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Abstract
A dedicated B physics experiment located in the proposed Relativistic Heavy Ion Collider at
Brookhaven (RHIC) is considered. The machine may operate in a p-p mode with a luminosity in
excess of 10S3cm~3«ec~1 at 250 x 250 GeV. The estimated BB cross section at these energies is
abont 10 jibarna and a run of 107*ec would produce roughly 1O10 BB pairs. A comparison to
similar ideas proposed for the Fermilab Tevatzon Upgrade and the SSC are discussed. The most
ambitious physics objective of such an experiment would be the study of CP nonconservation.
Particular emphasis at this workshop was given to tie self tagging mode B -* K+x~. Experimental
techniques developed during this experiment would be extremely useful for more ambitious projects
anticipated at the SSC.

Introduction
The possibility of studying large samples of heavy quarks has been a subject of dis-
cussion at Brookhaven since the early 1980's M. The proposed Relativistic Heavy Ion
Collider (RHIC), operated in a p-p mode, is expected to reach a luminosity in excess of
1032cm~2«ee~1 at an energy of 250 x 250 GeV. The BB cross section is estimated to be ft
10 fibarns and could produce a sample of about 1010 BB pairs per run. The use of a
single lepton or stiff track trigger to enhance the ratio of events containing B mesons to
total production, a Lorentz boosted B system, manageable interaction rates, and a very
large B cross section make the RHIC hadron collider approach very attractive.

There are several considerations to take into account when running at lower than SSC
energies in a p-p collider.

1. The BB cross section increases with energy and the ratio of BB to the total cross
section becomes more favorable at higher energy. The BB production cross section
at RHIC energies is ~ 1000 times that at fixed target energies using hadron beams
and nearly 10,000 times that of e+e" -+T(4a) . Some estimates place the SSC
BB cross section some 500 times larger than that expected at RHIC energies. The
SSC may produce a BB pair every 100 collisions. The BB cross section at 2 TeV is
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about 5 times larger than at RHIC energies and an experiment at the Tevatron can
expect a BB pair every 1000 collisions.

2. At RHIC energies the detector need only cover a fraction of the full solid angle. The
rapidity range of produced BB pairs and the decay products are limited to ±2 units
of rapidity. This simplifies the detector design . A Tevatron and SSC detector must
cover down to 3.5 and 6 units of rapidity respectively.

3. Results from Monte Carlo studies indicate triggering on the number of stiff, >1-
1.5 GeV Pt i tracks per event in the RHIC and Tevatron energy range efficiently
identifies BB events. Requiring several stiff tracks in conjuction with a secondary
vertex appears to have sufficient rejection to allow triggering on modes such as
B —• K+x~. This is a so called self tagging mode, the daughter K determines or
"tags" whether the parent is particle or anti-particle. These modes are interesting
for CP studies. Stiff track techniques are thought to be much less useful at SSC
energies because the number of "mini-jets" or the fraction of minimum bias events
with a hard scattering component increases with center of mass energy.

4. A factor related to the machine energy is the Lorentz boost. There is a smaller
bottom path length at RHIC relative to the SSC and Tevatron. This is because the
boost is governed by the kinematics of production ar-i the bottom meson Pt which
changes slowly between the two energies.

5. At RHIC energies and above, the production of bottom quarks is dominated by
gluon fusion and therefore little difference exists between production rates in p-p
and p-p colliders.

The demands on the experimental design and performance are challenging at a hadron
collider and much detector simulation and study is required to demonstrate that the
efficiency for reconstructing the BB pairs is high enough to be competitive with other
ideas. An ambitious goal, including triggering, is to achieve an efficiency of a few percent
for reconstructing an all charged, low multiplicity mode. When the CP study requires
tagging the other B, the best one can realistically do in a p-p collider is about 10%.

