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1. INTRODUCTION

During the 1988/1989 run at the Fermilab Tevatron, the CDF detector col-
lected =~ 4.1pb™! of pp data at /s = 1.8 TeV. The main goals of this run being
physics at high py, the CDF trigger was “tuned” for maximizing signals from 2%,
Ws, t-quarks, and etc. As such, compared to the high p,; physics, the b-physics
program was of secondary importance other than that which would be used for
background calculations. Also, CDF had no vertex chamber capability for seeing
displaced vertices. However, significant b-quark physics results are evident in two
data samples:

1. Inclusive electrons;

2. Inclusive JAp where Jip — ptu~.

We can then ask ourselves, given all this, why is it that CDF is able to do
b-quark physics? The answer is that nature has been kind enough to provide b-
quarks at an extremely high rate at the Tevatron. The production cross-section
for bk production is quite large, as table 1 implies.

PROCESS Oproduced(pbarns) Per inelastic
Unitarity (= 4772, 010n) 120, 000

Inelastic { “minimum bias”) 80,000 1/2

“QCD” (moderate—high Q?) 1,000 1/50

b X 40 1/1000

W —ev 0.002 1/25,000, 000
1t X (mygp = 100 GeV) 0.0001 1/500, 000, 000

Table 1. A comparison of various “typical” production cross sections at the Teva-
tron. All numbers are approximate.

In the rest of this paper, I will try to specify the goals for b-physics using the
inclusive electrons and Jfy signals for the 1988/89 data set. I will then provide
a brief look at the data, and will finish with some highly speculative guesses as to
whether or not experiments at the Tevatron which look for CP violation in the b
sector are possible.



2. B PHYSICS GOALS AT THE CDF

There are many theoretical questions to answer concerning production prop-
erties of b quarks. For instance, due to the fact that the structure functions favor
gluon interactions below \/Q? ~ 30 GeV (where the bb cross-section is highest),
one expects that initial-state gg diagrams dominate over initial-state ¢§ and qg. In
figures 1 and 2 we show the lowest and next highest order diagrams, and of these
the t-channel diagrams (“gluon fusion”) dominate lowest order and the gg — gqg
(“gluon splitting”) dominate at next highest order. Naively, the cross-section for
the higher order amplitudes is expected to be of order a, smaller than the tree
level process due to the extra vertex. However, when the invariant mass of the ¢g
is small compared to V3, the energy of the subprocess, the process can be factored
into a term for the production of gg (proportional to a,) times the propagator
(l/m?ﬁ) times the gluon splitting probability into gg, or following Eichten{1]

_ _ _ o dm gz
o(pp — ql9) = o(pP — 99) X 5 / B Pyvqz(z)dx
Ve mqa

and for production at pseudo-rapidity 7 = 0 in the CM frame

a(pp — qq9) = o(pp — gg) x ;’-1" (“—s_—z)
T 4myg

Since the lowest order gg production cross-section is a factor of ~ 100 times that
for lowest order qg, we see that o(pp — qgg) ~ o(pp — qq). Note that these two
processes (flavor creation vs. gluon splitting) may have different topologies and
p dependencies, and as a source of backgrounds to high p; processes such as tf
production, it is crucial to measure the bb production properties such as o and
do/dps. Predictions of bb production rates at the SSC would also be aided if
the extrapolations (to small z = E/FEjpeq,, and large Q?) started at 1.8 TeV from
measured rates. For these reasons, the measurement of the bb production cross-
section and do/dp; are some of the main goals of the CDF b-physics program.

Also, since the mixing for BYBO is.large:

[(B? — BY — X0)

02 2 ) 0,19 4 0.06 & 0.06[2
T(B° — X0) 0 2

r=

a measurement of mixing using the like-sign electrons in the inclusive dielectron
sample is another goal of the CDF b-physics program.
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Figure 1. Lowest order graphs for ¢§ production.
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Figure 2. Next highest order grapls for ¢g production.



3. THE CDF DETECTOR

The CDF detector has been described in detail elsewhere [3]; here we describe
relgvant components in brief.

3.1 Tracking

Immediately outside the beam pipe are 8 time projection chambers (VTPC)
providing r — z tracking up to a radius of 22 cm in the pseudo-rapidity region
[n] < 3.5. The primary use of the VTPC is in event vertex finding in z (with
a resolution of 6z ~ 1 — 2 mm) and in identifying photon conversions in the
VTPC/CTC (central tracking chamber) inner wall. Charge tracks are measured
in a 1.412 Tesla axially field by the CTC, an axial drift chamber in the region
[n| < 1.2. The chamber consists of 84 sense wires, 24 of which are tilted +3° to the
axial direction for stereo determination. The wires are arranged in 9 superlayers,
tilted for Lorentz angle compensation, extending to a radius of 1.3 m. Transverse
momentum resolution &p;/p; is measured to be 0.0017p; (GeV /c), and is improved
to 0.0011p; using beam constrained fits.

