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ABSTRACT
MEASUREMENT OF THE LIFETIME OF THE B% MESON USING
THE EXCLUSIVE DECAY MODE B2 — J/vy¢.
Farrukh Azfar

Nigel S. Lockyer

In this thesis a measurement of the lifetime of the bottom-strange meson (B?) in
the exclusive decay mode B? — J/1¢ is presented. Approximately 100 pb~! of
data accumulated at the Fermilab Tevatron during Run-la and Run-Ib (1993-1995)
have been used. The decay mode is reconstructed completely, making this the only
lifetime measurement of the BY in an exclusive decay mode. The decay J/v — putpu~
is reconstructed and the B? mass spectrum is extracted by selecting events with a
K* K~ mass consistent with ¢ mass. The lifetime difference between the long (CP
odd) and short (CP even) lived components of the B? has been predicted to be as
large as 15-20 %. It has also been suggested that the decay mode B? — J/1¢¢
is predominantly CP even and that the measured lifetime in this mode could be
shorter than the lifetime measured in the inclusive decay modes. An observed lifetime
difference can be used to extract the B® — B® mixing parameter z,. This method
would not require the tagging algorithms currently in use for B mixing studies. The

lifetime of the B? is measured to be
1.34 2338 (stat.) £ 0.05 (syst.) ps.

This result is currently the best single measurement of the B? lifetime and is consis-
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tent with other measurements of the B? lifetime. This result is also consistent with
measurements of the lifetimes of the B®, BT mesons and the A, baryon. This result
is not accurate enough to establish the existence of a possibly significant lifetime

difference between the CP odd and even states or consequently the value of z,.
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Chapter 1

Introduction

In this chapter an overview of the formation of the B? mesons from pp collisions, their
decay rates and lifetimes is given. The current world average BY lifetime from par-
tially reconstructed semi-leptonic decay modes at the DELPHI, OPAL and ALEPH
collaborations is 7ge = 1.59 + 0.11 ps [1]. A recent CDF measurement by Y.Cen [2]
from the semileptonic decay B? — D,l is Tgo =1.42 1337 (stat:) & 0.11 (syst.) ps.
The data used for this result was taken at CDF from 1992-1993 and is designated
as the Run-la data. This result was published with the exclusive analysis result of
e =1.74 55 (stat.) £0.07 (syst.) in the fully reconstructed decay mode B? — J/1¢
[3]. This thesis describes a further analysis of the exclusive decay mode BY — J/¢
with much higher statistics from data taken at CDF during 1994-1995 (Run-Ib). The
current analysis remains the only one of its kind in the world. The decay mode
B? — J/1¢ is of particular interest due to the fact that a possible predominance of
the CP even B? state could lead to the observation of a lower lifetime relative to mea-
surements in the semi-leptonic modes. A discussion of the z; mixing parameter and

its relation to the lifetime measurement in the decay mode BY — J/1¢ is presented
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at the end of this chapter.

1.1 Formation of B Mesons in pp Collisions

The formation of B mesons in pp collisions involves two processes, the first is the
production of b quarks from pp collisions and the second their hadronization to a

particular B meson. A short description of both processes follows.

1.1.1 5-Quark Production in pp Collisions

To study the production of quarks from pp collisions it is important to remember that
every proton (or anti-proton) contains 3 valence quarks and a sea of virtual quark-
anti-quark pairs and gluons. The process of b quark production can be thought of
as the result of interactions between the parton constituents of the protons and anti-
protons. The cross-section is actually an appropriately weighted sum of gluon-gluon,
quark-quark and quark-gluon interactions. It has been shown that at high values of
the square of the momentum transfer (¢?) the partons (both valence and virtual) may
be considered free [4]. Thus the problem of b quark {or any other quark) formation
in pp collisions can be thought of as a series of interactions in which parton 7 in a
proton reacts with a parton j in an antiproton. These cross-sections are calculated
as a perturbative series in ,(g?), the QCD coupling parameter. The most important
contributions come from order o and o processes. The Feynman graphs for processes
of type q§ — bb and gg — bb ( order o? ) are given in Figs 1.1 and for processes of
type g — bbg, gg — bb and gg — bbg (order @?) are given in Fig 1.2. The expression
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for the Lorentz-invariant cross-section is given below [5]

d’s d®035(xpPp, xpPsp, 1) B
B = %:// dxpdxp(E EEIR VFY (xp, w)F5 (xp, ), (1.1)

where the sum over indices z and j represents a sum over light partons 7.e. gluon, up,
down, strange and charm quarks (and the corresponding anti-quarks), z, (z;) is the
fraction of the momentum carried by the ¢th(jth) parton in the proton(anti-proton),