This paper addresses some of the first issues regarding a bottom collider experiment
at RHIC. The work here follows from work elsewhere and has raised several interesting
ideas and options for people wishing to pursue this physics.. The latest round of interest
in B colliders followed from two Letters of Intent to build dedicated experiments for
intersection region C at the Fermilab Tevatron Collider in March 1987 $.*]. Since then
the High Sensitivity Beauty Workshop at Fermilab (Nov. 1987) began to address many
of the issues in a little more detail [5.6,7,8]. This work is being continued by the Bottom
Collider Study Group at Fermilab, and other individuals who have participated in various
workshops such as the Berkeley SSC Workshop in 1987 [9) the SSC Snowmass '88 Summer
Study and at Brookhaven for RHIC related activities. The main issues relevant to a
bottom collider experiment discussed here are:

1. Bottom Physics Goals

2. Comparison to Other Machines



3. Machine Issues for RHIC

4. Kinematics

5. The detector

6. Conclusions

1. Bottom Physics Goals

The physics these experiments address is very broad in scope and is reviewed by A.
Sanda at this conference [10.11.12,13] -JJ^ tOpics of interest are mixing in both the Bd and
B, systems. The UA1 Experiment CERN has observed evidence for mixing in a study
of dimuons. The Argus experiment has observed miring in the Bd system at the 20%
level t14'. Recently, the Cleo experiment at CESR has confirmed this result. This large
mixing can substantially increase the size of CP violation in the B system, and therefore
a more precise measurement of the mixing is important. The observation of a B, mass
peak and the subsequent study of the decay modes and B, mixing are very important.
It has been pointed out that the relative size of the mixing in B, and Bd is a test of
new quark generations t1^. Other important information will derive from the study of
production mechanisms, rare decays, forbidden decays, and bottom baryons f16'17!. A
thorough study of the charmless decays will be important for understanding the standard
model t18-19!. Some of the above will be studied by the existing lB factories,' CESR and
DORIS, Z0 factories, and hadron experiments.

The major physics goal is to observe and study CP nonconservation in the neutral and
charged bottom system. First consider the neutral B system decaying to a CP eigenstate.
The CP asymmetry discussed is the diiFerence in rates for particle and antiparticle into
the same final CP eigenstate, for example

The uncertainty in predicting which decay modes give large CP asymmetries suggests that
more than one mode should be studied. In particular, an analysis Bjorken suggests P"fl
would imply that B —* ij>K, and B -+ T + X~ gives complimentary information. Conse-
quently, any experiment embarking on a study of CP must be sensitive to as many modes
as possible. When studying neutral B mesons, in order to label the B as particle or
antiparticle , the other 3 in the event must be identified or tagged.

A mode of particular interest at the workshop was B ~* K+ic~. This mode is expected
to have a CP asymmetry of about 10% and the particle anti-particle nature of the parent
B meson is determined by the K+ at K~. The two body decay will produce tracks with
a Pt of about 2 GeV/c which are separable from the 300 MeV/c tracks in the underlying
event. With good particle identification the combinatorics will be reduced substantially.
Some estimates of the experimental factors are the:

• branching ratio, about 10"s. DISCLAIMER

• trigger efficiency about 33%.
This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees makes any warranty, express or implied, or assumes any legal liability or responsi-
b.l,ty for the accuracy, completeness, or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherw.se does not necessarily constitute or imply i t s endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and op.mons of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



• vertex separation efficiency, about 50%.

• tracking efficiency, about 95%.

• cracks and Z length of beam, about 50%.

• reconstruction efficiency, about 25%.

• geometric acceptance , about 75%

• fraction of B* mesons, about 40%

• B cross section of 10 /x barns.

We would like to achieve a combined efficiency, not including the branching ratio, of
about a few percent. With a sample of 1010 BB events a CP asymmetry of about 10%
could be observed at the 3 <r level. This assumes little background and no mistagged
events. Typically, the CP asymmetries are in the 5-30% range P1'.

For modes such a B —• ipK, it is necessary to tag the other B in order to calculate the
CP asymmetry. Tagging efficiencies (of the other B) are estimated to be in the 5%-10%
range. Eventually the sources of mistagged events will have to be studied very carefully.