3.2 Calorimetry

The CDF calorimetry consists of three subsystems in the regions |n| < 1.1
(central), 1.1 < |n] < 2.2 (plug), and 2.2 < |5| < 4.2 (forward). In this analysis,
electrons are restricted to the central region and jets are restricted to the central
and plug regions.

The central electromagnetic (CEM) calorimetry consists of alternating layers
of lead with scintillator sampling, 18 radiation lengths deep, with projective tower
geometry subtending 67 x 6¢ = .11 x 150. The resolution measured using testbeam
electrons between 10 and 50 GeV is found to be o/ E = 13.5%//E: @ 1.7% where
the two terms are added in quadrature and E; = E'sinf is in GeV. At shower max in
the CEM (6X{) are proportional wire chambers (CES) with cathode strip readout
used to measure the azimuthal and axial position and shape of showers. The
resolution measured using 25 GeV testbeam electrons is 2.0 mm in both the ¢ and
z coordinates. Hadron showers are measured using iron-scintillator calorimeters
(CHA and WHA) located radially behind the CEM. The resolution for testbeam
pions is measured to be /E ~ 80%/VE. The phototubes are instrumented with
TDCs which provide timing information used to reject cosmic ray and Main Ring
backgrounds.

The plug and forward regions consist of gas proportional-tube calorimeters,
both using lead absorber for EM showers and iron for hadronic and employing
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cathode pad readout. Projective towers cover én x §¢ = .09 x 5°. The energy
resolution for electrons and jets is measured to be ¢/E =~ 30%/VE and o/E =~
120%/VE respectively.

3.3 _Central Muons

Muons are identified in the central region |n| < 0.65 in drift chambers operated
in streamer mode situated behind the 4.9 absorption lengths of the central EM and
Hadron calorimeters. Chambers are segmented in ¢ into 12.6° wedges attached to
the top of each calorimeter wedge, and there are 4 chambers per wedge. Single
hit TDCs provide timing used to determine the ¢ coordinate in each chamber to
ér¢ ~ 0.5 mm. Charge division is used to measure the z coordinate to 6z ~ 5.0
mm.

4. INCLUSIVE ELECTRONS

4.1 Trigger and Selection Criteria

For the 1988/89 Tevatron run, the inclusive electron trigger consisted of the
following:

o Hardware levels:
— Limited to the central tracking region 7| <1
— Hardware electron cluster defined by
* < 15 trigger towers (61 = .2,8¢ = 15°)

* transverse electromagnetic (EM) energy > E;/1.125 where E; is the
total transverse energy in the cluster.

— A match to a “stiff” CTC track in the same (4) slice.
— 12 GeV trigger: EM E; > 12 GeV and p; of the track > 5.5 GeV.
— 7 GeV trigger: EM E; > 7 GeV and py; of the track > 4.8 GeV.
o Software level:
— Shower profiles in the strip chambers consistent with testbeam electrons.

— FE; of the electrons above 12 GeV for the 12 GeV triggers and 7 GeV for
the 7 GeV triggers.

The efficiency for the 12 GeV trigger was studied using the missing transverse
energy () triggers at “high” p; and the 7 GeV triggers at low p,.

Offline, electrons in the central region are required to pass the following cuts:



o Lgp < 0.2. This is a measure of how the lateral leakage of energy in an EM
shower is consistent with testbeam data. The z vertex (from the VTPC) is
used for this calculation.

» o 6rp < 1.4 cm and 62 < 2.0 cm where 6r¢ and 6z are the distances in r¢
and z between a track as extrapolated from the CTC and the EM shower
position as measured in the CES.

° ? < 10 where 7 is the average x* of the shower profile (using testbeam
electrons) in the r¢ and z views in the CES.

e Had/Em < 0.04 in the cluster.
¢ 1 and only 1 charged track pointing to the cluster.

¢ 0.75 < E/p < 1.40 where E is measured from the cluster and p from the
CTC.

Photon conversions are rejected searching for an oppositely charged track
within 8(cot#) < 0.06 in the polar angle which has a distance of closest approach
of less than 0.2 cm to the electron candidate. Candidate electrons which satisfy
this cut and an additional criteria that for VTPC/CTC conversions there be less
than 20% of the expected hits for a real electron in the appropriate road in the
VTPC are removed.

After all cuts, we estimate the background to the prompt electron signal to be
15 + 15% from charge hadrons and 12 + 7% from residual photon conversions.

