# Fermi National Accelerator Laboratory

FERMILAB-Conf-98/317-E
CDF

M easurements of the B, Lifetime and Search for a Lifetime
Difference 5

A. Ribon
For the CDF Collaboration

Padova University and |.N.F.N. Padova

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

November 1998

Published Proceedings of the 29th International Conference on High Energy Physics, ICHEP98,
Vancouver, B.C., Canada, July 23-29, 1998

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CHO03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.

Copyright Notification

This manuscript has been authored by Universities Research Association, Inc. under con-
tract No. DE-AC02-76CHO3000 with the U.S. Department of Energy. The United States
Government and the publisher, by accepting the article for publication, acknowledges that
the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this manuscript, or allow others to do so, for

United States Government Purposes.



MEASUREMENTS OF THE B, LIFETIME AND SEARCH FOR A LIFETIME DIFFERENCE %

A. RIBON

Padova University and I.N.F.N. Padova

The various BY lifetime measurements, both at LEP and at the Tevatron, are reviewed. Recent upper limits on the difference of the

lifetimes for the two Bs mass-eigenstates are also presented.

1 Introduction

The measurements of B lifetimes are important for the
determination of elements of the Cabibbo-Kobayashi-
Maskawa matrix. Moreover, measurements of the life-
times of B-hadrons probe decay mechanisms beyond the
simple spectator quark decay model. Lifetime differences
can arise from unequal amplitudes for the annihilation
and W-exchange diagrams, as well as from final state
Pauli interference effects. In the case of charm mesons,
such differences have been observed to be quite large
(r(D*)/7(D°) ~ 2.5). Among bottom hadrons, the life-
time differences are expected to be smaller due to the
heavier bottom quark mass. Phenomenological models
predict a difference between the Bt and B° meson life-
times of the order of 5%, and very similar B® and B?

lifetimes *. Whereas in the BS — By system the relative
difference between the width of the two mass eigenstates
is expected to be less than 1%, for the BY — B, system
AT/T has been predicted to be sizeable: 10 —30%?2. In
the Standard Model, the ratio AT';/Am; is given by a
kinematical factor and by QCD corrections which have
been calculated recently 3:

(AA:;S>BO = (5.6+2.6) x 1073 (1)

Therefore, from a direct measurement of AT, an indi-
rect Am, measurement can be obtained. Finally, from
the ratio Amg/Am; it is possible to determine the ra-
tio |Via/Vis| of the Cabibbo-Kobayashi-Maskawa matrix
elements.

From the experimental point of view, the direct mea-
surements of Ams; and AI'y; are complementary: the

higher the Am, the more difficult the oscillation B? — B,
measurement, whereas the simpler the ATy measure-

ment, because a larger AT results from Eq.1.

The paper is organized as follows. We first dis-
cuss the various By lifetime measurements, in the various
channels: semileptonic, more inclusive, exclusive. Then
we discuss the recent AT'/T searches. Finally we conclude
by summarizing all of the results.

2 Bg Lifetime Measurements

2.1 Channels

The possible channels that can be used for a B, lifetime
measurement are the following:

o Exclusive channels: J/1$, DT DY~ etc.: this is
in principle the best approach, but at the moment
is statistically limited.

e Semileptonic channel: D; ¢t ® where the D, can
be fully or partially reconstructed. With the cur-
rent available statistics this approach gives the best
measurement of By lifetime both at LEP and at
CDF.

e More inclusive channels: D + hadron(s)t, inclu-
sive D7, ¢ — £~ correlations. This approach has
been used only at LEP, because a clean event topol-
ogy and good particle identification are necessary.
However, these analyses are less powerful than the
semileptonic ones but can be combined to improve
the sensitivity. Recently 12 a completely inclusive
analysis has been done by L3 for the AT'/T" search.

2.2 Semileptonic channel

CDF measurement

Let us consider in some detail the CDF measurement
of the B; lifetime using the semileptonic decay B? —
D (*v, where the D candidates are reconstructed in
four decay modes:

1. Dy 5 ¢n~, ¢ > KTK~

2. D; - KK, K** - K*tr~
3. D, - KK, K5 ntn—
4. Dy »¢p v, ¢ > KTK™

For the first three decay modes the reconstruction is
based on a single lepton trigger data set with a principal
lepton p; threshold of about 8 GeV/¢, while the semilep-
tonic D decay mode is based on a dimuon data sample

®Charge conjugate modes are always implied.



obtained with a trigger requirement of m(uu) < 2.8 GeV
and a muon p; threshold of about 2GeV/c. The total
number of signal events, out of a data sample of about
110pb~! of pp collisions at /s = 1.8 TeV, is ~ 600: this
is the world largest sample of semileptonic BY decays.

