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Abstract

The B, meson is the lowest-mass bound state of a bottom anti-quark and a charmed
quark. It is the last stable meson predicted by the Standard Model and has not been
observed in any experiments yet. The B, meson mass is well predicted to be in the
range 6.25 — 6.29 GeV/c? within the framework of the nonrelativistic potential model.
On the other hand, the predictions for the B, lifetime lie in a wide range between 0.4
and 1.4 ps depending on the model assumption of bound state effects.

We report the observation of the B. meson in proton-antiproton collisions at a
center of mass energy of 1.8 TeV. The B, mesons are found through their semileptonic
decays, Bf — J/¥£"X, where £+ = et or p*. The data were collected during the
1992-1995 Tevatron Collider run using the Collider Detector at Fermilab (CDF). The
corresponding integrated luminosity is 105 pb~!.

We first search for the Bf — J/¢e™ X events in the J/¢p — ptp~ data set by
requiring the three leptons, u™, p~, and e to form a displaced vertex. We form an
invariant mass of the J/v and the electron, m(J/ve), and calculate the pseudo-proper
decay length, z. We find 19 B} — J/¢e* X candidate events in the signal mass region
4 < m(J/¢e) < 6 GeV/c?, with the pseudo-proper decay length cut of z > 60 pm. We
estimate 5.0 + 1.1 background events in the signal mass region with the z > 60 pym
cut. The search for the Bf — J/1¥u™ X mode was performed by other collaborators in
CDF. They found 12 Bf — J/¢utX candidate events in the signal mass region 4 <
m(J/¢¥p) < 6 GeV/c? with the z > 60 pm cut, while 7.1 & 1.5 background events were
expected. Then we combine the results from the B} — J/¢¥et X mode and from the
Bf — J/¥u* X mode. The probability that the observed yield is consistent with the
background is estimated to be 2.5 x 107°. In the wider mass range 3.35 < m(J/v¥)
< 11 GeV/c?, we perform a shape-dependent likelihood fit to the mass distribution
and find that it requires a B. signal contribution of 20.4 *$% events. A fit without
a B, contribution is found to be inconsistent with the observed distribution at the
probability level of < 1.1 x 107°.

We extend our analysis to obtain the lifetime of the B. meson. The lifetime is

estimated to be
T =10.55 703 +0.12 ps,

where the first uncertainty is statistical and the second is systematic.



Finally, we estimate the product of the production cross section times branching
ratio for Bf — J/¢£t X at the above value of the lifetime relative to that for B} —
J/YK*. Our estimation for this ratio is:

0 B(BF — J/pt+X)

0.155 72047 4 0.027
o+ B(Bf — J/YK+) 008 ’

where the first uncertainty is statistical and the second is systematic.
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Chapter 1

Introduction

In 1977, the b — beauty or bottom — quark was discovered [1]. In collisions of
400 GeV/c protons on a Copper or Platinum target at Fermi National Accelerator
Laboratory (FNAL), the resonance in the mass region 9-10 GeV/c? was observed and
was interpreted as a bb bound state called the Upsilon Y. This resonance has been
studied in detail at the Doppel Rlng Speicher (DORIS) and the Cornell Electron Stor-
age Ring (CESR), where the center of mass energy was ideally matched to this mass
range. These ete™ experiments [2] observed the four bb states, T(15) (9.46 GeV/c?),
T(25) (10.02 GeV/c?), T(35) (10.36 GeV/c?) and T(4S5) (10.58 GeV/c?). The first
three states were all narrow but the T(4S5) state was significantly wider. The CESR
eTe” storage ring energy was set to the T(45) and the CLEO experiments found the
b-flavored mesons (B' and B') with exactly expected properties [3]. The BT (B")
meson is a bound state of bu (bd). In the Standard Model, there can exist heavier B
mesons, BY (bs) and B} (bc). The B? meson was found for the first time at the Large
Electron-Positron Collider (LEP) experiments [4]. The mass and the lifetime of the
B? meson have been measured by LEP [4, 5] and the Collider Detector at Fermilab
(CDF) [6]. The B. meson has not been observed yet, though several searches have
been performed by LEP and CDF.