Additional backgrounds from W -+ ev and Z — e*e™ decays are removed
requiring the following:
1. M2 = 2EFi(1 — cosé¢) > 64E; where Ey is of the electron and Fiis the
length of the vector sum of the transverse energy in the calorimeters (with
|n] < 3.6). This removes W — ev decays.

2. For all other clusters in the event which have EM fraction above 0.85 (EM
cluster), we require the invariant mass of the electron candidate and the EM
cluster m(e, EM) > 80 GeV. This removes Z — ete™ decays.

After all cuts, there are approximately 13,000 electrons from the ~ 225nb~! of
7 GeV triggers and 17,000 from the ~ 4.1pb™! of 12 GeV triggers. Figure 3 shows

the py spectrum for these electrons before and after W/Z subtraction, and figure
4 shows the p; spectrum for the conversion candidates.

4.2 Production Rates

The physics contribution to the inclusive electron distribution (not from back-
grounds such as misidentification and conversions) are estimated using the ISAJET
Monte Carlo. Events are produced from the following physics sources:
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¢ By, mesons decaying semileptonically;
o B, mesons decaying semileptonically;

. B baryons decaying semileptonically;

¢ charm mesons decaying semileptonically;
e cascade decays b — ¢ — [;

e J/y — It~ production.

After generation, all events were run through the full CDF detector simulation
programs. The following table summarizes the results for electrons with p; > 12
GeV.

By4 B, Biaryon | Charm | b—c—e J/v
Production 0.60 0.09 0.05 0.20 0.04 0.01
Fraction
Detection 043 | 043 0.35 0.17 0.13 0.55
Efficiency
Observed 0.72 | 0.12 0.05 0.09 0.01 0.01
Fraction

Table 2:  Fractions of electrons with p; > 12 GeV from various sources.

The first row lists the fraction of the inclusive electron produced cross-section from
the various sources. The second row lists the detection efficiency for each source.
The last row contains the fraction of the observed inclusive electron cross-section
from the various sources. We see that ISAJET predicts that 72% of the (real)
inclusive electrons are from B-isospin mesons, and that 90% are from all B sources.
Figure 5 shows the inclusive electron sample after W/Z removal with the ISAJET
predictions for b and ¢ to electrons superimposed (and a curve for ¢ only) with
arbitrary normalization.

43 B—D°

The above table predicts that 72% of the inclusive electrons in the region
in] < 1,pr > 12 GeV are from B, 4 mesons. Therefore, we search for evidence
of D® mesons in these events via the decay D — K~#+ and D’ Kt To
reduce backgrounds, we limit the the p; of the electrons to be between 11 and 30
GeV. Note that the sign of the electron tags the charge state of the b quark and
the sign of the kaon tags the charge state of the charm meson. The invariant mass

-494-

Events /0.5 Gev/c

10*

I ¥ T

4 p‘>7 GeV triggers

b+c Isojet (Arb. Norm.)

R S c lIscjet

* p>12 GeVv Triggers |
(W.2 Subtrocted)

1*##*
t1
}ot

CDF Preliminary

1 1 {

20 ' 40 60

P, (Gev/c) Electron

Figure 5. Inclusive lepton p, spectrum: W/Z removed
with leptons from ISAJET b and ¢ quark decay.



of all pairs of oppositely charged tracks within a cone of AR = 0.6 in ¢ space
(AR? = 7% + 6¢%) around the electron are shown in figure 6. The momentum of
the “kaon” track is then required to be above 1.5 GeV, and the sign is required to
be the same as the electron (or positron). The peak above background contains
75+ 17(stat) events. ISAJET calculations predict 724 20 events. Figure 7 shows a,
plot of the Kme invariant mass for events in the region [m(Kr) —mpo| < 30 MeV.
The events in the sideband region defined by 30 < m(K#) — mpe < 90 MeV and
—90 < m(Kn) — mpo < —30 MeV are subtracted, and for this plot the cone cut
is opened up to AR < 1.2. We see that within statistics the distribution falls to
zero near the mp threshold. This is as one would expect if the D% and electron
were from a B meson decay.

Since b quarks are produced in pairs, one would expect to see D% produced
in the “other” jet, which would result in kaons opposite in charge to the lepton.
Flavor creation processes should result in events with a lepton and an oppositely
charged kaon in opposite detector hemispheres. Figure 8 shows no evidence of a
DO peak for events on the “other” side. This is under investigation, and may be
due to at least one or more of the following reasons:

o bb quarks should be produced with some rapidity correlation such that én ~ 1
or greater. [4] Also, one expects that the bb rapidity distribution to be rather
flat out to rapidities of ~ 4. [4,5] Since the tracking region of the CTC is
limited to the region |7 < 1, this would cause a decrease in the acceptance
for the “other” b given the detection of the first one.

o Qualitatively, a cut of p§fec™" > 12 GeV corresponds to roughly b > 20
GeV. This is far out on the tail of the b quark p, distribution, [6] where the
efficiency for detecting D® — K~ 7+ is expected to be reasonable. However,

the b quark on the other side does not necessarily have the same high p, as
its partner, and hence will be more difficult to detect.