P, and P; are the momenta of the proton and anti-proton respectively, F¥(z,, u) and

Ff (z5, ) are the probability distribution functions (evaluated at scale u = ¢?) for the
ith (jth) parton in the proton(antiproton) to be carrying a fraction z,(z;) of the total
momentum of the proton(anti-proton). This expression is thus a sum over all possible
free-parton interactions convoluted by the probability distribution functions for the
partons to be carrying a particular momentum in the proton or anti-proton. The
b production cross-section was first measured at CDF by R. Hughes [6]. The most
recent b quark production cross-section 'r;leasurement at CDF is op5_x = 12.161£2.07
pb for b quarks with P; > 6 GeV and rapidity | y |< 1.0 [7]. The b production cross
section at LEP from Zg; — bb is 4.5 nb, at CESR which operates at the Y(45)

resonance, it is 1 nb. Hence the Tevatron is a promising facility to study B-decays.

1.1.2 Formation of the B? Meson

Once the b quark is produced it will polarize the vacuum creating quark-antiquark
pairs in its path. The created pairs will themselves create more pairs, and as this
process continues various hadrons are formed. To get an idea of the likelihood of
B? meson formation in this process it is important to know the probabilities of the

3
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Figure 1.1: Lowest order (o?) processes contributing to b quark production.

formation of different quark-anti-quark pairs. There are many models which describe
fragmentation [8) and they assume that the probability of producing a ¢§ pair is
proportional to e~™ where m, is the quark mass. Given the existence of a b quark
the probability of production of a bg state is just the probability of creation of the
gq pair. The probabilities for a b quark to fragment into various hadrons, taking into
account the strangeness suppression factor [9] for the production of s5 pairs(~ 0.33)

are

B, : By : By : b — Baryons = 0.375 : 0.375 : 0.15 : 0.10. (1.2)
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Figure 1.2: Order o2 processes contributing to b quark production.




1.2 Decay of the B Meson

A summary of the mechanisms governing the decay of the B? meson is given. A more
detailed discussion of lifetime differences between the CP even and odd states of the
B? meson and its importance follows. The relation of the lifetime difference to mixing

in the BY system is discussed in somewhat more detail.

1.2.1 B Meson Lifetimes

In 1983 the MARK II [10] and MAC [11] collaborations calculated a B-hadron mean
lifetime of ~ 1.2 ps from the impact parameter distribution of prompt leptons. This
lifetime was an order of magnitude higher than an expected lifetime of ~ 0.07 ps.
The implication of the MARK Il and MAC results is that the coupling between the
second and third generations of quarks is much weaker than that between the first
and the second. The lifetime can be used to calculate the magnitude of the CKM
matrix element V,. which is an order of magnitude smaller than V4. The lifetime of a
B meson can be approximated to first order by the “spectator” quark model in which
the heavier quark inside a meson is assumed to be free. In this approximation the
second quark in the meson plays no role in the determination of the lifetime and as
such is called a “spectator” quark. Assuming the correctness of the spectator model

the width of any B meson (or the b quark) is given by [12]

Fmb( Z: l Ve Vo, }2 (I’(fqneqp €q,) Z | Vais !2 ?(c,)). (1.3)

3
192” t=mu,e J=i,e k=d,s i=u,e




JIV

S

, ¢

S S

Figure 1.3: Spectator Feynman graph contributing to the process B® — J /¢
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Figure 1.4: Weak annihilation Feynman graph contributing to the process B® — J /¢




where the V,,; are the appropriate CKM matrix elements, m; is the bottom quark
mass, ® is the phase space factor and ¢, is defined as %‘:, the first term is from
hadronic decays and the second from semi-leptonic decays and the lifetime is given
by 7 = §. In Eqn. 1.3 the index 7 represents a sum over u and ¢ quarks, and the
indices 7 and k over ¢, u, s and d quarks. Studies of the momentum spectrum of
leptons from b decays [13] [14] have showed that | V,, | is ~ 0.1 | V3 |. Therefore
the lifetime scale of B mesons is set by the magnitude of V,;. The diagram for the
spectator-decay of the B? in the decay mode J/1¢ is given in Fig. 1.3.

