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JORGE F. DE TROCONIZ y

Harvard University, 42 Oxford Street
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ABSTRACT

Precision B-physics results from the CDF and D0 Collaborations based on data

collected during the Tevatron 1992-96 run are presented. In particular we discuss

the measurement of B hadron lifetimes, and B0
�

�B0 mixing results obtained

using time-evolution analyses. Perspectives for the next Tevatron run, starting

in 1999, are also reported.

1. Introduction

Precision B physics has become possible at hadron colliders since the CDF Collaboration

installed a silicon vertex detector (SVX) in 1992. The total b production cross section at the

Fermilab Tevatron is about 30 �b 1 in the rapidity region jyj < 1. For a typical instantaneous

luminosity of 1031 cm�2�sec�1 the corresponding production rate is 300 Hz. However the back-

grounds are also large: the b cross section is three orders of magnitude smaller than the total

inelastic cross section. Clearly the trigger performance is of vital importance. All B triggers at

hadron colliders are based on leptons.

The CDF and D0 Collaborations have collected 100 pb�1 of data during the 1992-96 run.

The results discussed here are based on these data. In the following we shall report the latest

CDF results on the measurement of B hadron lifetimes, and time-dependent B0 � �B0 mixing.

2. B Hadron Lifetimes

The B hadron lifetimes are sensitive to the details of the decay mechanism beyond the

spectator model. Unlike theD+=D0 case, B decay models predict very small di�erences between

the Bu and the Bd lifetimes (5-10%)
2;3. Currently there is some controversy among theorists

about the precise size of the e�ect. Sensitivities of this order of magnitude or smaller are
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therefore necessary in order to constrain the theory.

CDF reports an update on the exclusive Bu and Bd lifetimes, which uses a total of 110 pb�1

of data. There is a new measurement of these lifetimes using semi-exclusive channels. The Bs

lifetime has also been measured using the decay mode Bs ! l�Ds. Finally, the �b has been

measured using the decay �b ! l��c.

2.1. Exclusive B+ and B0 Lifetimes

This measurement of the B meson lifetimes uses their exclusive decays into J= 4. The

analysis selects decays J= ! �+�� from a dimuon trigger data sample. The two opposite

charge muons are constrained to originate from a common vertex and the invariant mass is

calculated. Approximately 240,000 J= 's with both legs reconstructed in the SVX are found

with less than 10% background in the peak region.

J= candidates are then associated to additional tracks to select speci�c B decay modes.

The B decay modes used for this analysis are: B ! 	 K, where 	 is either a J= or a  (2S)

and K can be any of the following: K�, K�0 ! K�, K0
S ! �+�� or K�+ ! K0

S�
+.

We de�ne the transverse decay distance, Lxy, of the B meson as the vector di�erence of the

secondary and primary vertex positions in the transverse plane projected onto the B transverse

momentum vector, ~pBt :

Lxy =
(~xsec � ~xprim) � ~p

B
t

pBt
(1)

From Lxy we extract the proper decay length, c� , by correcting with the appropriate �t factor:

c� = Lxy

MB

pBt
(2)

where MB is the mass of the B meson and pBt its transverse momentum.

With these de�nitions, the proper decay time distributions for charged and neutral B mesons

are calculated. The signal region is de�ned within �30 MeV/c2 of the world average B mass.

Similarly, a sideband region is de�ned by the condition 60 MeV/c2 < j�M j < 120 MeV/c2.

The c� distributions for charged and neutral B's in the two mass regions are shown in Figure 1.

The shape of the background is determined by �tting the sideband distribution to a gaussian

with exponential tails. The shape of the signal region is assumed to be a sum of the sideband

shape and an exponential convoluted with a gaussian resolution function. After performing an

unbinned �t (to account for the event by event variation of the Lxy resolution) the following

results are obtained:

�+ = 1:68 � 0:07 (stat:)� 0:02 (syst:) ps (3)

� 0 = 1:58 � 0:09 (stat:)� 0:02 (syst:) ps (4)

�+=� 0 = 1:06� 0:07 (stat:)� 0:01 (syst:) (5)

The largest systematic error is due to the shape of the background distribution. However,

this measurement is still statistics dominated. One way to increase the number of candidates

is to reconstruct partially the B meson. This method is discussed in the next section.