1.1 B. production in proton-antiproton collisions

B mesons, which are made up of a b quark and a light flavor quark, are produced

through the strong interaction in pp collisions. A pair of bb is produced by scattering



processes between a parton in p and a parton in p. The lowest order (a?) diagrams
g+q — b+bandg+g — b+ b,areshown in Figure 1.1. The produced b quark then
fragments into a b hadron with a light flavor g, where the light flavor gg pair is created
from the vacuum. The B meson transverse momentum (pr) distribution observed at
CDF [7] is shown in Figure 1.2. The theoretical prediction is also shown in Figure 1.2,
where the pr distribution of the b-quark is calculated up to the next-to-leading order
(a2) [8] and the Peterson fragmentation model [9] is employed. The data is higher than
the theoretical prediction by a factor of two in the low pr region, but it tends to agree
with the theoretical prediction in the high pr region.

The production mechanism of the B, meson, which consists of two heavy quarks b
and c, is different from that of the other B mesons. The reason is that the probability
to create a pair of heavy quarks from the vacuum is much smaller than that to create a
pair of light quarks. According to the soft fragmentation model described in Ref. [10],

the probabilities for the heavy quark pair creation from the vacuum as compared to u-

or d-quark pair creation are:
1 -1
u:d:s:cﬁl:l:g:lﬂ . (1.1)

Therefore the B, meson production in which a b quark hadronizes into a B, meson
with a c-quark created from the vacuum, in a similar way as in the production of
the other B mesons, is highly suppressed. The B} meson is expected to be produced
dominantly by the following mechanism: in a bb pair production, a hard virtual gluon
is emitted and the gluon fragments into a cé pair; the b quark forms a bound state
with the ¢ quark. This production mechanism is called the “hadronic production”
in Refs. [11] — [14]. It is possible to calculate the production cross section with the
perturbative Quantum Chromodynamics (QCD). Seven diagrams of ¢g annihilation (gg
— B +b+¢) and thirty-six diagrams of gg fusion (g9 — B} + b+¢) contribute to the
hadronic production at the lowest order of a!. Figure 1.3 shows some examples of the
order a! Feynman diagrams. At /s = 1.8 TeV, the gg fusion processes are dominant.
Recently, using the full thirty-six diagrams, the production spectra are calculated in
Ref. [11] — [14] and their estimations which are approximately consistent with each

other are listed in Table 1.1. Figure 1.5 shows the production spectrum of the B,



o(B)+o(B:) Note
Ref. [11] 2.0 nb pr > 5 GeV/e, || < 1.5, 1S state
Ref. [12] 2.0 nb pr > 5 GeV/c, 1S state
Ref. [13] 3.3 nb pr > 5 GeV/e, |n| <1, 1S and 28 states
Ref. [14] 0.1 nb pr > 10 GeV/c, || <1, 1S state

Table 1.1: The predictions for the total cross section of the pseudo scalar B (1 'S)
and the vector Bt (1 *S;) meson calculated at the o} order. The Bt immediately
decays into Bl~.

meson calculated at a! order in Ref. [11]. In this calculation, the structure function
CTEQ3M [16] is used.

The B. meson production cross section can be alternatively calculated [11], [15]
with a fragmentation approximation for pr > m(B,) using perturbative QCD. A frag-
mentation function that a b quark hadronizes into a B, meson is evaluated using the
b — bceé diagram as shown in Figure 1.4. The production spectrum of the B, meson
calculated using the fragmentation function is also shown in Figure 1.5. The b — B,

process is more dominant than the ¢ — B, process by two orders of magnitude [15].