2. Comparison to Other Machines

• e+e~ machines

The main advantages of the high energy hadron collider are the large cross section
and the Lorentz boost of the BB pair. The cross section at the T(4a) is about 1 n& or ~
10,000 times less than at RHIC and p-p colliders can be competitive in luminosity with
even the next generation e+e~ machines being discussed. The aid of a vertex constraint
on the tracks from the B meson produced at RHIC will be very powerful in reducing
combinatoric background and is a technique not fully available at T(4$) machines.

The e+e~ environment is very dean, the ratio of B meson to continuum produc-
tion is about 1/4, compared to about 2 x 10""* at the collider. Furthermore, on the
T(4«) resonance, all charged tracks come from the bottom meson since tkore is not enough
energy to produce extra pions. At RHIC, an average of 30 charged tracks are produced
per collision L-: .he bottom events. Again, the vertex constraint will eliminate the spurious
tracks in the event.

It is unlikely present day e+e~ machines will observe CP violation in the B sys-
tem. The linear collider approach, proposed by U. Amaldi and 6. Coignet P* ^ d by
D. Cline P* have suggested that luminosities of 103*cm~2sec~1 may be achievable as
well as collisions with asymmetric beam energies, thus providing a Lorentz boost to the
T(4J) system. Other ambitious approaches have been put forward from SIN, KEK, and
SLAC&*'25'^. More recently, Sl^Chas been studying the option of asymmetric colli-
sions, yielding a boosted T(4J) system, by building a small ring to collide with PEP.

The higher energy e+e~ colliders like LEP and SLC have the benefit of a boosted
bottom meson allowing the possibility of vertex detection, a reasonably low multiplicity
event, and very powerful detectors. However, they will not produce enough events to
address CP violation in the neutral B system. Even at 107 Z°'s produced per year this
is less BB 's than CESR produces now.



• Hadron Machines Fixed Target

If the RHIC B experiment can handle ~ 107 interactions/sec, it can take full advantage
of the larger BB cross section at collider energies. It seems likely that at least 1O9-1O10

BB pairs are needed to initiate a study of CP in a hadron machine. The large bottom cross
section, ~ 1000 times larger than at hadron beam fixed target energies is an overwhelming
advantage for the collider experiment. Furthermore, the ratio of bottom to total cross
section, about 500 times larger at the collider, makes triggering and the extraction of a
bottom signal easier than in fixed target experiments.

Events containing rj/s may provide a clean trigger and sufficient background rejection
to signal bottom production P I . Alternative approaches to triggering in fixed target
experiments are being considered to improve efficiency by including single lepton and
multiplicity jump triggers. Other ideas are to pursue only two-body decay modes in very
high rate experiments P * . Considerably more experience is needed in this area. With
a few hundred 5's in hand in a couple of years, the reach of fixed target experiments
may become greater. Recent reviews on this subject are given by J. Ejorken ^"' and P.
Garbindus t»fl.

3 . Machine Issues for R H I C

The present RHIC ring has 4 developed and 2 undeveloped intersection regions. The
layout of the accelerator is shown in fig. L A B experiment would need a new collision
hall to be developed. The design report calls for an initial luminoisty of 1031 cm^2-ec"1

when operated in the p-p mode $1], The machine design allows a luminosity of at least
2 x I O ^ C T O - W " 1 .

A two ring proton collider permits a crossing angle at the collision point which results
in a significantly smaller interaction diamond in the beam direction. The nominal RHIC
p-p beams collide with a ax of about 20 cm. This can be reduced to about 7 cm with
a crossing angle of 3 mr, at some loss in luminosity, if there are no problems with beam
stability.

The vacuum pipe can be placed within 1 cm of the beam collision point. The expected
vacuum is 1O~10 torr in the collision halls and 10~8 hi the arcs.

The machine is presently expected to run ~ 38 weeks of the year for heavy ions. This
would mean roughly 8-10 weeks are available for high energy physics running. At a peak
luminosity of 2 x 1032cm'2sec'1 about 1010 events would be produced.

The funding profile requested for RHIC is such that if funding is started in JY90,
then first beams are expected in 1995.