2.2. Semi-exclusive B+ and B0 Lifetimes

Another approach to measure Bu;d lifetimes is to use B semileptonic decays 5. Starting with

a large sample of inclusive single lepton triggers, D mesons are reconstructed in a cone around

the trigger lepton using the following channels:



Fig. 1. Signal and sideband c� distributions for B+ (left) and B0 (right) exclusive decays.

(a) D0 ! K��+, where the D0 is not from a D�+

(b) D�+ ! D0�+s ; D
0 ! K��+

(c) D�+ ! D0�+s ; D
0 ! K��+X

(d) D�+ ! D0�+s ; D
0 ! K��+�+��

where the channel (c) is dominated by D0 ! K��+ decays where the �0 is lost. A well de�ned

correlation between the sign of the lepton and that of the kaon is present if the lepton and the

D originate from the decay of a B meson. Very clean D peaks are seen in the invariant mass

distributions of the right sign combinations, as shown in Figure 2.

In analogy with the exclusive measurement we de�ne a secondary vertex, as the intersection

of the D and lepton trajectories in the plane transverse to the beam axis, and a transverse

decay length, Lxy, as the projection of the vector di�erence of the secondary and primary

vertex transverse positions onto the direction of the Dl system. In this case it is not possible

to calculate the �t factor exactly: a neutrino is missing. c� is therefore calculated as follows:

c� = Lxy �
MB

pDl
t

�K (6)

where K is an average correction calculated with a Monte Carlo simulation.

The reconstructed events form two almost orthogonal samples: a lepton-D0 sample, which

comes mostly from charged B decays, and a lepton-D�� sample which comes mostly from

neutral B decays. In practice there is some cross talk between the two samples due to B decays

to D��l� and to some ine�ciency in the association of the bachelor � to the D0 to form a D��.

The relative amount of B� and B0 present in all samples is modeled with the Monte Carlo. A

combined lifetime �t produces the following results:

�+ = 1:64 � 0:06 (stat:)� 0:05 (syst:) ps (7)

� 0 = 1:48 � 0:04 (stat:)� 0:05 (syst:) ps (8)

�+=� 0 = 1:11� 0:06 (stat:)� 0:03 (syst:) (9)



Fig. 2. Charm invariant mass peaks (left) and proper time distributions (right) used in the semi-

exclusive B lifetime analysis: (a) D0
! K��+, (b) D�+

! D0�+; D0
! K��+, (c) D�+

!

D0�+; D0
! K��+�+��, (d) D�+

! D0�+; D0
! K��+�0

These results are consistent with the ones obtained in the exclusive analysis. Combining

them, the following lifetime averages are produced:

�+ = 1:66 � 0:05 ps (10)

� 0 = 1:52 � 0:06 ps (11)

�+=� 0 = 1:09� 0:05 (12)

These numbers are competitive with the values obtained by the LEP and SLC experiments
6.

2.3. Bs Lifetime

The lifetime of the Bs meson has been measured 7 using the semi-exclusive decay to Dsl�

with Ds ! �� and �! K+K�. The analysis techniques are similar to those described in the

previous section. The left plot in Figure 3 shows a signal of 254�21 "right sign" Ds candidates

above background. From them, a lifetime of

� (Bs) = 1:37 +0:14
�0:12 (stat:)� 0:04 (syst:) ps (13)

is obtained. This measurement is still statistically limited.

2.4. �0
b Lifetime

The analysis to measure the �b lifetime is very similar to the previous ones. The �b baryon

is reconstructed through the semileptonic decay �b ! �cl�X, where �c ! pK��+ 8. The

analysis uses single lepton trigger data, looking for a �c candidate in a cone around the lepton.

The �b decay vertex is found at the intersection of the �c and lepton decay lines. Using a signal

of 197�25 right sign candidates (Figure 3 (right)), a lifetime of

� (�0
b) = 1:32 � 0:15 (stat:)� 0:07 (syst:) ps (14)
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Fig. 3. (Left) Invariant mass of the �� system. The points are for right sign lDs combinations.

The shaded histogram shows the wrong sign combinations distribution. (Right) Invariant mass

of the pK� system. Again, points are for right l�c combinations and histogram for wrong sign

combinations.

is measured.

