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ABSTRACT

We present recent CDF results on heavy quark physics, electroweak phenom-

ena, quantum chromodynamics, and searches for e�ects beyond the Standard

Model.

1. Introduction

During the 1992-95 Tevatron collider Run I, the Collider Detector at Fermilab
(CDF)1 collected a data sample of pp collisions at a center of mass energy of 1.8 TeV
with an integrated luminosity of > 100 pb�1. This was split into two separate data-
taking runs: Run 1A (� 20 pb�1) and the present Run 1B (> 80 pb�1). Data-taking
is planned to continue into 1996 and a total sample of about 120 pb�1 is expected.
This data sample, in combination with improvements to the data acquisition system,
the muon coverage, and the installation of the CDF SVX silicon vertex detector,2 has
allowed many new e�ects to be studied. This paper reports results on heavy quark
(charm, bottom and top) physics, electroweak phenomena, quantum chromodynamics,
and searches for new particles beyond the Standard Model.

2. Charm and Bottom Physics

There has been a tremendous number of physics topics studied in the charm and
bottom quark sector now that the silicon vertex detector has been incorporated into
CDF. These range from measurements of lifetimes of B mesons to production cross
sections and searches for rare decays. The discussion here will start by establishing
that the individual heavy 
avor particles can be identi�ed and their lifetimes can be
measured, and then turn to the other measurements like cross sections, etc.

�For the CDF Collaboration; Contribution to the proceedings of the Conference of the Nuclear and

Particle Physics Division of the Russian Academy of Science, Institute of Theoretical and Experimental

Physics, Moscow, Russia, October 23-27, 1995.
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2.1. Mass Measurements

The CDF measurements of the B particle masses3 all rely upon decays through
J= ! �+��. About 20% of the J= and  0 events are from B decays so the sam-
ple is large. The selected decays are B+ !J= K+, B0 !J= K�0, B0

S !J= � and
�b !J= �. Figures (1), (2) and (3) show the relevant mass distributions. The top two
parts of (3) show the contributions from events with SVX information and Central
Tracking Chamber information separately, while the bottom part is the total signal.
Much of the prompt background has been removed by c� cuts for these plots. The
results are comparable with those from other experiments4 as listed below. Here, and
throughout this paper, whenever two errors are quoted the �rst is for statistics and the
second is for systematics.

MB+
u
= 5279:1 � 1:7 � 1:4 MeV/c2 (5278:7 � 2:0 (CLEO)

MB0
d

= 5281:9 � 2:2 � 1:4 MeV/c2 (5279:0 � 2:0 CLEO)

MB0
s
= 5369:9 � 2:3 � 1:3 MeV/c2 (5368:5 � 5:3 (LEP ave)

M�b = 5623 � 5 � 4 MeV/c2 (5621 � 17 � 15 ALEPH)

Figure 1: B� !J= K� (top) and
B0 !J= K�0 (bottom) invariant
mass distributions from Run 1A.

Figure 2: B0
S !J= � invariant

mass distribution from Run 1A.

2.2. B Meson Lifetimes

Measurements of the lifetimes of heavy quark particles are important for testing
the predictions of lifetimes from the Heavy Quark E�ective Theory (HQET) calcula-
tions and for understanding the relative contributions from non-spectator decays. Only
a small di�erence is expected between the lifetimes of B+

u , B
0
d and B

0
s mesons. For the
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Figure 3: �B !J= � invariant
mass distribution.

Figure 4: The proper lifetime dis-
tributions for B+ and B0 from the
exclusive decay channels (top) and
for the sideband mass regions (bot-
tom).

B+
u and B0

d the di�erence might be � 5%.5 CDF can measure these lifetimes via two
complimentary techniques: fully reconstructed exclusive decays6 and more loosely de-
�ned inclusive decays. For the B0

s it has been suggested that the lifetimes for the two
CP eigenstates produced through mixing of the Bs and the �Bs may di�er by as much as
20%.7 Such an e�ect would show up as a di�erence between the Bs semileptonic decay,
which is a mixture of the two CP eigenstates, and the decay of Bs !J= �, which is
supposed to be mainly CP even.

For the lifetimemeasurement of Bu;d through fully reconstructed exclusive decays
CDF uses the decay modes B ! 	XKX , where 	X is either J= or  0 and KX is K�,
K0

s ! �+��, K�(892)� ! K0
s�

� or K�(892)0 ! K���. No cut on the c� of the event
is made for the lifetime analysis, unlike the mass analysis. The decay length in the
transverse plane, Lxy, is the projected distance between the primary and secondary
vertices. The proper decay length is calculated as c� = Lxy � M(B)=PT (B) where
M(B) is the meson's mass and PT (B) is the meson's transverse momentum. B meson
candidates are required to have a mass di�erence j�M j < 30 MeV/c2 with respect to
the world average. The background shape is determined using the sideband regions of
60 MeV/c2 � j�M j � 120 MeV/c2. The c� data are shown in Figure (4).

For the lifetime measurement using an inclusive signal, CDF has reconstructed
charmed mesons from semileptonic B decays. The selected charm decay modes, along
with corresponding charge conjugates, were:
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D0 ! K��+

D�+ ! D0�+ D0 ! K��+

D�+ ! D0�+ D0 ! K��+X
D�+ ! D0�+ D0 ! K��+�+��

Here c� = Lxy�M(B)�K/PT (B) where K is a Monte Carlo derived average correction
factor due to the partial B reconstruction. One of the sets of c� data, B+ ! lD0X;
D0 ! K��+, is shown in Figure (5).The dotted curve comes from the sideband data.

Figure 5: The pseudo c� distribu-
tion for B+ ! lD0x;D0 ! K��+.