Work is continuing on this important question.

44 Inclusive Electrons - Goals and Speculation

At this date, a value for the mixing parameter (see section 2) is in progress.
Also, since the semi-leptonic decay of the B, meson should be ~ 100% to the D,
meson (B, — DserX), one might speculate that by looking for D, — ¢ or Dy, —
K*K* one may measure the mass of the B,. This search is in progress. (However,
as described below, CDF may have better measurements of these quantities using
the inclusive Jp — p*pu~ events.) It is difficult to estimate how many events may
be in the present sample due to many uncertainties, e.g., the fraction of B mesons
which are B,, the branching ratio of b — e, the reconstruction efficiencies, etc.
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For instance, if we search for Dy, — ¢nt(¢p — KtK~) and D, —» K**K+(K*0 —
K~x%), “reasonable” estimates indicate that the produced number of B, events
should be no larger than ~ 5.

The next run is scheduled for mid-1991. CDF expects to record an increase
in the luminosity of ~ x8. With a lower trigger threshold, 12 — 10 GeV, an
additional factor of 2 — 3 may be gained. This would mean a sample of >~ 300, 000
inclusive leptons with p, > 10 GeV on tape. CDF also plans to install a silicon
vertex (SVX) chamber around the beam pipe to look for displaced vertices. With
such a device and the expected amount of data, the B, meson should be discovered
and its lifetime and meson fraction (B, /B, 4) measured. This device will also help
in studying lepton-DP° events by required displaced vertices.

5. EXCLUSIVE DECAYS OF B- yX, ¢ - p*tu~

5.1 Trigger and Selection Criteria

As mentioned above, the CDF central muon system covers the region || < 0.6
(cos@ > 0.53), and due to the construction of the chambers has an acceptance of
~ 83% x 2 in ¢. The trigger consists of the following:

e Hardware Level 1: A central muon candidate is defined as having a coinci-
dence between at least two out of four layers of the central muon chambers
with roads defined to be 50% efficient for 3 GeV muons. See ref. [3] for more
details.

o Hardware Level 2: Requires 2 level 1 central muon candidates each having a
track match in ¢ (£7.5°) with p; > 3 (90% efficiency point).

¢ Hardware Level 3: Requires the level 2 dimuon as above with an additional
requirement that the two muons have p; > 3 where here p; is the momentum
of the tracks matched in ¢ as determined by a fast, zy tracking reconstruc-
tion.

Offline, tracks are reconstructed using the full CDF tracking program, and
“stubs” in the muon chambers are matched to tracks to form candidate muons
with the requirement that p, > 3. Due to hardware problems at the beginning
of the run, only ~ 3.0pb~! of dimuon triggers were collected. Dimuon unlike-
sign candidates are then used to search for JA) candidates. Figure 9 shows the
invariant mass distribution of dimuon candidates where the p; of the dimuon pair
was required to be greater than 4 GeV. The distribution from like-sign dimuon
pairs is also shown in this figure as a dashed line. There are approximately 1700
J/i events in the peak.



5.2 Jiy Production

JM particles are produced either directly as charmonium (pp — cX) or as
decay products of other particles. Since the J/i) has quantum numbers JFC€ = 1-—,
t-channel processes (gg — ¢¢) which have 2 gluons in the initial state are suppressed
relative to s-channel processes (e.g., g9 — g — ¢€) which have a single gluon in the
initial state. However, in pp collisions for mass states as low as the J/4, t-channel
processes dominate the production. This results in a suppression of direct Jfy
production relative to the production from decays, dominated by x12 — J/vy
and B — J/$X. Again, since gluon fusion processes dominate, it is the mass state
which determines the production rates at a given p;. Therefore, one would expect
that the process x1,2 — J/ty will dominate at low p; and B — J/¢ X dominate at
a higher p; (p; of the Jjp ). Figure 10 shows the transverse momentum distribution
of the JAp candidates along with a prediction from a calculation by Glover et al.(7]

bb Cross- io

There are many methods available for measuring the bb cross-section. At
present, all results are preliminary. I will therefore describe some of the more
promising methods which are being explored.

5.9.1 PBvent Topology

In producing J/) from x1,2 decay, the p; of the xy 2 comes from recoil gluons,
whereas lowest order bb can have nonzero p; of the b-quark recoiling against a
partner b. The event topologies are therefore expected to be different. For instance,
JA from B decay should be nearer to hadronic activity occurring in the same b-jet
relative to X1 2 where most of the remaining jet activity in the event is occurring in
the recoil side. We therefore search for such a correlation in J/y-track and J/¢-jet
distributions. The analysis is at this time too preliminary to present here.