4. Kinematics

The kinematics of bottom production at RHIC are in many ways startling at first
observation. The B meson Pt spectrum is very soft, averaging about 4.4 GeV/c. This
can be compared to the Pt at the SSC (20 x 20 TeV), where it is about 6.5 GeV/c,
quite similar. The reason is that the large cross section, about 10 /xbarns, comes from
gluon fusion, which has a pole around a Pt equal to the mass of the heavy quark being
produced ' '. The other constraining factor is the rapidity distribution of the tracks from
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Figure 1: RHIC storage ring showing the intersection regions. Either one of the two inter-
section regions marked for future use could be made available for a 6 Physics experiment.
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both bottom particles. About 90% of the tracks are contained within ±2 units of rapidity
at RHIC. The TJ spectrum of JT's from bottom is shown in fig. 2. At the SSC, most tracks
are contained within ±6 units and this is because the increased particle production is
pushed to higher values of rapidity as the energy of the collision is increased.

The average Pt and P of the K from the bottom meson is shown in fig. 3. Here
the stifmess of the K relative to a typically 300 MeV/c track in the underlying event is
evident. The problems associated with triggering on these "stiff" K's is a challenge for
the experimenter.

Another important feature of the kinematics involves the path length I distribution of
the B mesons from the collision point. The distribution is shown in fig. 4 for J3's and in
fig. 5 for D's.

5. Detector

This section describes briefly some of the components of the detector and the required
performance. A schematic of the detector is shown in fig. 6. An isometric view of the
B Physics detector is shown in fig. 7. All tracking and electromagnetic calorimetry axe
immersed in a 2.0 meter radius 1.5 tesla solenoidal magnet field. The various systems
include: vertex detector, charged particle tracking, transition radiation detectors and
calorimetry for electron identification, a muon absorber, particle identification for kaons
and no hadron calorimetry since missing Et is unimportant. These systems cover 90° to
20° in theta.

• Vertex Detector

The vertex detector must perform well for this experiment to identify a clean B in-
variant mass peak. The combinatoric background is expected to be reduced substantially
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Figure 6: Schematic representation of a B Physics detector showing the various types of
devices needed and their likely dimensions.
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Figure 7: Isometric representation of a B Physics detector



by a path length cat as evidenced by the experience of E-691 at Fermilab. Silicon drift
technology is the preferred choice for the vertex detector because of the extra pattern
recognition strength of a pixel device over that of projected strips. This detector, de-
veloped by E. Gatti and P. Rehak $3]^ can locate the charged particle trajectory to a
10 x 10 p pixel by using drift time information and determining the centroid of the elec-
tron cloud. A system of 3 double planes of high resistivity, 280p thick, silicon positioned
at radii lcm 2cm and 3cm is used. The geometry is that of a polygon that approximates
a cylinder. In total, there are 480 2 x 2cm2 detectors, leading to about 105 channels. The
drift time is roughly lfisec over 2cm. Recent progress has been made in integrating an
amplifier onto high resistivity silicon allowing the next step of placing the amplifier on the
same wafer as the detector to take place. This is expected to give an input capacitance
of 60 fF and a noise of about 100 electrons $4'. The detector has been shown to work in
principle but now R & D is needed for a system test, including readout, that integrates
everything together and demonstrates that the temperature can be held sufficiently stable
and that power dissipation from a readout system is low enough for a collider detector.

• Magnet

The solenoid magnetic field will be chosen to achieve the needed mass resolution.
The mass resolution needed for separating out B* and B, and rejecting combinatoric
background is about 25 Mev/c. Gas tracking is needed to minimize the contribution of
multiple scattering to the mass resolution. A further challenge is the need for good Z
resolution for mass reconstruction and pattern recognition.

• Electromagnetic Calorimeter

The primary function of the Electromagnetic Calorimeter (EC) ii electron identifica-
tion. Because the electrons in the momentum range of interest are relatively soft fairly
good momentum resolution can be expected by measuring the electron track and thus
good energy resolution is not a primary consideration for the calorimeter, the emphasis
most be on shower development and shower localization.