1.2 B, mass spectrum

The mass spectrum of the B, mesons consisting of heavy quarks b and c s calculated
using the nonrelativistic potential models, in a similar way as the c¢ (¢/) and the bb
(T) states. The nonrelativistic potential models have been studied in detail using both
the 1 and the T states. The nonrelativistic potential models successfully reproduce
the observed mass spectra of the v and the T families. Although several functional
forms for the potential are used, each potential does not depend on the flavor of heavy
quarks. Hence the B, mass can be accurately predicted. In Ref. [17], mass of the
B meson or bc ground (n 2*t'L; = 1 !S;) state is estimated by using four kinds of

potentials to lie in the range,

6.248 < m(B.(1'Sy)) < 6.266 GeV/c?, (1.2)



m(B}) (in GeV/c?) Potential
Ref. [17] 6.264 Buchmiiller-Tye potential
6.248 power-law potential
6.266 logarithmic potential
6.254 Cornell potential
6.258 + 0.020 average of above four potential
Ref. [18] 6.27 Cornell potential
Ref. [19] 6.287 dual-QCD potential
Ref. [20] 6.246 power-law potential

Table 1.2: Predictions for the mass of the B} meson (the bc ground state).

and m(B.) = 6.258 + 0.020 GeV/c? is their best estimate. Many other estimations for
m(B,) are available and some of them are listed in Table 1.2.

The excited states are also calculated within the framework of the nonrelativistic
potential models. Figure 1.6 shows the bc mass spectrum predicted by Ref. [17] using
the Buchmiiller-Tye potential. The fifteen excited states below the BD threshold, i.e.,
the states with mass m < mpg + mp = 7.1431 GeV/c?, decay into the ground state
(1 'Sp) by emitting v or mm via electromagnetic or strong interactions. The 2 'P,
be state decay B:t(2 'P;) — BF(1'Sy) + 455 MeV-v, which can experimentally be
detected, is especially interesting, since the 1 1P, ¢ and bb states (h. and h;) have not
been observed yet. The study of bc spectroscopy confirms and refines our understanding

of the nonrelativistic potential model.

1.3 B. decays and lifetime

The B} meson (the bc ground state) decays only through the weak interaction.

Three processes, shown in Figure 1.7, are expected to dominate the B} meson decay:

o the c spectator decay: b — ¢W™*. This decay leads to final states such as B —
J/YLtv, J/¢mt and so on.

e the b spectator decay: ¢ — sW*. This decay leads to final states such as B —

B%*v, Bzt and so on.



217 ] [22] | [23] | [24] [25]
v hoow+ (ps™1) [ 0.74 [ 067 [ 039 | --- | 0.615
, PI (ps_l) 0.124
e sw+ (ps™1) [ 0.90 | 1.45 [ 0.07 | --- 1.229
vhew+ (ps™') [ 0.36 [ 0.38]0.22 | .- [ 0.194
 tor (P87 2.0 | 2.5 | 0.68 1.914

7(B.) (ps) [0.50 [ 0.40 [ 1.44 [ < 1.0 [ 0.52707]

Table 1.3: Predictions for the decay width and lifetime of the B meson.

e the bc weak annihilation into a virtual W+: be — W. This decay leads to final

_|_

states such as Bf — 77v and so on.

Naively, the total decay width (, to) is written as

atot:a5—>EW++ac—>sW++’Ec—>W+‘ (]‘3)

These decay widths are estimated in Refs. [21] — [23] and their predictions are listed
in Table 1.3.

The B, meson lifetime is more precisely investigated in Refs. [24] and [25], within
the framework of an operator product expansion in inverse powers of the heavy quark
masses and subsequent matching onto nonrelativistic QCD. For the ¢ spectator decay
bc — E3cc, an interference between different diagrams providing the same final state,

which is often referred to as “Pauli Interference”, is taken into consideration in Refs. [24]

and [25]. Then the total decay width is modified as

atot:aE—>EW+_aPI+ac—>sW++’Ec—>W+‘ (]‘4)

The lifetime of the B, meson is obtained from , :

(B = — (1.5)

s tot

The predictions of Bigi [24] and Beneke and Buchall [25] are also listed in Table 1.3.
The predictions for the B, meson lifetime lie in a rather wide range, between 0.4

ps and 1.4 ps, as shown in Table 1.3. These predictions depend mainly on the model



Bf — J/yLtv Bf — J/yn*t
, (ps) | B |, (ps") | B
21] (BSW) |33 x 102 [1.7% | ---
21] (ISGW) | 5.9x 102 | 3% |4.0x 102 | 0.2%
[22] (NQRM) 52 x 1072 | 2.1% | 4.8 x 1072 | 0.2%
23] 1.0x 102 | 1.2% | 2.7 x 1072 | 0.4%
[26] . . .
[27]