Figure 6: The proper lifetime distri-
bution for B0

S ! J= �

The lifetime of the B0
S meson was also measured in the exclusive and inclusive

manner.8 The exclusive method fully reconstructed the B0
S !J= � decay. For the

Run 1A and Run 1B data there were 58 events. The proper lifetime distribution for
the exclusive decay analysis is shown in Figure (6). The inclusive method utilized the
partially reconstructed channel B0

S ! DS l�;DS ! �� with 19.3 pb�1 of data.
The results of all of these lifetime measurements are:

�B+
u

= 1:68 � 0:09 � 0:06 psec (J= K)

= 1:51 � 0:12 � 0:08 psec (D� l)

�B0
d

= 1:64 � 0:11 � 0:06 psec (J= K)

= 1:57 � 0:08 � 0:07 psec (D� l)

�+
B
+
u

� 0
B0
d

= 1:02 � 0:09 � 0:01 ( K)

= 0:96 � 0:10 � 0:05 (D� l)

= 1:00 � 0:07 (combined)

4



�B0
s

= 1:34+0:23�0:19 � 0:05 psec (J= �)

= 1:42+0:27�0:23 � 0:11 psec (Ds l�;Ds ! ��)

2.3. Charmonium Production

Charmonium states can be produced by a variety of mechanisms in pp collisions.
The J= 's and  (2S)'s come from direct production or from b hadron decay. Addition-
ally, J= 's can be produced in radiative decays of �c mesons. The �c mesons can be
produced directly or from b hadron decays.

The di�erential and integrated production cross sections for J= and  (2S) were
measured using 15.5 and 18 pb�1 of data, respectively.9 Both particles were identi�ed
via their dimuon decay mode with PT > 4 GeV/c and j�j < 0.6. The silicon vertex
detector information allowed reconstruction of the �+�� vertex, which could then be
classi�ed as either prompt or secondary. The secondary decays are assumed to come
from B decays. Figure (7) displays the prompt, non-prompt and total production cross
sections for  (2S) versus PT along with the theoretical predictions. There is reasonable
agreement between the data and theory for the production from the non-prompt B
decays but the prompt production is much larger in the data than theory, about a
factor of 50! The di�erential cross section for the J= shows a similar e�ect. There has
been much theoretical speculation regarding the explanation of this discrepancy.10

Figure 7: The prompt and non-
prompt di�erential cross section for
 (2S) versus PT along with the the-
oretical predictions.

Figure 8: � states reconstructed
from the mass di�erence M(�+��
)
- M(�+��) in the J= region with
P 

T >1 GeV/c.

CDF �rst saw the charmonium p states, the �'s, through the channel �!J= 
,
J= ! �+�� with the 
 being identi�ed in the electromagnetic calorimeter.11 The en-
ergy resolution was not su�cient to separate the di�erent � states using this method,

5



Figure 9: �! �� mass states. Figure 10: � (1S) production cross
section vs. PT .

but the e�ciency was reasonably high. The present analysis has 75 pb�1 of data and
uses 
 conversions in the inner CDF material. This e�ciency is lower but the energy
resolution enables the isolation of the individual states, as shown in Figure (8). There
are 46.4 � 7.2 prompt �1's and 23.2 � 6.4 prompt �2's. The prompt signal is de�ned
by having the proper decay distance of the J= 
 system be less than 100 �m. Incor-
porating the relative detection e�ciencies gives the ratio of production cross sections as:

�(�2)
�(�1)+�(�2)

= 0.47 � 0.08 � 0.02.

2.4. Bottomonium � Production

In a manner similar to the identi�cation of J= , CDF has identi�ed the b�b bound
states, the �'s, via �! �+��. In 16.6 pb�1 of data there are 1,248 �(1S), 300 �(2S)
and 203 �(3S) events in the rapidity range jyj < 0.4 as shown in Figure (9). The
production rates are higher than expected by factors of about 3 for �(1S) and �(2S)
and about 10 for �(3S). Figure (10) shows the cross section versus PT for the �(1S).
The theoretical curve is a leading order calculation generated using MRSD0 PDF and
scale �2 = P 2

T + m2
�. There is signi�cant theoretical work

12 underway to clarify this
discrepancy.

2.5. B Meson Production

CDF has measured the B meson production cross section for inclusive decay
channels as well as exclusive decay channels. The inclusive decay channels contain
leptons, J= ,  0 and/or charm. The exclusive channels are those described above for
the B meson mass measurements: B� !J= K� and B0 !J= K�0, K�0 ! K+��.
The measurements are based upon 19.3 pb�1 of data. The cross sections are shown in
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Figure 11: Integral cross section for
b production

Figure 12: Exclusive di�erential
cross section for B production.

Figures (11) and (12) along with the NLO calculation of Nason, Dawson and Ellis13

convoluted with the Peterson fragmentation.14 The data in both �gures lie somewhat
above the theory.

It is important to be able to examine the correlations between the b and �b quark
production to check theoretical models and the B meson production just discussed.
The exclusive and inclusive B meson identi�cation is not e�cient enough to use for
correlation studies. CDF utilizes the fact that muons produced by the decay of particles
containing a b quark will tend to have a larger impact parameter relative to the primary
vertex than muons from other sources. For example, the b quark lifetime is larger than
the c quark lifetime. Since the tail of the muon impact parameter distribution includes
muons from b, c and other background, the data must be �t by a sum of contributions.
After corrections for e�ciencies and acceptances, CDF obtains the b � �b correlated
cross section shown in Figure (13). One of the b's must have PT (b) � 6:5 GeV/c,
with jybj � 1:0, while the second b can have a variable transverse momentumas PT (�b) �
Pmin
T , jy�bj � 1:0. The data are higher than the NLO calculations15 by a factor of nearly

3, similar to the e�ect seen earlier in the B or b cross section.