5.3.2 The Ratio o(¥)/o(y")

Figure 11 shows the lepton invariant mass of dilepton pairs at the Y(4S) as
measured by the CLEO collaboration. [8] From figure 9, we see that the cross
section for detecting J/y' relative to J/ip is quite a bit smaller at the Tevatron.
Since theoretical prejudice has it that at the Tevatron =~ 100% of all JA& come
from B decays, there must be another source of Jf) production. By comparing
with the CLEO result, one can extract the rate for 12 — ¥, and use this to
measure the bb production cross section. This analysis is also in progress and will
not be discussed here.
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5.3.83 x — Jhry

The search for the decay x1,2 — Jfiry begins with the dimuon sample (3.0pp71).
Muon candidate tracks are fit with a beam constraint. Figure 12 shows the dimuon
invariant mass in the signal (3.05 < m(ptu~) < 3.15) and sideband (2.80 <
m(pt ™) < 3.00 and 3.20 < m{utp~) < 3.40) regions.

For each muon candidate, the track extrapolation to the muon stub is required
to match within +5cm (=~ 2¢) in the transverse plane. Photon candidates are
restricted to central towers with Egpr > 1.0 GeV. The shower is required to be
consistent with a photon shower in the CES (see above) by requiring x?, x3¢ < 4.
The direction of the photon is calculated from the position in the strip chamber and
the event vertex as determined by the VTPC; the energy is tower EM energy. In
order to reduce the combinatoric background from Jfy decays from B mesons and
to further the approximation that the energy of the photon is the sole contribution
to the cnergy in the tower, we define an isolation variable using

o Y p; of tracks (with py > 1.0 GeV) in a 30° cone, and

e > E =Y FEyap + Egy (with E > 1.0 GeV) in a 5 x 5 matrix of towers
about the photon direction

excluding the muons from the sums. The sum Y p + ), F < 2.5 GeV gives a
background rejection of 70% with an efficiency of 80% using the ISAJET Monte
Carlo and full CDF detector simulation.

After this cut, the mass difference m(ut =) — m{utu) is shown for the signal
and side-band regions in figure 13, and a fit to the data using a gaussian signal
over a background parameterized by

vVAm-la+b-Am+c- (Am)?).

The fit yields 48 £ 15 events in the signal region centered at Am = 432+ 13 MeV.
The width is measured to be 74 + 24 MeV. Calculations using the ISAJET Monte
Carlo and full CDF simulation indicate that roughly 50% more J/¢» come from x
than from x3. Using the values m,, = 3.510 GeV, m,, = 3.556 GeV, m, = 3.0969
GeV, and the production fraction o(x1) = 1.5-0(x2) we expect the mass difference
to peak at 431 MeV, in good agreement with the data.

This analysis is still in progress, however it should yield a good measurement of
the fraction of Jfy» decays from x1.2 as a function of py, and thus a bb cross-section.



5.3.4. Erclusive Decays B — ¢yKt and B — ¢ K*0

To look for exclusive decays of B mesons to JAiy we use the entire 4.1pb™?
dataset. Figure 14 shows a plot of Jfi) candidates (where there are ~ 2800 candi-
dates over a background of =~ 10%) and figure 15 shows a blowup of the distribution
about the JA) mass, fit to a gaussian. The mean of figure 15 is consistent with the
mass of the JA) to very high accuracy.

For exclusive decays, all dimuon pairs with m(u*p™) in the signal region [de-
fined by |{m(p*p~) — my| < 50 MeV] refit with a mass constraint to my, = 3096.9
MeV [the side-band regions are defined by 2.7 < m{u*u~) < 3.0 and 3.2 <
m{ptp~) < 3.5]. Charged tracks which are consistent with coming from the same
event vertex in 2z as measured by the VIPC are then refit with a vertex constraint
to that vertex. To reduce combinatorics, the following cuts are applied:

e Only tracks within a cone of 60° (AR ~ 1) about the J/ direction are
used. This cut favors the high p; B-mesons (relative to other sources of Jip
production).

o The invariant mass of each JA) candidate and pairs of oppositely charged
tracks (m(J/¥r¥ 7)) are required to be more than 15 MeV away from the
JAY mass (see figure 16). Only tracks within a cone of 40° about the JA»
are considered, and no momentum cuts are applied to these tracks.