The spectator model is an approximation and this fact can be seen most clearly

in the differences in lifetimes of the various D mesons where,
7(D*) > 7(D}) ~ 7(D°) > 1(A.). (1.4)

The lifetimes are [32], 7(D*) = 1.057 :i:r.015 ps, 7(D¥) = 0.467 :i: 0.017 ps, 7(D°) =
0.415+0.004 ps and 7(A.) = 0.2£0.011 ps. Since the b quark is much heavier than its
partners in mesonic bound-states, the spectator model is a much better approximation
than in the D meson system. This model is not complete however, and corrections

to it from various sources are listed below:

o Other graphs such as Fig. 1.4 also contribute (less) to the width therefore the
B? lifetime is shorter. This particular graph is termed the “weak-annihilation”

graph.

o Different graphs with the same final hadronic states will interfere (Pauli Inter-

ference) lowering the lifetime.




A detailed study of these effects is provided elsewhere [15]. Suffice it to say that the
average BY lifetime is predicted to be almost the same as the BY lifetime. A small

difference is predicted between the By and the B} and is given by

r(B%)

f3
= 05, —=B :
TN 140.0 (1.5)

(200MeV)?’

where fg (~ 185 £ 25MeV) is the BY decay constant. The lowering(increase) in
lifetimes(widths) is relative to the charged B mesons. We expect the hierarchy of
lifetimes in the B system to follow the pattern observed in the D system. Thus with

the replacement ¢ — b we have
7(BY) > 7(B?) ~ 7(BY) > 7(Ay).

The ratio of the charged B to average neutral B lifetime has been measured by
F.Ukegawa [16] to be 0.96 & 0.10 (stat) 40.05(sys). A similar measurement from
exclusive decays of B} and BY [17] gives a ratio of 1.024 0.16 (stat.) £0.05 (syst.).
Although these ratios are consistent with the theoretical prediction in Eqn. 1.5, more

data is needed before it can be confirmed.

1.2.2 Width Differences between CP eigenstates and Mixing in B Mesons

Although it is common in the literature to refer to B mesons as B implying the
bound state bg (where ¢ is the d or s quark), it is important to remember that
the physical objects involved in weak interactions are the CP eigenstates formed from
linear combinations of b and bg. Instead of referring to Tpo as the BY lifetime, a more

appropriate terminology is Tpo L.e. the average BY lifetime. This means that a lifetime

9




measurement in a decay mode that is dominated by either CP eigenstate could be very
different from a measurement of one dominated by the other CP eigenstate, or from
a decay mode containing a mixture of both. The B{ and B{ form a 2-state quantum-
mechanical system. As in the kaon system it is possible for a B meson to change to a
B meson through second-order weak interactions represented in perturbation theory
by the Feynman “box-diagram”. It is therefore useful to consider the CP eigenstates

B, (CP odd) and B; (CP even) defined as
1 -
|B>= (B>~ | B>) (1.6)

and

1
V2

The time evolution of these CP eigenstates is then given by

| B, >= —(| B>+ | B >). (1.7)

| Bi(t) >=| Bi{0) > e~ (1.8)

where i=1 represents the CP odd state and :=2 the CP even state, m; is the mass
eigenvalue and I'; the corresponding width. It is important to note that there are two
distinct masses and widths corresponding to each CP eigenstate. The probability

that a By meson will propagate into a B;’ meson over a long period of time is given

by,

1, z2 1
Pgo_go = = (—2
By—Be 2(1+x§ + 1 —y?

(1 —3?) (1.9)

where z, and y are defined in terms of the m; and T

My — My Am

BT ST I, T

© (1.10)

10



Iy—T, AT

= = . 1.11
r+r, 2r ( )

The ratio z, is known as the “mixing parameter”.