3. B0 � �B0 Oscillations

B0 � �B0 transitions are allowed in the Standard Model via higher order weak interaction

diagrams. Since the avour eigenstates are not exactly the mass eigentstates, a B0 produced

at time � = 0 has a certain probability to turn (mix) into a �B0 at a later time � . De�ning

x = �m:�B, where �m is the mass di�erence and �B the average lifetime of the eigenstates of

the mass matrix, the mixing probability is given by

P(B0(0)! �B0(� )) =
e��=�B

2�B
� (1 � cos(x

�

�B
)) (15)

The mixing parameters xd;s, for the B
0
d;s mesons, are related directly to the elements Vt(d;s)

of the CKM matrix.

In general, a time dependent mixing analysis requires knowledge of the avour of the B

meson at production and decay times. Experimentally, to measure the decay time implies the

use of some kind of vertexing algorithm. The avour at the decay time is determined from the

decay products. All the analyses reported here use semileptonic B decays. The B meson decay

vertex is measured at the intersection of the lepton and reconstructed charm trajectories. The

charm signal \D" can be fully reconstructed as in Subsection 2.2, or inclusively tagged using a

secondary vertex algorithm. In analogy with the semi-exclusive B lifetime analysis, the proper

decay length is calculated using

c� = Lxy

MB

pl
00D00

t

�K (16)

where K is an average kinematical Monte Carlo correction factor. In all cases, the avour at

decay time is determined using the charge of the lepton.

More challenging is to know the avour at production time. Several approaches are possible.

One possibility is to use the charge correlations of the B meson and other particles produced



in the same jet (same-side tagging). These correlations are expected to appear in the fragmen-

tation process or B�� decays. The second possibility is to look at the other B meson in the

event (opposite-side tagging), that can (for instance) also decay semileptonically, or using a jet

charge algorithm.

We present herein three recent measurements of the Bd frequency from CDF.

3.1. B � �B mixing in lD(�) events

In this analysis the charm is reconstructed explicitly using the decays of Subsection 2.2.

Tracks with impact parameters signi�cantly displaced from the primary vertex are selected in

order to decrease combinatorial backgrounds. The signals are identi�ed as peaks in the invariant

mass distributions similar to the ones shown in Figure 2.

Same-side tagging is used. The momentum of the B meson is approximated by the momen-

tum of its reconstructed portion. Charged tracks within a cone around the reconstructed B

meson and consistent with the hypothesis that they originate from the primary vertex of the

event are considered. Of the candidate tracks we select as the tag the track with minimum prelt

relative to the sum of the momenta of the B and that track. The e�ciency for �nding a tag is

about 72%.

Next, the number of right-sign (RS) correlations (i.e. B0�+, B+��) is compared to the

number of wrong sign correlations (WS) (i.e. B0��, B+�+) as a function of the decay proper

time. For the B0 meson the following asymmetry is expected:

A(� ) =
NRS(� )�NWS(� )

NRS(� ) +NWS(� )
= D cos(�md � ) (17)

where D is the so-called dilution of the tagging algorithm. D is related to the mistag fraction

w by D = 1� 2w. After correcting for channel cross-talk (as explained in Subsection 2.2), the

values of D and �md are extracted from a �t to the data. The results are shown in Figure 5

(left):

�md = 0:45� 0:06 (stat:)� 0:03 (syst:) ps�1 (18)

and an e�ective tagging e�ciency �D2 = 3:4 � 1:0 � 1:1%. The systematic error is dominated

by the uncertainty in the fraction of D�� in semileptonic B decays.

3.2. B � �B mixing in e� � events

For this analysis, we trigger on leptons from the semileptonic decay of both B hadrons in

an event: B1 ! eX and B2 ! �X. Sequential decays from one B hadron are rejected with the

requirement Me� > 5 GeV. The charge of the lepton associated to the displaced vertex gives

the avour at the decay time. The other lepton provides the avour tag at the production time.

An inclusive secondary vertex is reconstructed in association with one of the leptons. The

vertexing algorithm has been tuned for high e�ciency near c� = 0, with the e�ciency reaching

a plateau of about 40% for c� > 500�m. The boost resolution is about 22%.

