather than from
minimum bias events or charm events).

We have done a detailed analysis using 40,000
B — 7t x~ events and 300,000 BB events. For
this study, we actually used a single arm forward
spectrometer. This work has been reported else-
where [8]. We are in the process of running a
much larger sample using the reference central
dipole geometry. The yield is almost exactly a
factor of two higher as expected. When this is
complete, we will have an accurate measurement
of the signal-to-background in this very demand-
ing final state.

3.1. Trigger simulations of B —» 77—, B —
¢y K*, and charm

The trigger is based on calculation at level I of
the impact parameter of tracks relative to a re-
constructed ‘seed’ vertex. For each track, a crude
momentum and an impact parameter are calcu-
lated. A cut on Py is placed on all tracks used in
the trigger. The value of the P, cut is between
0.25 GeV/c and 0.75 GeV/c. A primary vertex
requires at least three tracks to intersect in the
beam region. The trigger is then determined by
requiring a certain number of tracks, N, that were
not in the primary vertex to have impact param-
eters greater than some cut, bmin. Preliminary
results for the efficiencies of the trigger for light
quark and charm background, and two B signals
for various values of N and bpin are shown in fig-
ure 3.

4. An evolutionary path to designing and
building BTEV

Recently, FNAL has been considering a plan
to open up a new colliding beam area for exper-
iments at the location on the ring known as CO0.
One strong motivation is to provide a place where

-1

ideas for future technology development, includ-
ing those required for heavy quark experiments,
can be carried out. It is also possible that small
scale prototypes of future detectors can begin to
do actual experiments in this area to validate the
integrated experiment design.

4.1. Need for R&D

While advances in technology have pointed the
way to meeting all the triggering, event build-
ing, and DA challenges, much R&D is required to
demonstrate workable solutions and to optimize
them. In addition, pixel R&D, including elec-
tronics design and simulation, is necessary for the
tracking system. This work includes prototype
design, prototype fabrication, and testing. FNAL
is beginning to organize an effort, almost surely
in collaboration with other U.S. groups that have
been working in this area.

4.2, CO tests — preliminary thoughts

With lab support, we are now designing a rig-
orous test of our triggering and tracking concepts
to run in the CO interaction region during the first
main injector run [9]. The BTEV collaboration is
excited by this possibility and sees it as an excel-
lent way to develop the techniques necessary for
this challenging experiment. The initial effort
will be directed at a test of the tracking
and trigger concepts in the collider envi-
ronment by making simple measurements
of vertex resolution.

While we accept the fact that resources are
scarce for R&D efforts, we have suggested that
the lab view all of requests for support in the
next few years in the context of preparing for the
C0 tests and eventually for the full BTEV experi-
ment. In particular, we have urged the lab to ini-
tiate a program of pixel R&D which has as one of
its goals the development of a pixel detector suit-
able to the triggering and tracking requirements
of BTEV.

We have been asked if there are any physics
demonstrations that could be used to prove the
soundness of our approach that could be under-
taken in CO with limited resources and a luminos-
ity of 103!, We have come up with two ideas:

e A charm experiment. Per month of run-



ning, one can get about 107 fully recon-
structed K7 or Kxm decays! A particle
identifier would be essential. A downstream
tracker on one side of the dipole is required.
A muon detector could be used as an in-
dependent trigger which would then enable
us to make a high statistics absolute cali-
bration of the vertex trigger’s efficiency on
D°’s and D*’s. We are investigating the
changes we would have to make to our trig-
gering scheme to make it more efficient for
charm.

e An experiment to observe and study B° —
Y K,, B, mixing, and B-baryons. A down-
stream tracker and muon detector is re-
quired. A serious attempt to detect B-
baryons probably needs a reasonably good
particle identification system.

Charm is not only a possible test but also an im-
portant secondary goal of the complete BTEV ex-
periment.

5. Conclusions

While there is obviously a long way to go before
one could even claim to have a complete concep-
tual design, the BTEV experiment is beginning
to take shape. Some major design decisions have
been made. Preliminary design efforts have not
encountered any ‘show stoppers’ and work con-
tinues. Fermilab’s proposed new initiative to es-
tablish a collision region at C0, which can serve
{among other purposes) as a home for testing the
trigger and tracking components of BTEV, is a
great breakthrough. For the first time, we see a
real path for developing the experiment so that a
proof of principle can be accomplished by 2000-
2001. At that time, a full technical proposal will
be available and the lab would have to make a
final decision to proceed and a final decision on
the siting of the experiment. With much of the
system, the tracking and trigger components, al-
ready partially implemented, the experiment can
be constructed, installed, and debugged in stages
and ready for a full implementation around the
vear 2004 - 2005. It is possible to imagine staging
a sequence of tests, some of which would consti-

tute physics measurements, and which taken to-
gether would teach us how to do the experiment
well before the final apparatus was complete.
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