The difference in the widths of the CP odd and CP even states is denoted by
AT and the average of the CP even and odd state widths is I'. For BJ mesons the
mixing parameter is denoted by z4 and for the B? by z;. Several measurements of
z4 at various experiments have led to a current world-averaged value of x4 of 0.73+
- 0.04 [18]. A measurement of mixing in the B? system by the ALEPH collaboration
has put a lower limit of 8.8(95 % CL) on z, the mixing parameter and a theoretical
calculation by A.Ali and D.London [19] has estimated 11.7< z, < 29.7. So far
B mixing analyses have relied on tagged samples of B decays, however recently it
has been noted [20] that a difference in the widths of CP even and odd states
of the B? could be a hitherto unobserved mixing phenomena leading to a possible
measurement of z,. In the Standard Model the ratlo ZF can be calculated with no

CKM uncertainties [20]

Am 2 m? 8m —1,, M}
AT 3w T ) h(MW) (1-12)
where h(y) =1— f((ll_jr;;))(l + 133;2 log(y)). Therefore z, can be expressed as
AT 2 m? 8 m? m?
"= T g 5 M) —

1.2.3 The Decay mode B°? — J/¥¢ and the Measurement of z,

Although no conclusive experimental evidence is available, many theorists have con-
jectured that the decay mode B? — J/y¢ is dominated by the CP even state [21].

11
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A measurement of the ratios of longitudinal vs transverse polarizations of the de-
cay mode B? — J/¥¢ [22] has given a ratio of 0.56 £ 0.21(stat) £ 0.03 which
is consistent with this decay mode containing a mixture of both CP states or with
its being completely CP even. It is possible that the best guess of the CP content
of this decay mode can be made by looking at the CP content of the decay mode
BY — J/$K*(892)° . The results here are not conclusive but the world average of
0.74 £ 0.07 tells us that at least 60 % of it is CP even at the 90% confidence level [22].
The conclusion of this analysis provides a hint (Chapter 7, Conclusion) that the life-
time in this decay mode is lower than what the average B? lifetime is expected to be.
However a larger data sample is needed to establish this conclusively. Unfortunately
an accurate measurement of z, 1s not possible with the current data sample and it
is hoped that higher statistics in Run-II (beginning 1999)will result in an accurate

measurement of z,; using this method.
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Chapter 2

CDF detector

This chapter briefly describes the Fermilab Tevatron and the CDF detector. A general
overview of the Tevatron and the entire detector is followed by a more detailed dis-
cussion of the Muon Chambers, the CTC, VTX and the SVX, these are the detector

components most relevant to the analysis described in this thesis.

2.1 The Fermilab Tevatron

The Fermilab Tevatron is a pp collider operating at a center of mass energy of 1.8
TeV and is the highest energy collider in the world. A plan view of the Tevatron is
shown in Figure 2.1. More detailed descriptions of the Tevatron are given elsewhere
[23] [24]. A brief description of its operation follows:

Protons are extracted from a bottle of hydrogen gas and ionized to form H™ ions.
These H~ ions are first accelerated in a Cockroft-Walton accelerator to 750 keV and
then in a 150 m long linear accelerator (LINAC) to an energy of 200 MeV. The 2
electrons are then stripped off of the ions and the resulting protons are accelerated

in 475 m circumference circular accelerator known as the Booster. At the end of this

13




stage the protons have an energy of 8 Gev and are grouped into 6 bunches of roughly
2x10'° protons each. The protons are then transferred to the Main Ring which is a
circular accelerator of circumference 6.3 km, here all the bunches are combined into
one bunch of roughly 7x10'° protons and are accelerated to 150 GeV. Below the Main
Ring with the same circumference of 6.3 km is the Tevatron into which protons are
transferred and accelerated to 900 GeV. The crossing time is roughly 3.5 us.