2.6. Rare B Decays

Because the B production cross section is so large, pp collisions are a good labo-
ratory for searching for rare B decays. CDF has limits on the decays B ! ��K, where
K can be either K� or K�0, and on B ! ��. All of these decays are suppressed in the
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Figure 13: b-b Correlated Cross
Section from �� production.

Figure 14: The mixing parameter
for Bd versus that for Bs from
time integrated e� measurement.
The bands represent 1� uncertain-
ties.

Standard Model16 so unusually large rates could indicate physics beyond the SM. The
CDF 90% C.L. limits are

BR(B� ! ��K�) < 1:1� 10�5,
BR(B0 ! ��K�) < 2:1� 10�5,
BR(Bd ! ��) < 1:6 � 10�6

and BR(Bs ! ��) < 8:4� 10�6.

While these are the world's most sensitive limits, they are still about 2 orders of mag-
nitude above the SM predictions.

2.7. B Mixing

CDF data from the SVX allows B0 �B0 mixing to be studied via both the time
integrated and time dependent approach. In both cases the 
avor of the b is determined
from the sign of the lepton, e or �, in the semileptonic decay b! l++c and �b! l�+�c.

No separation of the contributions from Bd vs. Bs is made for the time integrated
mixing measurement. Therefore, the mixing parameter, de�ned as
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� = B! �B
(B!B)+(B! �B)

= P (B0 ! �B0) =
R1
0 j < �B0jB0 > j2dt,

is a mixture of the various mixing parameters, �� = Fd�d+Fs�s, where the F 's are the
average fractions of Bd and Bs. This � parameter can also be expressed in terms of the
neutral B mass splitting and the B total width as

� = x2

2(1+x2)
where x � �m=� = ��m.

CDF measures the number of like-sign (LS) vs. opposite-sign (OS) lepton pairs:

R = (LS)
(OS)

= 2��(1���)+(��2+(1���)2)fs
��2+(1���)2+2��(1���)fs+fc

,

where fs is the sequential decay fraction and fc is the charm fraction from c�c production.
For the case where an electron and muon is identi�ed, �� = 0:118 � 0:008 � 0:020 and
for the case where two muons are identi�ed �� = 0:136 � 0:028 � 0:022. Figure (14)
shows the result for the e� case.

The time dependent mixing measurement uses secondary vertex tagging in the
dimuon data sample. A secondary vertex is required of one � and at least 2 other tracks.
The tracks, excluding the �, are required to be consistent with a D decay. Figure (15)
shows the like sign fraction versus pseudo c� . The best �t to the data gives
xd = �m=� = 0:64 � 0:18� 0:21 or �md = 0:44 � 0:12 0:14 psec�1.

3. Observation of Top Quark Production

The top quark is required to exist in the Standard Model as the weak isospin
partner of the bottom quark. The �rst direct evidence for t�t production in pp collisions
was presented by CDF in April 199417 based upon 19.7 pb�1 of data. In March 1995
CDF18 and D019 both announced the observation of the top quark, con�rming the
1994 CDF evidence. CDF has also presented evidence for the top quark in subsequent
publications using additional analysis techniques.20 CDF now has about 100 pb�1 of
data for its top analyses.

At CDF top quarks are expected to be produced in pairs primarily by q�q annihi-
lation with only a small contribution from gg fusion. The top quarks should then decay
into a real W boson and a b quark for Mtop > MW +Mb. The production and decay
process is shown in Figure (16). The �nal event topology is determined by the decay
modes, (W !lepton + neutrino) or (W ! quark + antiquark), of the two �nal state
W bosons. Ignoring the (W !tau + neutrino) decay, the events can be classi�ed as
having 0, 1, or 2 �nal state electrons and muons. The CDF analyses concentrated on
three channels:

� Dilepton Channel. About 5% of the time the W decays produce two high PT
electrons or muons associated with two b jets and large missing energy due to
the missing neutrinos. This is the cleanest �nal state because it has a signal to
background of about 4.

9



Figure 15: Like sign � fraction ver-
sus c� . The solid line is the �t to the
data. The dashed line is the �t af-
ter forcing xb = 0.0 and the dotted
line is the prediction for only the
sequential decay contribution and
both xb and xs = 0.0.

Figure 16: Standard Model produc-
tion and decay of t�t quarks.

� Single Lepton Plus Jets: About 30% of the time the W decays produce one
high PT electron or muon and two q�q jets all associated with two b jets and
missing neutrinos, i.e. the �nal state is one high PT lepton, four jets and 6ET .
The background comes mainly from the production of W bosons along with low
mass quark jets. The signal to background is about 0.2, which means additional
requirements are needed to isolate the top quark signal. CDF suppresses the
W plus multijet background by requiring evidence of b jets in the event. Two
techniques are utilized. The �rst, and more powerful, utilizes the Silicon Vertex
Detector, SVX, to identify decay vertices of b hadrons separated from the original
interaction point. This isolation of the secondary decay is possible because of
the \long" lifetime of the b quark, � 1.3 psec, c� � 450 microns. The second
technique, called the semileptonic tag or SLT, searches for the lower momentum
leptons (e or �) from the semileptonic decay of the b hadrons.
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� All Hadronic State: About 44% of the time both W bosons decay into q�q jets.
Including the two b jets this gives a six jet �nal state. There is a huge background
from other QCD multijet processes giving a signal to background for top of
about 0.01. Analysis of this channel was too di�cult for inclusion in any previous
CDF publications, but now some con�rming evidence of top quark production is
becoming visible.

The discussion here will cover the \counting experiments" of looking for evidence
for top in the �rst two of the above three channels. Then the calculation of the pro-
duction cross section and mass will be described. During this discussion various pieces
of con�rming kinematic evidence will be presented.

Figure 17: 6ET vs. �� between the
6 ET vector and the nearest jet or
lepton.