In the figure below all four mass spectra are shown.
Notice that for the semileptonic D, decay mode the in-
variant mass distribution is for the pair K* K~ : the peak
is the ¢ signal. In all four decay modes, the shaded his-
tograms are the wrong-sign combinations, which means:
same sign DE(* events for the three hadronic D; decay
modes, and same sign K*K* or ptu® events for the
semileptonic mode. As expected, there is no evidence for
a signal in the wrong-sign mass spectrum. Notice that,
in the D7 — ¢7m~ mode, there is also evidence for the
Cabibbo-suppressed decay D~ — ¢m—.
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In the D; — K**K~ and D; — K%K~ decays
there is significant background from BY — D=(* X de-
cays with D~ — K*°7~ or D~ — K%, where the
pion is misassigned as a kaon. This kind of background is
more relevant at CDF than at LEP experiments, because
the particle identification at CDF provides a pion/kaon
separation (through dE/dz) of only about one standard
deviation in this momentum range. The fraction of the
signal coming from real D decays has been measured in
two different ways. First, because of the large difference
between the D, and D~ lifetimes, the D and D~ frac-
tions can be determined from a two-component fit of the
proper decay length distribution, where the lifetimes of
D and D~ are fixed to the world average. The second
method is a simultaneous fit to the D, and D~ mass
distributions, where the D~ mass distribution has been
created from the data by switching the mass assignment
on the third track of the D; candidate from a kaon to

a pion. Each of the two mass distributions is fit with
a Gaussian for the corresponding signal, a linear back-
ground, plus the shape of the events coming from the
reflection as determined with Monte Carlo.
The fraction of signal coming from real D decays is ob-
tained from the weighted average of the two independent
measurements, which gives about 70% for both decay
modes.

For all of the four decays modes there are the follow-
ing possible sources of real physics backgrounds:

1. BY - D" D™+ X and B~ — D{ ™ DMOX with
the D™ decaying semi-leptonically;

2. B, —» D™ DM with one DI decaying semi-
leptonically;

3. B°/B~ — D, K{tvX
s

The last decay has not yet been established, therefore
the fraction is assumed negligible, but a small possible
contamination is taken into account as systematic error.
By using the branching ratios from the PDG, and the
relative efficiencies from Monte Carlo, the fraction of the
first two type of backgrounds have been estimated to be
only a few percent of the signal.
The proper decay length is determined as follows:

M(B,)- LB
t=F I S 2
corr pt (Dsg) ( )
where LD is the decay length of the BY in the transverse

plane, defined as the distance between the beam spot and
the BY vertex. The latter is determined from the inter-
section of the lepton with the D, direction. The correc-
tion factor F,,,, is determined from Monte Carlo to take
into account that the B is not fully reconstructed, hence
the momentum of the system D%/ must be corrected to
obtain the BY momentum.

A simultaneous unbinned likelihood fit of the four
samples is used to extract the BY lifetime. The proba-
bility distribution of the signal consists of an exponential
function, convoluted with the distribution of the correc-
tion factor and the resolution function. The combinato-
rial background is parametrized with three components:
a Gaussian for the prompt component, and two expo-
nentials convoluted with a Gaussian for the left (er < 0)
and right (er > 0) tails. For each sample, the proper
time distribution of the events in the signal mass region
is fitted simultaneously with the one of the sideband mass
regions and the wrong-sign combinations, to model the
combinatorial background. For the D~ reflection conta-
mination in the K*°K~ and K,K~ samples, the lifetime
is fixed to world average BY lifetime. For the physics

background B — DDV X and B, — DD the



lifetimes are fixed to the effective ones as measured in
the Monte Carlo. The final result, shown in the figure
below is:

7s = 1.36 & 0.09(stat) T30S (syst) ps 3)

This is the most precise B? lifetime measurement from a
single experiment.
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LEP measurements