The procedure for anti-protons is different because they are created at a relatively
high energy. Protons at 120 GeV are extracted from the Main Ring and redirected
toward a copper target and the anti-protons are created as a result of the collisions.
Antiprotons with energy near 8 GeV are selected and then put into the Main Ring
from where they are sent into the Tevatron. They are then accelerated to 900 GeV
and so the lab frame is also the center of mass frame with an energy of 1.8 TeV.
All of this energy is not available for pé.rticle creation since this energy is distributed
among the parton constituents of the protons and anti-protons. The energy available

for creation of particles in any one parton-parton collision is 300 GeV.

2.2 A brief overview of the CDF Detector

The CDF detector is designed to study physics in the Tevatron environment at Fer-
milab. The detector surrounds the interaction point with azimuthal and forward-
backward symmetry. An isometric view of the detector is provided in Fig. 2.2.
Three tracking chambers surround the beam-line in succession. The inner-most
chamber is the SVX (Silicon Vertex Detector) which provides high-precision vertex

14




Debuncher LINAC
o () —
Accumulator S Booster

p extract p inject Switchyard

p inject

Main
Ring

e TRVALTON

Figure 2.1: A plan of the Tevatron and the position of CDF (B0 collision point).

15




CENTRAL MUON UPGRADE

CENTRAL MUON EXTENS[ON

BACKWARD MAGNETIZED
STEEL TOROIDS

FORWARD MACNET)ZIED

STERL TORDLIDS BACKWARD ELECTROMAGNETIC AND

BADRONIC CAILORIMETERS

LOW BETA QUADE BADRONIC CALORIMETERS

Figure 2.2: An isometric view of the CDF detector.
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Figure 2.3: A side view of the CDF detector

16




measurements. The next chamber is the VTX which measures positions of vertices
in z. The third chamber is the CTC (Central Tracking Chamber) which surrounds
the previous two and provides tracking both in the r-¢ plane and in the z-coordinate.
This entire central region is surrounded by a superconducting solenoid of radius 1.5 m
and length 4.8 m and provides a 1.5 Tesla magnetic field in the z direction ( Fig. 2.3
). Outside the tracking chambers and the solenoid are various calorimeters and the
muon drift chambers. The Calorimetry consists of the CEM, CHA and the FEM
and FHA (Central Electromagnetic, Central Hadronic, Forward Electromagnetic and
Forward Hadronic). These measure the electromagnetic and hadronic energies of
photons, electrons and hadrons. Surrounding the calorimetry are the muon drift
chambers, the CMU, CMP, CMEX and the FMU (Central Muon, Central Muon
Upgrade, Central Muon Extension and the Forward Muon chambers) (Figs 2.3 2.2).
These chambers (with the exclusion of the FMU) are crucial to this analysis since the
detection of this (and several other B meson exclusive modes) decay modes have a
J/¢ as a decay product. The Level 2 dimuon trigger relying on the muon chambers
allows the detection of events with the J/¢¥ in the decay mode J/v - ptu= | at

present there is no trigger for di-electrons.

2.3 Silicon Vertex Detector

Since B mesons are long lived they decay away from the primary vertex at a secondary
vertex which is still within the 1.9 cm radius beryllium vaccum pipe. Isolating them
requires a precision vertex detector capable of identifying vertices displaced from the
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Figure 2.4: A sketch of one of two SVX barrels

primary. The SVX is such a detector installed at CDF in 1992 and is designed for
the purpose of identifying secondary vertices. This was the first time such a detector

was installed at a hadron collider {25].

The SVX has four radial layers of silicon microstrips. The radial distance of the
innermost layer from the beam is 3 c¢m, the final layer is at 7.9 cm. There are two
modules consisiting of 4-concentric layers that are 12-sided barrels. Each side is thus
the edge of a “wedge” subtending an angle of 30° in the r — ¢ plane at the z-axis.
The two modules have a gap of 2.15 cm between them and together have a length of
51 cm. Since the z co-ordinate of the pp collision point lies anywhere along a line 30
cm long, the actual coverage of the SVX is about 60 %. A picture of one such module

(barrel) is given in Figure 2.4.

Each silicon strip detector consists of a 300 pm thick silicon single crystal parallel
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to the beam axis (z-axis). A series of strips traverse these crystals with a pitch
depending on the layer of the SVX (Table 2.1). Three such detectors are electrically
wire-bonded together to form an SVX ’ladder’. A ladder traverses the entire length
of one barrel. One such ladder is illustrated in Figure 2.5. Each strip is read out at

the end of the ladder.