Figure 18: Total transverse energy
of e� dilepton events.

3.1. Observation of Top Production in the Counting Experiments.

The analyses for the two counting experiments, dilepton and single lepton plus
jets, look for an excess of events relative to the known, expected backgrounds. Both
analyses begin with the high PT inclusive e/� samples. These have Ee

T > 20 GeV or
P �
T > 20 GeV/c with j�j < 1.0. For events with a second lepton if the Me+e� or M�+��

is between 75 and 105 GeV/c2 the event is removed as a possible Z boson decay.
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3.1.1. Dilepton Channel

Several additional cuts are made on events with two leptons to remove backgrounds.
To remove Drell-Yan events the magnitude of 6ET is required to be at least 25 GeV. If
the 6ET is less than 50 GeV the azimuthal angel between the 6ET vector and the nearest
jet or lepton is required to be larger than 20� to avoid e�ects of mismeasurement of jet
or lepton energies. Lastly, all events must have at least two jets with ET greater than
10 GeV and j�j < 2.0. Figure (17) shows the events versus these variables for the case
where there is an e-� dilepton pair and various numbers of jets.

A total of 9 events survive these cuts: 1 ee, 2 ��, and 6 e�. The relative acceptances
for these three modes are 15%, 28% and 57%, respectively. The estimated background
from radiative Z decay is expected to contribute less than 0.1 event, but one of the ��
events includes an energetic photon which forms an invariant mass with the two muons,
M��
, of 86 GeV/c2. Since this is very close to MZ it is removed to be conservative.
This leaves 8 events. The total expected background is 1:9�0:4 events. The probability
of this background 
uctuating to 8 events is about 10�3.

There is additional strong evidence that most of these events are from top pro-
duction. Three of the events contain a total of �ve SVX or SLT b-tags giving strong
evidence for WWb. Also, the total transverse energy, HT = �ET (e; �; jets; 6ET), can
be compared to what would be expected from backgrounds and top, as in Figure (18)
for the e� events. The HT for the data clearly resembles the production of both top
and background more than just background.

3.2. Lepton Plus Jets Channel

The search for top production in the lepton (e, �) plus jets channel begins with
the standard lepton plus jets sample and adds several cuts: 1) lepton ET > 20 GeV,
2) 6ET > 20 GeV, and 3) at least 3 jets with ET > 15 GeV and j�j < 2.0. Although
about 30% of top events should be in this channel the signal to background would be
about 0.2. Thus, additional cuts are required to isolate top. These cuts look for evidence
of b quark jets. The most powerful method, the SVX tag, searches for the secondary
decay vertex of the b(�b) quark using the silicon vertex detector. It has an e�ciency of
42� 5%. The second method, the SLT tag, searches for an additional lepton from the
semileptonic b decay. It has an e�ciency of 20 � 2%.

SVX b-TAGGING TOTAL BACKGROUND OBSERVED TAGS
W + 1 Jet 74:5� 16:9 61 (61)
W + 2 Jets 29:7 � 7:9 43 (38)
W + � 3 Jets 9:9� 2:8 40 (32)

SLT b-TAGGING
W + 1 Jet 250 � 38 232 (229)
W + 2 Jets 71� 11 84 (83)
W + � 3 Jets 23:8 � 3:6 40 (36)

TABLE 1: Backgrounds and number of tags for SVX and SLT

Table 1 compares the data for the number of tagged jets and the number of
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Figure 19: Number of \lepton +
jet" events vs. number of jets. Prop-
er decay distance for SVX tagged
vertices in W + � 3 jet events is
shown as insert.

Figure 20: The MT distribution for
the \l+ 6ET" for SVX tagged events
vs. Top Monte Carlo.

tagged events (in parentheses) to the backgrounds expected according to the number
of jets in the events. A top signal should be in the data with � 3 jets. Both tags show
an excess in this channel. The tagging per jet data, rather than the tagging per event
data, is used for the signi�cance calculations because it gives better weighting to the
events which are double tagged, an e�ect which is very unlikely for the backgrounds.
Figure (19) displays the data before and after the b tagging requirement along with the
expected background. The probability of the background 
uctuating up to observed
signal in the lepton plus � 3 jet channel is 2� 10�6 and 6 � 10�3 for the SVX tagged
and SLT tagged cases, respectively.

There is additional evidence that the excess of events in the � 3 jet channel
contains top. The insert in Figure (19) shows the decay lifetime, c� , distribution for
the SVX tags in the W + �3 jet sample (as triangles), compared to that expected from
b decay in top events (as a histogram) from Monte Carlo. The agreement is quite good.
An important kinematic e�ect would be direct evidence of W's in the events. This is
seen in Figure (20) where the transverse mass of the lepton and neutrino is compared
to what W's from top would produce. Lastly, Figure (21) shows the total transverse
energy, the HT de�ned earlier, of the SVX tagged events compared to the top Monte

13



Figure 21: Total transverse energy
for pre-tagged and SVX tagged W
+ � 3 jet events.

Figure 22: MJJ distribution in All
Hadronic Events showing evidence
for Top production.

Carlo. All the �gures show good agreement with the expectations from top.

3.3. All Hadronic Decay Channel

The channel where both W's from t�t decay into two jets was not discussed in
previous CDF publications because of the very large backgrounds. Some evidence for
top can now be seen in this channel. Including the b quarks there should be 6 jets in
this �nal state. By requiring that at least one jet be SVX tagged and by taking the
solution which has the best �2 of the ten possible permutations among the 6 leading
jets, CDF calculates a mass for a hypothesized top quark in each event. Figure (22)
shows the preliminary mass distribution where a clear excess above background is seen
in the 160-190 GeV/c2 region. The number of excess events in the peak is 28 � 10
which corresponds to a production cross section of 9:6 � 3:5 pb, where the errors are
statistical only.