- ALEPH ®: four million hadronic Z° decays col-
lected from 1991 to 1995 have been used in
this analysis.  Leptons (electrons or muons)
are combined with opposite sign D, candidates
reconstructed in seven different decay modes:
¢ KK KOK—;¢ntn— 7 K*K*~; pev;
¢p~v where: ¢ - KK+ K*0 » Ktr—; K0 —
aTr~. 277 candidates in the signal mass win-
dow have been selected: the BY estimated purity is
larger than 60%. The measured B? lifetime is:

7s = 1.54 101%(stat) + 0.04(syst) ps (4)

- DELPHI ?: four million hadronic Z° decays col-
lected from 1991 to 1995 have been used in this
analysis. 278 DLt
signal events reconstructed in eight decay modes:
o KK KOK—;¢n—ntn=; ¢on— w0 K*OK*—;
de v; pu~ v. The measured B? lifetime is:

7s = 1.47 T35 (stat.) £ 0.03(syst.)ps  (5)

- OPAL '': 4.4 million hadronic Z° decays col-
lected from 1990 to 1995 have been used in
this analysis. = Leptons (electrons or muons)

are combined with opposite sign D, candi-
dates reconstructed in five different decay modes:
¢~ K*K—; KOK~; ¢e~v; pp~v, where: ¢ —
K-K+; K* - Ktr=; K2 —» «tn~. In total
199 + 26 D¢t candidates in the mass peak are
observed: of these, 172 are attributed to BY. The
BY lifetime results:

s = 1.50 1918 (stat) £ 0.04(syst)ps (6)

2.8 More inclusive channels
D; hadron(s) ™"
- ALEPH ¢: four million hadronic Z° decays col-

lected from 1991 to 1995 have been used in this
analysis. Omne or more tracks (excluding leptons
to keep this analysis statistically independent of
the D¢t channel) are combined with D can-
didates reconstructed in the following channels:
o K*K—; KOK~; pe~v;pp~v, where: ¢ —
K KK —» Ktr ;K% — atn . Also the
semileptonic channel D, ¢+, where the D, is re-
constructed in the mode ¢p~, ¢ - K+YK—, p~ —
7~ 7%, 7® = v, has been included in this analysis.
The total number of data candidates in the signal
mass region is 1620, with an estimated BY purity
of 22%. The measured B? lifetime results:

7s = 1.47 £ 0.14(stat) £ 0.08(syst) ps  (7)

DELPHI®: one track (not lepton) h* is combined
with D candidates reconstructed in the two chan-
nels: ¢n~; K**K—, where: ¢ - K-K*; K** —
K*+r~. The measured B? lifetime results:

7s = 1.52 1023 (stat) £0.12(syst)ps  (8)

inclusive D

- OPAL '0: 3.7 million hadronic Z° decays col-

lected from 1991 and 1995 have been used in this
analysis. Only the D, mesons are reconstructed,
without any additional accompanying track, in
the two channels: ¢r; K*°*K~, where: ¢ —
K~-K*; K*® — Ktn~. The total number of andi-
dates in the mass peak is 911 £ 83, of which about
57% are expected to be from BY decay. The BY
lifetime results:

7o = 1.72 g 5 (stat) 7517 (syst)ps  (9)

DELPHI®: only the D, mesons are reconstructed
in the two channels: ¢r—; K*°K~, where: ¢ —
K-K*; K*® - K*t7~. The total number of data
candidates in the mass peak is 342 £ 41, with an



estimated BY purity of 55%. The B? lifetime re-
sults:

7 = 1.60 + 0.26(stat) T332 (syst) ps (10)

@¢¢ correlations

The DELPHI collaboration® also measures 7, in a more
inclusive sample requiring a lepton together with a ¢ me-
son in the same jet. The estimated BY purity is about
50%. The measured B? lifetime results:

7, = 1.76 & 0.20(stat) T3 15 (syst) ps (11)

2.4 Ezxclusive channels

I/

The only fully reconstructed B? channel used so far is the
J/1¢ final state by CDF 3. Out of 110 pb=! of pp colli-
sions, 58 12 signal events have been reconstructed from
the dimuon trigger data set. The lifetime fit, performed
simultaneously to the mass fit, gives:

7y = 1.34 1093 (stat) +0.05(syst) ps (12)

Dg*)+D§*)7

Recently the ALEPH Collaboration” has used the ¢¢X
final state to partially reconstruct the decay B? —
DD~ From about four million hadronic Z° de-
cays (1992-1995) 32 £ 17 pure signal events have been
collected, and the lifetime fit gives:

Ts = 1.42 £ 0.23(stat) £ 0.16(syst) ps (13)