There is lot of activity going on in Electromagnetic and Hadron calorimetry. One of the
most promising approaches is the "Spaghetti calorimeter" under construction at CERN by
Wigmans and collaborators. It uses scintillating fibers as the sensitive medium and lead as
the absorber. The new understanding of the hadron showers and Monte Carlo simulations
show that this configuration should achieve full compensation for hadron showers. For
EC we have little interest in the compensation mechanism. However, we can use the new
technology to produce an EC with the needed electron identification.

The location of EC within the magnetic field makes the use of light for shower detection
rather unpractical. A simpler approach may be to use ionization for keeping the lead
absorber and stainless steel tubes of the spaghetti calorimeter design and replacing the
fiber scintillators with pressurized gas and wires. The pressure should be high enough and
the diameter small enough to eliminate 6 rays problems. The gas gain can be low enough
to avoid any potential problems with the detector aging. The read-out could be essentially
projective with small angle stereo in at least 3 projections. Due to the relatively good
position resolution of the read-out geometry and the modest density of electromagnetic
showers we can get away with projections.
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The read-out can be divided in two parts along the beam direction at the symmetry
plane of the detector to have the maximum tube length below 2 m. In the radial direction
(direction of the shower development) 3 groups (each with 3 stereo directions) would
allow use of the longitudinal shower development for identifying electromagnetic showers.
The finest division read-out will be at the second group located at the shower maximum.
Assuming 2 cm read-out width at this second group (<r = .6 cm) and 4cm width in the

2 groups the number of read-out channels is about 9000. This number could
be increased if more detail studies show that a finer division is needed.

• RICH

The ring imaging Cherenkov counters are designed to identify kaons, pions and protons
from 1 GeV/c to above 10 GtV/c. The present approach is to use two counters . For the
low momenta we use a liquid radiator with proximity focussing ; the preliminary design
gives x/K separation up to ~ 5 GeV/c and e/r separation up to ~ 1.5 GeV/c. As a first
pass we have chosen a gas radiator, at atmospheric pressure, for higher momenta; this
will give r/k separation from ~ 3 GeV/c to well above lOGeV/c, overlapping the range of
separation of the liquid counter. This counter will give e/x separation from < 1 GeV/c,
limited by particle trajectories in the magnetic field, to ~ 10 G*V/c.

A first estimate of the overall length of the counters is 20 cm for the low momen-
tum counter, determined by the free space following the radiator required by proximity
focussing, and 50 cm for the higher momentum, determined by the length of radiator
required for adequate photoelectron statistics. One should note that if one is prepared to
use a high pressure counter the gaa counter caa be shortened, leading to a more compact
detector. Given the difficulties encountered with radiation effects in TMAE we expect to
use TEA in the photon detectors. We note that recent measurements on TEA show that,
if one is limited by optical dispersion, the two absorbers give comparable performance.

• Muon Detector

Muon identification is achieved by requiring penetration of an amount of iron consistent
with the particle's energy. The iron will also serve as a flux return for the solenoidal
magnet. The first active element of the muon system is shielded by a one meter thick iron
sleeve. Each detector layer consists of two planes of drift tubes orientated at 6 degrees
stereo angle. The maximum drift distance will be 5mm. so there will be no overlap with
the next beam crossing 100 nsec. later. However, the wires could be ganged together
to give a spatial resolution consistent with multiple scattering in order to reduce the
number of electronics channels. Muons with momentum greater than about 1.4 GeV/c
will penetrate one meter of iron. Thus muons with transverse momentum greater than
1.4 GeV/c will penetrate to the first layer. This is followed by three iron sleeves each
33 cm thick interleaved with detector elements. The energy of muons with transverse
momentum between 1.4 GeV/c and 2.7 GeV/c will be estimated from range to about
7% x tr. Range straggling contributes about 6%. Thus the energy will be measured to
about 10%. Muons with transverse momentum above 2.7 GeV/c will penetrate through
the entire muon identifier.