3.4. t�t Production Cross Section

From the excess of events in each of the counting experiments CDF can calculate
a top quark production cross section. Using 67 pb�1 of data and assuming a top quark
mass of 175 GeV/c2 gives �(t�t) = 10:9+5:9�4:5 pb, 6:8

+2:9
�2:3 pb and 6:3

+5:0
�4:1 pb for the dilepton,

SVX and SLT samples, respectively, where the errors are the quadrature combination of
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Figure 23: CDF measured cross sec-
tion for top production vs. theory.

Figure 24: Reconstructed top quark
mass for \W + 4 jet" events with-
out any b tagging. Background on-
ly is shaded. Background plus top
Monte Carlo is dashed histogram.

the statistical and systematic errors. Combining these gives �(t�t) = 7:6+2:4�2:0 pb. Figure
(23) shows that this cross section is in good agreement with recent theory.21

The full 100 pb�1 data set has not been used to calculate a cross section yet.
However, assuming the cross section quoted above the expected number of events would
be 31.3, 32.8 and 10.4 in the dilepton, SVX and SLT channels whereas the numbers
actually observed in the full sample are 32, 36 and 9. The close agreement indicates
that the cross section which will come from the 100 pb�1 data set will be very close to
the present value.

3.5. Determination of the Top Quark Mass

The mass of the top quark can be determined by reconstructing events with a
lepton and 4 jets using kinematic constrained �tting techniques. Starting with 296
lepton plus � 3 jet events and requiring that there be a fourth jet with ET > 8 GeV
and j�j < 2:4 leaves 132 events, 32 having a b tag. There are multiple solutions with
di�ering jet assignments, even when the tagged jet is constrained to be a b jet. For
each event the top mass of the solution with the best �2 is chosen.

This mass analysis gives additional evidence for the top quark if a mass peak
appears above the distribution expected from background processes. Figure (24) gives
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the mass distribution for all events, without a b tag requirement. An excess above
background is seen in the 160 to 190 GeV/c2 region. The distribution is consistent
with 40% t�t signal with Mtop = 175 GeV/c2 and 60% W+jets background. Figure (25)
shows the mass distribution for the 32 b tagged events, where the b tagged jets are
constrained to be the b jets in the �tting. A maximum likelihood analysis �nds the
best top mass to be Mtop = 176 � 8 � 10 GeV/c2.
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Figure 25: Reconstructed top quark
mass for \W + 4 jet" events with b
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ed. Background plus top Monte
Carlo is dashed histogram.

Figure 26: MJJ for jets assigned to
W in top analysis.

3.6. Search for Hadronic W Decay in W+4 Jets.

Further evidence of top production in these data samples can be established by
reconstructing the W mass from its decay into two jets. Two techniques are displayed
here. 1) Remove the W mass constraint in the W ! jj �t and plot the invariant mass
for the jet pair assigned to the W decay by the �tter. 2) Plot the invariant mass of the
two untagged jets in the double b-tagged W+ � 4 jets. Figures (26) and (27) show the
results of these two techniques. Both show clear excesses over the background in the
W mass region.
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Figure 28: The transverse momen-
tum, PT , of the t�t system in b
tagged events.

3.7. Properties of the t�t System

Having unambiguously established the existence of the top quark, the proper-
ties of its production and decay become the interesting questions. Evidence for non-
standard resonance production of t�t could be sought by examining the properties of
the t�t system. Figure (28) shows the net transverse momentum and Figure (29) shows
the invariant mass of the �tted t�t pair. Although there is an interesting excess in the
Mt�t plot around 525 GeV/c2, neither plot shows any statistically signi�cant anomaly
and both are consistent with the expected behavior for SM top production.

Another method to look for new physics is to measure the t ! Wb branching
ratio. This is supposed to be 100% in the Standard Model. By comparing the number of
singly b tagged to doubly b tagged events CDF measures Br(t!Wb)

Br(t!Wq) = 0:94� 0:27� 0:13

in good agreement with the SM.

4. Physics Beyond the Standard Model

CDF has looked for evidence of particles beyond the Standard Model via many
methods. Here will be presented searches in three broad categories: 1) supersymmetry,
2) new heavy gauge bosons, i.e. W0 and Z0, and 3) other exotics like leptoquarks,
composite fermions and technicolor.
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Figure 30: M~q vs. M~g excluded re-
gion

4.1. Supersymmetry

CDF uses two di�erent approaches to look for supersymmetric particles.22 One
method looks for \trilepton events" while the second looks for multiple jets plus a
large missing energy, 6ET , from the unidenti�ed lightest supersymmetric particle, LSP,
assumed to be a neutralino.

The trilepton search method looks for three leptons (e and/or �) in the �nal state.
These would result from the production of chargino-neutralino pairs, pp ! ~��1 ~�

0
2, which

decay into one or two high energy leptons and a lightest supersymmetric particle (LSP),
which is assumed to be a neutralino, i.e. ~��1 ! l � ~�01 and ~�02 ! l l ~�01. In the search
one lepton was required to have ET > 11 GeV (e) or PT > 11 GeV/c (�) while the
other two had to have ET > 5 GeV (e) or PT > 4 GeV/c (�) plus some other cuts. No
events survived all the cuts. This method excluded charginos with mass below about
46 GeV for � = - 400 GeV/c2, similar to the LEP limit. The multiple jets plus large 6ET

search method assumes that if squarks and gluinos are pair produced they will decay
into quarks, gluons and LSPs. The minimum 6ET requirement needs to be set fairly
high, 6ET > 50 GeV, to avoid backgrounds from, for example, \Z + n jets" and \W + n
jets". CDF rules out at 95% C.L. those parts of MSSM parameter space which predict
a detected cross section greater than 1.4 pb passing all cuts. The region of M~q vs. M~g
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Figure 31: Dilepton (e+e�; �+��)
invariant mass distributions for Z0

search.