All charged tracks with p > 3 GeV are assigned the K~ mass, and the invariant
mass of these tracks and the JAp (mass constrained) candidates is shown in figure
17. An excess of o~ 20+6 events at the B mass indicates the exclusive decay B¥ —
K%, Figure 18 shows the same invariant mass distribution for J/ candidates in
the above defined side-band regions. No excess appears at the B mass in this
distribution.

In order to reduce the combinatorics in the search for B — K ™*® where
K*9 — K*7~, only the three highest tracks in momentum are considered. Figure
19 shows the invariant mass of the 3 pairs of tracks where one is assigned the
charged kaon mass. The natural width of the K*0 is ~ 50 MeV. We therefore
only consider pairs of tracks within £50 Mev of the K*9 mass, and form the
invariant mass of the Jip candidate with these tracks. Figure 20 shows an excess
of ~ 15 £ 6 events at the B mass. Figure 21 shows the invariant mass using the
Jhy candidates in the side-band regions, and figure 22 shows the invariant mass
using the Jf candidates in the signal region and like-sign K7 pairs in the A™*0
mass region. No excess at the B mass is seen in either of these two distributions.

Figure 23 shows the combination of the invariant mass distributions from fig-
ures 17 and 20 indicating an excess of ~ 35 £ 9 events at the B, 4 mass.
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5.3.4. Ezclusive Decays B — yK* end B — ¢K*°

To look for exclusive decays of B mesons to Ji we use the entire 4.1pb~!
dataset. Figure 14 shows a plot of Jf» candidates (where there are ~ 2800 candi-
dates over a background of ~ 10%) and figure 15 shows a blowup of the distribution
about the JAp mass, fit to a gaussian. The mean of figure 15 is consistent with the
mass of the Jf to very high accuracy.

For exclusive decays, all dimuon pairs with m(u*u™) in the signal region [de-
fined by |m(putp™) — my| < 50 MeV] refit with a mass constraint to my, = 3096.9
MeV [the side-band regions are defined by 2.7 < m(utp~) < 3.0 and 3.2 <
m(utp~) < 3.5]. Charged tracks which are consistent with coming from the same
event vertex in z as measured by the VTPC are then refit with a vertex constraint
to that vertex. To reduce combinatorics, the following cuts are applied:

e Only tracks within a cone of 60° (AR ~ 1) about the J&) direction are
used. This cut favors the high p; B-mesons (relative to other sources of Jfip
production).

& The invariant mass of each JA) candidate and pairs of oppositely charged
tracks (m(J/ymtx~)) are required to be more than 15 MeV away from the
JAY' mass (see figure 16). Only tracks within a cone of 40° about the Jf
are considered, and no momentum cuts are applied to these tracks.

All charged tracks with p > 3 GeV are assigned the K~ mass, and the invariant
mass of these tracks and the JA) (mass constrained) candidates is shown in figure
17. An excess of ~ 20+6 events at the B mass indicates the exclusive decay B¥ —
%K%, Figure 18 shows the same invariant mass distribution for J/¢ candidates in
the above defined side-band regions. No excess appears at the B mass in this
distribution.

In order to reduce the combinatorics in the search for B® — ¢ K*® where
K*® - K*r—, only the three highest tracks in momentum are considered. Figure
19 shows the invariant mass of the 3 pairs of tracks where one is assigned the
charged kaon mass. The natural width of the K*® is ~ 50 MeV. We therefore
only consider pairs of tracks within £50 Mev of the K*® mass, and form the
invariant mass of the Jfy candidate with these tracks. Figure 20 shows an excess
of ~ 15 % 6 events at the B mass. Figure 21 shows the invariant mass using the
Jfp candidates in the side-band regions, and figure 22 shows the invariant mass
using the JAp candidates in the signal region and like-sign K7 pairs in the K0
mass region. No excess at the B mass is seen in either of these two distributions.

Figure 23 shows the combination of the invariant mass distributions from fig-
ures 17 and 20 indicating an excess of = 35 £ 9 events at the B, g4 mass.
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6. CP VIOLATION AT THE TEVATRON

With the above promise for significant contributions by hadron colliders to
B-physics, it might be worthwhile to consider whether the ultimate goal of a B
physics program, namely CP violation measurements, can be achieved. Just what
one is going to measure at the Tevatron in order to see CP violation is discussed
below.