Hadrons can simulate the muon signal either through decay or punchthrough. About
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2% x 1.4 GeV/Pt of charged pions and 9% x 1.4 GeV/Pt of charged kaons will decay to
a muon in the 1.5 m of transverse distance before the electromagnetic calorimeter. The
pion/kaon ratio in this pt range is about four to one. The muon momentum varies from
0.57 x p to the full momentum for r decay, and 0.05 x p to the full momentum for K
decay. Sometimes the kink in the track can be observed. UA1 rejects 10% of pion decays
and 30% of kaon decays by observation of the kink t35'. However, this detector uses high
pressure straw chambers with better spatial resolution. When the kink is not detected,
the momentum will be mismeasured. It is expected that with the requirement that the
energy from range be consistent with momentum, a hadron rejection of better than 100
to 1 can be achieved for Pt > 1.4 GeV/c, however more detailed simulation is necessary.

The background from punchthrough is smaller than that due to decays. The proba-
bility of a 20 GeV/c hadron punching through two meters of iron is only 0.6% $6'. A
negligable number of muons from B decay have transverse momentum this large. The
punchthrough background is much less if the particle stops in the iron and the range is
required to be consistent with the momentum.

• Trigger

The trigger for the purposes of the workshop was limited to discussing the stiff track
trigger and a secondary vertex trigger. The quality of this trigger will determine the
physics available to the experiment. Isajet studies indicate that the stiff track trigger will
efficiently reject TniTiiTTmrn bias events. Shown for BS events in fig. 8 is the plot of the
number of events per second versus track Pt with the curves indicating the number of
events with >• 2, > 3, > 4 or more tracks per event above that Pt . A cut requiring
the K and x from the B tracks with projected impact parameters of at least 50p has
been applied. Shown in fig. 9 is the same plot for background events, both assuming a
luminoisty of 2 x 1033cm~2 MC"1. Work on the vertex trigger is about to commence.

The lepton trigger presents a major challenge because the leptons are extremely soft in
Pf Shown in fig. 10 is the Pt and p spectrum of e from semi-leptonic B decays. Already it
can be seen the electron trigger will require pulse height information from the silicon near
the beam pipe, tracking TJLD's, online charged track momentum analysis, longitudinal
shower information after a couple of radiation lengths from the calorimeter, small tower
sizes, and summed energy in the event. Maintaining a high electron efficiency while
keeping the rejection high is the major challenge here. The prompt electron rate from
all sources is a couple of Idlohertz at a luminosity of 1032cm~*«c~a. The trigger should
reduce the electron misidentification background to about this level, about a kilohertz.
This emphasizes the need for a high rate data acqusition system and considerable online
software event analysis as a further stage in the trigger.

It is this tracking and vertexing trigger requirement that makes a processor based
trigger attractive if it can be fast enough. The learning curve for tracking is known to
be long and arduous and the system with the greatest flexibility will eventually make the
least number of errors.

6. Conclusions

The bottom physics that can be studied at RHIC is broad in scope and potentially very
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Figure 8: (number of J3's -* Kr)/(lQ10BJa) vs. minimum pt for each of: 2 charged tracks
(solid line), 3 charged tracks (dotted line), 4 charged tracks (dashed line). The K and x
from the B have an impact parameter cut of 50 microns

Figure 9: (number of events)/(0.1 pb} vs. minimum Pt for each of: 2 charged tracks (solid
line), 3 charged tracks (dotted line), 4 charged tracks (dashed line)
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exciting. People have begun to study the design issues of a bottom collider detector. It is
a lot of work to demonstrate that one can effectively use a sample of 109-1010 produced
bottom events. Though challenging, the group feels strongly the technical goals can be met
and the experiment successfully built and operated in the high rate collider environment.
The most ambitious physics goal of this experiment would be to make the first observation
of CP nonconservadon in the bottom system. Studying CP aymmetries at the 10%-20%
level in several modes appears attainable for a new experiment designed explicitly for
studying the B system. Once observed, it is of great interest to study CP nonconservation
in the neutral and charged bottom system in detail. This may require moving to the SSC
and taking advantage of the large increase in the B& cross section.
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