Figure 32: Limit on Z0 ! l+l� cross
section vs. mass.

space excluded is shown in Figure (30). The parameters associated with this plot are
tan(�) = 4, � = - 400 GeV/c2, MH = 500 GeV/c2 and M~l = 350 GeV/c2. For arbitrary
M~q the data require M~g > 160 GeV/c2, and if M~g = M~q then M~g > 220 GeV/c2.

4.2. New Gauge Bosons

Many theories beyond the Standard Model include an extended gauge group with
additional neutral and charged bosons, i.e. Z0 or W0. CDF looks for Z0's as peaks in
the dilepton (e+e�; �+��) invariant mass distribution, as displayed in Figure (31) for
70 pb�1. The absence of any peaks above 
/Z production allows a 95% CL limit to be
set at 650 GeV/c2 as shown in Figure (32) by assuming Standard Model couplings.

To search for new W0 particles one must specify the decay mode. If one assumes
that the W0 decays with the same branching ratios as the W into e� and ��, then
the presence of W0 would be seen as an excess of events on the high mass tail of the
W transverse mass distribution. This could occur for a right handed W0, for example.
Figure (33) shows the CDF distribution for the W0 ! e � search. Figure (34) shows
the CDF limit on �B versus theory. The 95% CL mass limit is MW 0 > 652 GeV/c2 for
this decay mode.

If, on the other hand, the decay modeW 0 !WZ is allowed, e.g. for a left handed
W 0, then the branching ratio for this decay becomes 100% for large W 0 masses. For
this case CDF searches for events with real W's and Z's, where W ! e� and Z ! q�q.
Such events would have a high PT electron, 6ET , and two jets with dijet mass near the
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W’ Search

Figure 33: e� transverse mass dis-
tribution for W0 search.

Figure 34: �B(p�p!W 0 ! e�) 95%
CL limit.

Z mass. Figure (35) shows (W + dijet mass) distribution, and Figure (36) compares
the CDF � � B limit versus theory. CDF excludes 205 < MW 0 < 400 GeV/c2 at the
95% CL.

4.3. Other Exotic Particle Searches

Two other searches will be described below. The �rst is searches for leptoquarks,
i.e. particles which decay to a lepton plus quark because they carry both baryon and
lepton number. These can be classi�ed into generations according to whether they
decay into a quark plus electron, muon or tau. The second is searches for new particles
which decay into a q�q pair and, hence, produce two jets. This search looks for bumps
in the invariant jet-jet mass distribution, Mjj.

4.3.1. Search for Leptoquarks

The CDF limit on the �rst generation leptoquark comes from only 4.05 pb�1 of data.23

The process is p�p! L�L! e+ jet e� jet. Electrons and jets must have Ee;j
T > 20 GeV.

If a �rst generation leptoquark exists its production cross section and decay branching
ratio, �, into (e + jet) as opposed to (� + jet) must be ��2 < 55(4:0) pb at 95% CL for
MLQ1 = 45(125) GeV/c2. The excluded mass regions would be MLQ1 < 116 GeV/c2

for � = 100% or MLQ1 < 85 GeV/c2 for � = 50%.
Tevatron experiments, unlike e-p collider experiments, can produce second or

third generation leptoquarks. CDF has searched for both of these. The second genera-
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Figure 35: W + dijet invariant
mass.

Figure 36: �B(W0 ! WZ) 95% CL
upper limit vs. MW 0 :

tion search, �q, results are discussed here, but the third generation search, �q, is still
too preliminary for discussion. Figure (37) shows the CDF second generation lepto-
quark 95% CL upper limits on the production cross section times branching ratio for
LQ2 ! � + q versus mass along with the theoretical prediction. The excluded mass
region is MLQ2

< 180 GeV/c2 for � = 100% and MLQ2
< 141 GeV/c2 for � = 50%.

4.3.2. Dijet Bump Hunting

CDF has extended its original search24 for new particles with a narrow natural width
decaying into dijets, particles such as axigluons, excited quarks, technirhos, diquarks,
etc.25 Using four di�erent triggers CDF observes dijet mass spectra for masses above
150, 241, 292 and 388 GeV/c2 for integrated luminosities 0.089, 1.92, 9.52 and 69.8 pb�1

respectively. The two highest PT central jets are used to calculate the invariant mass
Mjj. Figure (38) presents the dijet mass distribution and shows the data to be system-
atically higher than a PYTHIA prediction. By �tting the data to a smooth function
CDF looks for local 
uctuations or bumps. No 
uctuations are found which are statis-
tically signi�cant. Including systematic uncertainties CDF obtains the 95% CL upper
limit on the cross section for new particles shown in Figure (39). Figure (40) shows the
excluded mass regions along with some previous searches.
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Figure 38: Dijet invariant mass:Mjj

5. Electroweak Physics

CDF has a variety of results related to Electroweak phenomena. Measurements of
the W and Z cross sections times leptonic branching ratios allow a calculation of the W
width and/or lifetime. The measurement of the W mass now has an improved accuracy
to 180 MeV/c2. Diboson production has been examined relative to the Standard Model
and anomalous couplings.

All of these studies rely on good W and Z identi�cation. Both identi�cations
generally require an isolated lepton (e, �) with high PT . Events with W's also have a
missing transverse energy, 6ET , greater than 20 GeV. Events with Z's require a second,
oppositely charged lepton such that the dilepton invariant mass is close to the Z mass.