By assuming that only the CP-even component con-
tributes to the channel D{ D)~ (indeed it is a mix-
ture of CP-even and CP-odd states, but it is expected
to be CP-even dominated), and therefore that the above
Ts measurement gives the lifetime of the light eigenstate
(the CP violation is negligible); and by assuming that
the world 75 average is the mean of the lifetimes of the
light and heavy mass eigenstates, then it results:

¥ — (244 35)% (14)

3 AT/T search

There are essentially three ways to measure AT'/T":

1. The lifetime distribution of the semileptonic sample
BY — D, *v can be fitted with a sum of two ex-
ponentials, one for the light and one for the heavy
states:

const - (e7Trt 4 e t) (15)

where the normalization takes into account the fact
that the width, not the branching ratio, for the
semileptonic channel is the same for the two mass
eigenstates. By rewriting I'y, and 'y in terms of
I = (FL + FH)/Z and AT =Ty, — 'y then AF/F
can be fitted.

Using this method, and by fixing 7, = 74 (because
from the theory we expect the two lifetimes to be
the same within 1%), both DELPHI and CDF set
an upper limit at 95% C.L.:

AT o046 (DELPHI)

T o083 (cpF) (16)

2. The exclusive channels, like J/1¢ or Dg*)"_Dg*)_,
are a mixture of the CP-even and CP-odd states.
These two components can be separated with an
angular analysis* and then from the lifetime fit of
the CP-even (CP-odd) component the lifetime of
the light (heavy) eigenstate can be determined. In
practice this method is difficult and suffers from
low statistics, expecially for the CP-odd compo-
nent because these exclusive decays are CP-even
dominated. A more realistic approach is described
below.

3. This approach combines the two previous ones as
follows. From the exclusive decays, by assuming
that the CP-even component is completely dom-
inant, the lifetime of the light eigenstate is mea-
sured. The measurement of the B? lifetime in the
semileptonic channel gives instead the weighted av-
erage of the lifetimes of the light and heavy states,
where the weights are given by the corresponding
branching ratios. By combining these two mea-
surements, AT'/T' can be extracted. A simplified
version of this method has been used by ALEPH,
as described in the previous section.

A completely new, totally inclusive technique has been
used recently by the L3 collaboration '? to search for
AT/T. The main idea is that value of AT # 0 causes sig-
nificant deviations in the inclusive b—hadron decay time
distribution as compared to a single average b lifetime.
The deviations occur at long time scales. The analysis
was performed on the 1994-1995 data sample which con-
sists of ~ 2 million hadronic Z° decays. After requiring
two secondary vertices, the analysis combines a measure-
ments of the b decay time, based on the impact parameter
of tracks reconstructed at the secondary vertices, and of
the b hadron charge, based on the weighted average of the
charge of tracks reconstructed at the secondary vertices.
By splitting the sample in neutral and charged according
to the b hadron charge, and in b-enriched and b-reduced
according to the decay length in the opposite hemisphere,



and then by performing a grand-fit in which all possible
sources with non-zero lifetime are taken properly into ac-
count, the following upper limit was set:

AT/T <067  (95%C.L.) (17)

4 Summary

The table below summarizes all of the AT'/T" searches:

Exp. Meas. Limit (95% CL) Ch.
DELPHI - 0.46 D, *
L3 0.00 +9-39 0.67 incl.
ALEPH 0.24+0.35 - D pr
CDF 0.49 1032 0.83 Dyt

The table below summarizes all of the 7, measurements °.

S —
ALEPH D_| 1.54'%% 40,04 ps
o - o I
AL EPH(Q%Q) e |2610X700
ALEPH D_i 1.47+0.14+0.08 ps
G f——H P
1.39+0.09+0.05 ps
DELPHI D_| . 1.47'%2 40,03 ps
(91-95Prd.) -0.12 P
DELPHI D.h PR 15292 +0.12 ps
DELPHI QI | ey 13302 +0.10 ps
DELPHI inclusizg? 9D47 H— 4 1.600.26"07% ps
OPAL indlusive D b e 27200708
OPAL D_| 1.50'%1%+0.04 ps
(90-55) = 015 P
Average 1.48+0.06 ps
of aboveglO M P
0.23
1.3477,+0.05 ps
World average 1.47+0.06 ps
g | L l._'_“ [ | [ p
1 1.2 14 1.6 1.8 2
LEP B Lifetime
Working Group T (By) (ps)
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