Table 2.1: SVX geometry constants for any 30 ° wedge.

Layer Radius (cm) Thickness (um) Pitch (um) Number of Readout strips

1 3.005 300 60 256
2 4.256 300 60 384
3 5.687 300 60 512
4 7.866 300 85 768

The details of the SVX Geometry including strip pitches for each layer etc. are

given in table 2.1.

2.4 VTX

Outside the SVX is a time projection vertex chamber (VTX), installed in 1992, which
provides the measurement of the pp interaction vertex along the z. Its outer radius
is 22 cm and tracks reconstructed here are matched to tracks in the CTC (Central
Tracking Chamber) chamber with its z measurement. The VTX is composed of 8

modules, has 8 octants and each octant has 24 sense wires. Each module is divided
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Figure 2.5: A drawing of 3 silicon-strip detectors joined together to form an SVX
ladder.

into 2 drift regions and thus there are a total of 3072 sense wires. The VTX is filled
with an argon-ethane gas mixture and has a resolution of 1 mm in z. The positioning

of the wires and the divsion into modules corresponds to a drift time of 3.3 us.

2.5 Central Tracking Chamber

The CTC is a large cylindrical drift chamber of length 3.2 m and outer radius 1.3
m. The CTC lies outside the VI'X. An illustration is given in Figure 2.6 The CTC
measures the track parameters of charged tracks from which the momentum of the
tracks are calculated. It consists of 9 super layers of sense wires. The axial wires
are in the superlayers numbered 0, 2, 4, 6, 8 and are used to determine r and ¢
information. The superlayers 1, 3, 5, 7 are stereo layers which extract information
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in 7 and z. Alternate stereo layers make an angle of & 3 ° with the beam line. The
axial wires have 12 wires per cell and the stereo 6; thus there are 84-layers of wires in
all. The chamber is filled with a mixture of argon-ethane in equal proportions. The
spatial resolution for a single hit in r-¢ is 200 gm and 6 mm in z. The division into

cells translates to a drift time of ~ 800 ns.

e 2760.00 1 0D, )

Figure 2.6: End view of the Central Tracking Chamber showing the superlayers and
the cells

2.6 The Muon Detectors -

2.6.1 The Central Muon Chambers (CMU)

The Central muon chambers lie outside electromagnetic and hadronic calorimetry, a
muon traversing this portion of the detector has already travelled ~ 6 interaction
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lengths. The CMU consists of 48 wedges surrounding the calorimetery, each wedge
subtends an angle of ¢=12.6° at the z-axis, there is a gap of 1.2 ° at either side of
each wedge. ‘

Each wedge contains 3 chambers as shown in Figure 2.7. The chambers contain
four cells in alternating layers each with a sense wire. The trajectory of the muons
in the chambers is a straight line. A hit on a wire can be thought of as coming from
an ionization on the left or right. To resolve this ambiguity the sense wires in each
cell are staggered in position by a known amount.

A charge division readout gives a z position. The chambers measure four points
along the muon’s track, these positions are then fit to straight line in the z — y and
y — z planes. This resulting "stub” is matched to all charged tracks in the CTC that
can be extrapolated to this chamber and the track with the lowest X? of the match
is accepted as a muon candidate. The quality of this match is a quantity that we cut

on later as well. The coverage of the Central Muon Chambers is & 0.6 7.

2.6.2 The Central Muon Upgrade (CMUP)

To further reduce the probability that a candidate muon track is due to hadronic
punch-through an additional set of chambers has been added behind the steel shielding
surrounding the detector. A particle associated with a stub in this system has already
traversed 8 interaction lengths. The CMUP covers most of the same range in 7 as
the CMU. There is no trigger associated with the CMUP and this system serves to
increase confidence that a track is actually a muon.
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2.6.3 The Central Muon Extension (CMEX)

The Central Muon Extension increases the coverage in 5 to £ 1 ( CMU+CMP cover

+ 0.6 ) and lies between 0.6 < | | < 1. About a tenth of all muons are detecte