5.1. Inclusive W and Z cross Sections

From the measurement of the number of W and Z events CDF extracts the
product of the production cross section times the leptonic branching ratio �B(W ! l�)
and �B(Z ! l+l�) in the e and � channels.26 These use luminosities of about 19 pb�1.
For W's this gives 2:51�0:08 and 2:48�0:19 nb for the e and � decay, respectively. For
Z's the results are 0:231 � 0:009 and 0:203 � 0:014 nb for the e+e� and �+�� decays,
respectively. The Standard Model expectations are 2:42 � 0:12 and 0:226 � 0:010 nb,
respectively, in good agreement with the measurements.
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Figure 39: 95% CL upper limit on
the cross section for new particles.

Figure 40: Excluded mass regions
from X ! dijet search.

5.2. W Width

The W width is determined using the ratios of the above cross sections. These
are R = �B(W!e�)

�B(Z!e+e�) = 10:90 � 0:4, and R = �B(W!��)
�B(Z!�+��) = 12:2 � 0:8. CDF takes the

electron data, because it is the most accurate, and converts it as R = �W
�Z

�(W!e�)
�(Z!e+e�)

�(Z)
�(W ) .

Using the Z lifetime and partial width into e+e� from LEP, the calculated ratio of the
W to Z production cross sections, and the Standard Model calculation for the W partial
width into leptons produces a W width of �(W ) = 2:064 � 0:061 � 0:059 GeV. This
agrees well with the Standard Model expectation of �(W ) = 2:077 � 0:014 GeV.

5.3. W Mass

The direct measurement of the W mass is to date possible only at pp colliders.
The relations among the masses and couplings of the gauge bosons allow incisive tests
of the Standard Model of Weak Interactions. Therefore, one of the most crucial CDF
measurements is the W mass.27 This has been done with a precision of about 0.2%
which has required extraordinary control of statistical and systematic errors.

The W mass is determined from �ts of the W ! l� transverse mass spectra,
where \l" can be either an electron or muon. The de�nition of the transverse mass is
(MW

T )2 = (Ee
T + E�

T )
2 � ( ~Ee

T + ~E�
T )

2: The transverse energy of the neutrino is not
measured directly, but is instead inferred from the energy imbalance in the event. The
determination of the momentum and energy scales is crucial for this measurement.
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Many checks using the J= ;�, and Z reconstruction were utilized. A �t using 3268
W! �� events in 19.7 pb�1 of data gives M�

W = 80:310 � 0:205� 0:130 GeV/c2. A �t
using 5718 W ! e� events in 18.2 pb�1 of data gives M e

W = 80:490 � 0:145 � 0:175
GeV/c2. The data are shown in Figures (41) and (42) where the arrows indicate the
region over which the �tting was performed. Combining these two measurements, ac-
counting for correlated uncertainties, gives MW = 80:410 � 0:180 GeV/c2. This preci-
sion is a factor of two better than any previous measurement. It agrees with predictions
of the Standard Model and indirect measurements from other electroweak results as
illustrated in Figure (43).
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Figure 41: W ! e� transverse mass
distribution

Figure 42:W ! �� transverse mass
distribution

In the Standard Model the mass of the top quark, W and Higgs are related. This
is displayed in Figure (44) which shows the CDF top quark and W masses along with
allowed regions for di�erent masses of the Higgs boson. Unfortunately, with the present
top quark and W mass resolutions there is little sensitivity to the Higgs mass.

5.4. Anomalous Vector Boson Couplings

As statistics increase CDF is able to begin studying the rare processes of diboson
(W
, Z
, WW, WZ, and ZZ) production.28 In the Standard Model the tri-linear gauge
boson couplings give cancellations in the W
, WW and ZZ processes but not in Z
 and
ZZ. Anomalous gauge boson couplings could disrupt these cancellations and produce
unitarity violations in cross sections at high energies signaling new physics. Thus, it is
important to measure the diboson production cross sections and compare to theory.

24



79.8

80

80.2

80.4

80.6

80.8

81

81.2

140 160 180 200 220 240

W Mass        Top Massvs. 

CDF

Mtop

MW

Figure 43: CDF W mass compared
to expectations.

Figure 44: CDF W and Top masses
applied to a range of Higgs masses.

5.4.1. W
 and Z
 Production

Limits on anomalous W
 and Z
 couplings are set by examining the E

T spectrum for

isolated 
's with E

T > 7 GeV and j�
j < 1:1 and comparing to the Standard Model

predictions. CDF has recorded 75(34) e�
 (��
) events for 67 pb�1 with backgrounds
of 16:1 � 2:4 (10:3 � 1:2) events which give � � B(pp ! W
;Z
) measurements of
20:5� 3:6 (21:5� 5:7) pb. The combined e=� �
 value for � �B is 20:7 � 2:9 � 0:7 pb
which compares well with the SM W
 value of 18:6� 2:9 pb. Similarly, CDF recorded
18(13) e+e�
 (�+��
) events for 67 pb�1 with backgrounds of 0:9 � 0:3 (0:5 � 0:1)
which gave � �B measurements of 5:0� 1:8 (7:2� 2:1) pb. The combined e+e�=�+��

value for � � B is 5:7 � 1:4 � 0:1 pb which compares well with the SM Z
 value of
4:8� 0:6 pb.

The general description of diboson production has two CP conserving couplings
(�; �) and two CP non-conserving couplings (~�; ~�). At the tree level the Standard Model

has �� � (� � 1) = � = ~� = ~� = 0. Because the measured W
 and Z
 cross sections
agree with the SM expectation there is no evidence of anomalous, or 6CP, coupling. The
allowed values are �1:8 < �� < 2:0 (if � = 0) and �0:7 < � < 0:6 (if �� = 0).