26] (ISGW) | 4.3 x 102
27] (ISGW 1I) | 2.5 x 10~2

Table 1.4: Predictions for the partial decay width , and the branching ratio B for the
Bf — J/¢L*v and B} — J/¢nt decays.

assumption of bound state effects. If a b quark and a ¢ quark are tightly bound, the
quark mass is reduced by the binding energy ppg inside the B, meson and the B, decay
width is reduced very considerably. Assuming a partial width , ¢ is proportional to the

fifth power of a quark mass mg, t.e.,, o m5Q, we find a relative reduction , §,/, g

y@ _ (mg — peE)’ (1.6)

For ugr ~ 500 MeV, we find that the , ;_ .+ and , . + are reduced by a factor of 1.7
and 6, assuming that the binding energy is the same for the b and for the ¢. Therefore,
the b — ¢ transitions are dominant, and the lifetime is expected to be longer, i.e.,

7(B,) > 1 ps, as described in Ref. [23]. On the other hand, if the b and c are free, we
may approximate the , ;_ .+ by , (B°) and the , ._,w+ by , (D) and we obtain

5 tot ™ (BO) +, (DO) (17)

If Eq. (1.7) were to hold, the ¢ — s transitions would dominate over the b — ¢ transi-
tions, and the B, lifetime would be rather short, 7(B.) ~ 0.3 ps. Thus, the B, lifetime
is sensitive to the model assumption of bound state effects.

The partial widths for exclusive B. decays are also predicted. Some estimations
for the Bf — J/¢¥£*v mode and the Bf — J/¢Y7t mode are listed in Table 1.4
(Throughout this thesis a reference to a particular charge state also implies its charge

conjugate).



1.4 Review of the previous B, meson searches

The LEP and CDF experiments have searched for the B. meson. We briefly
describe the results from the previous LEP and CDF experiments and then compare
their relative significance.

In the LEP experiments, they use a few million hadronic Z decays and have reported

the following results:

e A search for B} meson decaying into the channels J/¢n" and J/¢£tv (£ =€ or
©) has been performed by the ALEPH Collaboration, in a sample of 3.9 million
hadronic Z decays [28]. They found 0 and 2 candidates in the J/¢n* and J/¢Ltv
channels, respectively, while 0.4 and 0.81 background events were expected. Then

the 90% confidence level upper limits with respect to the hadronic Z decays are

derived:
B(Z — B+X) B
< B(B} — J/¢y7rT) < 3.6 x107°, 1.8
BTy BB = /) (1.8
B(Z — B+X)
< LB(Bf — J/¥Ltv) < 5.2 x 107°. 1.9
BT oo BB = Tt ) (1.9)

An additional B} — J/¢¥(— ete )uTv candidate with very low background
probability is also reported. This candidate event is found by scanning events
with 1) X* system mass above the B* mass, where 1 is J/v or 9(2S) and X% is
a single charged track. Since the muon track exists outside the muon chamber
coverage, this event was not selected by the previously discussed Bf — J/u¥ftv

analysis.

e The DELPHI collaboration looked for the B, meson with the three decay modes
Bf — J/ynt, BY — J/Y£Tv and B} — J/¢rtr 7wt in 3.02 million hadronic Z
decays [29]. They found one B} — J/¢w" candidate, no B — J/¥£*v candidate
and one B — J/¢¥ntn n* candidate, while 1.7, 0.3 and 2.3 background events

were expected. The following 90% confidence level upper limits are obtained:
B(Z — B X)B(B} — J/¥7") < (1.05t00.84) x 107, (1.10)
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B(Z — BXX)B(B! — J/¢{tv) < (5.8t05.0) x 107°, (1.11)

where the ranges quoted correspond to the assumed range of the B[ lifetime

from 0.4 to 1.4 ps, and
B(Z — B X)B(B} — J/¢ymTr 7)) < 1.75 x 107%, (1.12)
where the limit is constant over the predicted range of the B, lifetime.