The challenge of this analysis is to determine the sample composition. It can estimated

from several kinematical quantities, like prelt or the invariant mass of the tracks that form the

displaced vertex. Here prelt is de�ned as the transverse momentum with respect to the lepton

direction of the hardest track in a cone around the lepton. About 86% of the sample is made

of b�b events (10� 15% of these events contain sequential leptons), around 11% are events with

at least a fake lepton, and the rest comes from c�c events.
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Fig. 4. Fitted like-sign fraction as a function of the decay proper time for the e � � (left), and

inclusive lepton (right) mixing analyses.

The �nal sample is formed by 6025 events with a secondary vertex around the electron

(electron tags) and 5819 muon tags. Approximately 16% of these events, contain both an

electron tag and a muon tag. Figure 4 (left) shows the dependence on c� of the like-sign

fraction of events, de�ned as NLS(� )=(NLS(� )+NOS(� )). A �t to the data is performed including

components for direct and sequential b decays, c�c, and fake events. The result is:

�md = 0:45� 0:05 (stat:)� 0:05 (syst:) ps�1 (19)

where the dominant systematic error arises from the uncertainties in the sample composition.

3.3. B � �B mixing in inclusive lepton events

There is still another CDF analysis that uses opposite-side tag. Starting from events that

satisfy an inclusive lepton trigger with pt > 8 GeV, opposite-side avour tagging is implemented

using jet charge and soft leptons. The result of this analysis (Figure 4 (right)) is:

�md = 0:47� 0:06 (stat:)� 0:04 (syst:) ps�1 (20)

The e�ective tagging e�ciency of this algorithm has been studied in detail by CDF. Values of

�D2 = 0:6 � 0:1% for soft muon tagging, 0:3 � 0:1% for soft electron tagging, and 1:0 � 0:3%

for the jet charge algorithm (after including impact parameter track information) are found

respectively.

After taking into account the statistical overlap between the samples and common system-

atic errors, the CDF average result is

�md = 0:454 � 0:033 (stat:)� 0:024 (syst:) ps�1 (21)

This number is competitive to the LEP measurements 9.

4. Perspectives for Run 2

In 1999, the Tevatron together with the Main Injector is supposed to deliver 2 fb�1 in

two years. By then, the CDF 10 detector will be upgraded with a new silicon vertex detector,



Fig. 5. (Left) Time dependent asymmetry for B+ (top) and B0 mesons (bottom) in the lD(�) mixing

analysis. (Right) B0
! J= K0

S
signal collected at CDF during the 1992-96 run.

which doubles the �ducial volume of the current SVX and provides 3-d tracking. A new central

tracking system with dE/dx capabilities will be in place. With an upgraded trigger and DAQ

system CDF plans to operate a fully hadronic trigger for the �rst time. D0 11 will enhance

considerably its tracking capabilities with an inner silicon vertex detector, surrounded by four

superlayers of a scintillating �ber tracker. These detectors will be located inside a 2 Tesla

superconducting solenoid.

4.1. sin 2�

CP asymmetries in the decay B0 ! J= K0
s determine the value of sin 2�. The 1992-96

CDF signal (Figure 5 (right)) is formed by 239�22 events with a signal-to-noise ratio of 1.2.

Taking into account the improvements in luminosity, lower trigger thresholds, etc, CDF expects

to collect 15,000 such events. This results in an error of �sin 2� = 0:09, assuming �D2 = 6%.

4.2. sin 2�

CP asymmetries in the decay B0 ! �+�� are related to the value of sin 2�. Here, the

challenge is to be able to trigger on this decay. CDF plans to be able require two charged

tracks at L1, and use impact parameter information at L2 (20 Hz). About 10,000 events are

expected, that will produce an uncertainty of �sin 2� = 0:10 for �D2 = 6%.

4.3. Bs mixing

Here the reach on �ms is limited by the proper time resolution. Monte Carlo studies show

that the experiment will be sensitive to values up to 10 ps�1.

5. Conclusions

CDF has produced very competitive measurements of the B hadron lifetimes. Mixing results

are still dominated by statistics. In the frame of these analyses, the feasibility of a number of

avour tagging techniques have been demonstrated for the �rst time at a hadron collider. For



Run 2, CDF and D0 will be signi�cantly upgraded. The experiments will focus on the discovery

of CP violation in the B sector.
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