5.4.2. WW and WZ Production

The signature for non-SM couplings in weak diboson pair production is an excess rate
for bosons with high PT . CDF searched the Run 1A data, � 19 pb�1, for WW and
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WZ candidates consistent with a leptonic decay of one boson, W ! l� or Z ! ll, and
hadronic, 2 jet, decay of the other. CDF observed one candidate in the l�jj channel
and none in the lljj channel. The Standard Model predicts 0.13 WW;WZ ! l�jj
events and 0.02 WZ ! lljj events. CDF extracted limits for anomalous couplings by
assuming �� � ��
 = ��Z and �� � ��
 = ��Z . Setting all other couplings to
their SM values gives �0:9 < �� < 1:0 and �0:6 < � < 0:7 for �FF = 1:5 TeV and
�1:1 < �� < 1:3 and �0:81 < � < 0:84 for �FF = 1:0 TeV.
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Figure 45: Fully corrected inclusive
jet cross section compared to NLO
QCD.

Figure 46: (Data - QCD)/QCD for
fully corrected inclusive jet cross
section.

Another technique for looking for anomalous couplings is to look in the dilepton
decay channel of WW . To suppress backgrounds no jets are allowed. In 65 pb�1 CDF
�nds 5 events. This corresponds to a cross section of �(pp !WW +X) = 13:8+9:6�7:9 pb
in good agreement with the SM value of 9.5 pb.

6. Tests of Quantum Chromodynamics

The strong interaction as encompassed by Quantum Chromodynamics can be
studied at CDF through many di�erent channels.29 These include jet production, vector
boson production, hard di�raction and rapidity gaps. The discussion here will only
address QCD e�ects in single and multi jet production. The main point will be that
there is an apparent excess in the data compared to theory for very high energies in
the inclusive and dijet samples.
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di�erent rapidity ranges.

Figure 48: (Data - QCD)/QCD for
Mjj

6.1. Inclusive Jet Cross Section

CDF has made measurements of the inclusive jet cross section out to a transverse
energy of about 450 GeV/c2. The statistical precision is typically a few percent and the
systematic errors are about 20-40% depending upon the jet ET . The NLO QCD cal-
culations30 have very small theoretical uncertainties as well. The measurements probe
distance scales in the tail of the distribution in the range of 10�17 cm, which are the
shortest distances attainable technically. Thus, the inclusive jet cross section is a good
place to search for new phenomena.

The present measurement is based upon 19.3 pb�1 of data. The data after cor-
rections for detector e�ects31 is shown in Figure (45). Notable cuts are that the cone
radius is R=0.7 and the jet must have 0.1 < j�j < 0.7. The data are compared to the
predictions30 of NLO QCD. They show impressive agreement over seven orders of mag-
nitude. However, above about 200 GeV the data becomes somewhat higher than the
theory, as can be seen in Figure (46) by taking the ratio of the di�erence to the theory:
(data�theory)

theory
. This �gure also shows the correlated systematic uncertainties which don't

change much with ET . These are still under study. Di�erent parton distributions tend
to change the normalization, but not the shape to the extent seen in the �gure. There
is, of course, the possibility that the deviation is a �rst hint of new physics of some
kind.
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Figure 49: (Data-QCD)/QCD for
fully corrected �ET cross section

6.2. Dijet Production

CDF has examined the dijet production to check the excess production observed
in the inclusive jet spectrum. The corrected jet spectra are averaged over small regions
of rapidity. The rapidity of one jet is required to be in the range of 0.1 < j�j < 0.7
while the second is taken over various bins. As shown in Figure (47) an excess at large
ET is seen compared to theory for all rapidity ranges.

In the discussion of searches for new particles the point was made that the dijet
invariant mass, Mjj , distribution exceeded the theoretical expectation from a Leading
Order QCD shower Monte Carlo (PYTHIA) program with full CDF detector simu-

lation. This e�ect is displayed as (data�theory)
theory

in Figure (48). The jets are required to

satisfy j�j < 2:0 and the events are required to have jcos(��)j < 2=3.There are 70 pb�1

of data in the analysis. The QCD prediction is normalized to the data in the mass range
of 150-300 GeV/c2. There is a signi�cant excess for Mjj above about 500 GeV/c2.

6.3. �ET Cross Section

Another approach to small distance phenomena is to look at the total transverse
energy in the events. This CDF analysis uses 19.3 pb�1 of data. The general properties
of the �ET cross section are well described by QCD theory31 except at the largest
�ET as shown in Figure (49). The theory is normalized in the region 320-480 GeV.

The �gure shows (data�theory)
theory

along with the systematic error estimate. The data is
signi�cantly above the theory for �ET > 550 GeV.

28



7. Future Plans at Fermilab and CDF

There are signi�cant plans for upgrading both the Tevatron and CDF over the
next few years. Run II is to begin in 1999 with a two stage improvement. The �rst
increases the CM energy from 1.8 TeV to 2.0 TeV and adds the Main Injector, now
under construction, for an increase in instantaneous luminosity by a factor of four. The
second stage introduces a new scheme for producing and recycling anti-protons which
should produce an increase in luminosity by 2.5. Together these should allow CDF to
collect about 1 fb�1 of data per year, 20 times better than now.

The CDF detector must be upgraded to keep pace with the luminosity and de-
tector technical advances. The entire charged particle central tracking system will be
replaced with 1) a new �ve-layer silicon vertex detector, SVX II, with 3-D stereo read-
out and twice the length of the present SVX', 2) a scintillating �ber tracking system
and 3) a straw tube tracker. A scintillating tile and �ber calorimeter will be in the
forward region of 1.1 < j�j < 3.5. Improved muon coverage will �ll the central region
of j�j < 1.0 and the forward region of 1.5 < j�j < 3.2. There will be new trigger at
all levels capable of operating at short bunch spacings (132 nsec). The SVX II will be
able to produce impact parameter information at Level 2 which will allow triggering
on events containing B decays.

These advances in the accelerator and the CDF detector should continue to pro-
duce interesting and exciting physics into the next millenneum.
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