6.1 _Primer on CP Vijolation in the B sector

In any quantum mechanical process which can occur through more than one
amplitude, interference phenomena can result in CP non-conservation. In the
standard model of weak interactions the W boson interacts with mixtures of the
quark mass eigenstates through the CKM matrix. The Hamiltonian for these
interactions is given by

g9 = 9 - 5

"= EW; > w1 - )d; Vs + "\/EW# oAyl - w3
where u; Tuns over u, c,t quarks and d; runs over d, s,b quarks, g is an overall real
coupling, and V;; is the unitary CKM matrix. Under CP transformations, we have

(CPYH(CPY™ = oWy ) T (1 = v)uibsy + Wit 5 k(1 = 15)d;V;
and we see that from comparing the above two equations, if V is real, then H is
CP invariant. Although it is possible to absorb some of the complex phases of V
into the quark fields u and d, Kobayashi and Maskawa, [9] have shown that if V
is a matrix 3 x 3 or larger, then V can contain complex phases which cannot all
be absorbed by the fields. The weak interaction is therefore in principle capable
of CP non-invariance provided the CKM matrix has at least one complex phase.
One way that CP violation is expected to manifest itself is in the asymmetry in
the decay rates of the B? vs. B° mesons to CP eigenstates (e.g., YK, ) through the
interference in the Bo/ﬁ0 mixing amplitudes, or in plain english, I'(B® — B -
Xep) # I‘(P{) — B% - Xcp) where Xcp is some CP-eigenstate decay product of
both B® and B°. Another way to see this is to draw the lowest-order diagram for
B~ B° mixing. If CP is violated, then T is violated (CPT is always conserved),
the amplitude is different according to the time direction, and therefore not equal

. =0
to the same diagram for B~ — B°.



We note that CP non-conservation can also come from final state interactions,
but this will not be discussed here. In this paper, we will be referring to CP
violation in the asymmetry in the decay of the neutral B mesons B0 and B0 to the
CP eigenstate Y K,. Of course there are other ways for CP violation to manifest
itself in the B-sector. We refer you to among other references a paper by Bigi and
Sanda [10} and the recent BCD collaboration expression of interest (EOI) to the
SSC laboratory which contains a comprehensive treatment of this subject.

Assume that one is going to look for an asymmetry in the rate for B — K,
using a lepton tag. The time evolution of the asymmetry (the difference divided
by the sum) in the rates for B9 vs. B 10 decay to ¥ K, is given by Bigi et al. [10]
(page 52, equation 2.13) and is:

AT, C = 1) o sin(t £ 7)ém)] (1)

where t and { are the proper times of the b and b systems respectively and ém
is the mass difference between the mass eigenstates (B; and B; analogous to the
kaon sectors) and the + refers to the charge state (C) of the bb .

First, let’s look at CP violation at CESR at the T(4S), where it is important to
remember that ete™ — bb proceeds via a virtual photon (J¥C = 177). Therefore
the bb system is produced in a CP even (CP=+1) and C odd (C=-1) state, and
equation 1 becomes

A(t,1,C = —1) o sin|(t —)ém]

and the integral over both ¢ and f from zero to infinity is equivalent to integrating
the difference 7 =t — ¥ from —o0 to 0o over sin[rém]dr. This integral, being odd
in 7, vanishes. Since at the Y(4S) the bb system is in an odd charge parity {C=-1)
state, we see that the asymmetry in the total rate vanishes, and therefore to see
CP violation in lepton+y¢ K one has to actually measure the time asymmetry 7.
However, at the T(4S) the b and b quarks are produced almost at rest, and so CP
violation via measurements of 7 are extremely difficult. In the C even case (C=+1)
the integral does not vanish, CP violation can be manifested in the asymmetry,
and it is therefore not necessary to measure the distribution in the proper timnes
for the B® and B° decays. In this case a counting measurement is sufficient, and
one can integrate equation (1) to get a total asymmetry in the rate:

4o N BB’ = pK,*) - (BB’ — ¢k ™)

2
T(BYB® — yK,i+) + D(BYB° — pK,I-) @

where [ is from the lepton tag.

6.2 CP _Violation at the Tevatron

At the Tevatron, the following characteristics are of note:

o The bb can be produced in either C = +1 or C = —1 states. Therefore
one can simply measure an asymmetry in the rate (equation 2) as proposed
above the T(45) at CESR.

o Unlike in the ete™ experiments at or slightly above the Y(4S) where B°
mesons are produced almost entirely along with a B, at the Tevatron, one
expects neutral B mesons to be produced along with some combination of
Fo, B*, B* B,, and Bigryon- The asymmetry measurement is therefore
the same as in equation 2 with no explicit requirement of having both B’s
neutral:

. (BB — ¢K,i*) —[(BB — yK,I7) 3)
" I(BB — yK,It) + (BB — ¢yK,l~)

o The bb cross-section is huge. By “huge” we mean that relative to minimum
bias, a(bb)/a(mbs) =~ 1/1000.
Of course the important question asks how much luminosity CDF needs to see
CP violation using the ¥ K, events. To calculate this, we define

e Np to be the number of B — K observed in this year’s data. The search
for B — ¢K,(Ks — ntx~) is in progress, however we expect that there
should be about 1/3 as many of these events as yK¥ (1/2 from K,/K* and
2/3 from Br(K; — nt77), or =~ 6 + 2 events.

o L, to be the luminosity for dimuon events (~ 3/pb);

e Ig; to be the estimated increase in the dimuon rate (~ x8) due to the
following changes:

1. trigger electronics changes should realize a factor of ~ x3 improvement
in the dimuon trigger;

2. with the muon extension we get an increase of ~ x2;

3. with a lower trigger threshold on p} in subsequent runs (lowered from
~ 3 to ~ 2) we can maybe get an additional factor of about ~ x4 in the
number of ¢ — ptu~.

o Brpg_,; be the branching ratio of B to e or p (=~ .1);
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* ¢ to be the efficiency for the lepton which includes the acceptance and p}
cuts

* and calculate a detected cross-section for a tagged lepton (e/y) and a B —
YK, to be

TyK, 1+ = Ny 1012Br(B — 1*)g
Ly

(where the “2" is for e's and y’s). Plugging in the numbers we get

Cok.r = 2Br(B — I*)e, - 35pb

as the estimated detected cross section. To calculate how much luminosity we need
to see an N, effect in the asymmetry A (via equation 3) we use the fact that

(1-4?%)

6A =
Neven!s

and set A/6A = N,. Combining with the above cross section we get:

chents 1 N2(1 —Az) 1
[: = = -2 ~1
CP= ne % A BB ER? ) )

If we use A=.16 and N, = 3, and tag both e and y leptons with Br(B — I¥) = .1
we get

0.05 b1
€]

Lcp =

for the luminosity needed as a function of the lepton tagging efficiency. Note that
the uncertainty in this number is quite large and is dominated by fluctuations in
the presently observed number of B — I, events. It is conceivable that CDF will
ultimately see ~ 3fb~1 of luminosity in its lifetime, which means that the lepton
tagging efficiency will have to be a few percent or more. Estimates from previous
studies indicate that the fraction of inclusive B’s with a lepton above py = 7 GeV
is about 1/100. However, since the luminosity required is proportional to 1/A42,
any dilution of the asymmetry would make such an experiment very difficult. This
is discussed in the next section.

6.3 Dilution of the CP-Violating Asymmetry

The above asymmetry will be diluted due to various physics (and detector)
effects:

¢ The neutral B (B, and By) which decays semileptonically can mix, hence
will anti-tag the flavor state of the B which decays to ¥ K,

o The CP state of the produced bb can be different from that of the final BB
system. This can be the result of many different effects, for instance:

— Either of the B mesons in the event can come from B* — By decay.
Events which had a single B* will have an opposite C-parity for the BB
relative to the producing bb . Therefore, only events with C(bb ) odd and
one B* or C(bb ) even and either zero or two B* will contribute to the
asymmetry, since the integral over the proper times of the two mesons in
the asymmetry (see equation 2) will vanish for odd C(BB)-parity states.

— The BB can have relative angular momentum.

— Final-state gluons can change the CP state - events with B — ¥ K,g
where the g hadronizes.

e Background to the inclusive leptons used for tagging (fake leptons, leptons
from charm, conversions, etc.) and from background ¥ K, candidates.

In order to take into account all of these effects, detailed calculations are war-
ranted. However, looking at equation 4, we see that Lop o 1/A? for small A. Any
dilution of A of order 1/3 or larger will result in an increase in Lcp of an order
of magnitude. We can therefore realistically conclude from this that CP violation
at the Tevatron is probably at least more than 1 order of magnitude away from
reality.

7. CONCLUSION

The future of B-physics at the Tevatron looks very bright. A high statistics
(2 300,000 inclusive leptons and > 100,000 ¢ — u*p~) sample of events for B-
physics analysis using the CDF detector is a likely result of the coming (1991/92)
run. The silicon vertex chamber will be installed, and with its ~ 10u resolution,
displaced vertices from b decay should be reconstructible. It should therefore be
possible for the CDF collaboration to measure

e With the inclusive lepton sample:
— B, mass, lifetime, and fraction

— B9 (and perhaps B,) mixing
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— bb total and differential (with respect to p¢) cross section with the rela-
tive contributions from flavor creation and gluon splitting amplitudes.

e With the inclusive Jfp sample exploiting in particular the exclusive states
* B - yRt pRKOE* — K%, 9 Kata™, and ¢ K(Ks — nta™):
— The B* and B lifetimes

-— bb total and differential (with respect to p¢) cross section with the rela-
tive contributions from flavor creation and gluon splitting amplitudes.

The dilution of the CP-violating asymmetry (as above) is sensitive to all of
these quantities —their being measured would help determine whether CP violation
is in principle a reasonable goal for the future.
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