e The OPAL collaboration searched for the B. meson using the Bf — J/¢n™,
Bf — J/vyaf, af — 77 7" and B} — J/¢£Tv decay modes in 4.2 million
hadronic Z decays [30]. Two B} — J/¢n*, no B} — J/v¢af and one Bf —
J/¢¥Ltv candidates were found while 0.63 4 0.20, 0.82 + 0.19 and 1.10 4 0.22
background events were expected. Then the following 90% confidence level limits

are obtained:

B(Z — B+X) B
<~ LB(Bf — J/¥7T) < 1.06 x 107*, 1.13
57— a9 B [pr) (1.13)
B(Z — B+X) B
<~ B(B} — J/al) < 5.53 x 107°, 1.14
B(Z — B+X)
< LB(Bf — J/pltv) < 6.96 x 107°. 1.15
57— o) B [$tv) (1.15)

In the Tevatron experiments, only the CDF experiment is able to search for the
B, meson, because the D0 experiment does not have a solenoid magnet and a fine
resolution tracking detector. The CDF collaboration searched for the B} — J/¢n™
decay [31] in 105 pb~! and reported a 95% confidence level upper limit on the pro-
duction cross section times the branching ratio with respect to the Bf — J/¢ K+
decay:

aBjB(B:’ - J/T/”"Jr)
O-B;"B(B: - J/’/JKJr)

= (0.15t00.04), (1.16)

where the range quoted corresponds to the assumed range of the B, lifetime from 0.4

to 1.4 ps.



To compare the relative significance of the four experiments, we convert the limits
reported by the LEP experiments to the ratio used by the CDF experiment, z.e., the
ratio relative to the production of the B} followed by the B — J/¢¥ K™ decay. We

naively estimate the relevant quantities in the LEP experiments as follows:

e ALEPH and OPAL

B(Z — B X) B(Z — bb) , -
“B(B} - J/YKT) = ———2f(b— BNB(Bf — J/YK*"
57— o) Bl KY) = Bz aa C BB JYKY)
B 0.1546 s
= 2.X 0.6990 x 0.378 x 1.01 x 10
= 1.69 x 107, (1.17)

where we use B(Z — bb) = 0.1546, B(Z — qg) = 0.6990, f(b — B}) = 0.378
and B(B} — J/¢¥K*) = 1.01 x 107> [32]. The factor of “2” in the second line
is needed since the limit reported by the ALEPH and the OPAL is for the sum

of the two charge conjugate modes.
e DELPHI

B(Z — bb)f(b — B X)B(Bf — J/¥K") = 2.x0.1546 x 0.378 x 1.01 x 107°
= 118 x 107, (1.18)

The factor of “2” is needed due to the same reason for ALEPH and OPAL.

By dividing the ALEPH and OPAL limits by Eq. (1.17) and the DELPHI limits
by Eq. (1.18), we obtain the limits on the ratio of the B, production and decay with
respect to the B production followed by the Bif — J/¢¥K™* decay. The results are
listed in Table 1.5, where the limit reported by the CDF includes uncertainty of the B}
production, while those for the LEP experiments do not include the uncertainty. Ta-

ble 1.5 shows that the results of the four previous experiments are roughly comparable

with each other.

1.5 Outline of this analysis

The CDF Collaboration has searched for the B, meson using the B} — J/un™
mode and has reported the 95% confidence level upper limits [31]. Using the data of
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Experiment ‘ decay mode ‘ Upper limits

ALEPH | Bf — Jjgnt 0.2 (90% C.L.)

BY — Jjplty 0.3 (90% C.L.)
DELPHI | B — J/gnt 0.9 to 0.7 (90% C.L.)

BY — Jjplty 0.5 to 0.4 (90% C.L.)

Bf — J/¢yntnwt 1.5 (90% C.L.)
OPAL BF = Jjynt 0.6 (90% C.L.)

BY = J/pat 0.3 (90% C.L.)

BY = J/ptty 0.4 (90% C.L.)
CDF BF = Jjynt 0.15 to 0.04 (95% C.L.)

Table 1.5: The results of the previous B} meson searches. The quoted limit is on the
ratio with respect to the B production followed by the B} — J/¢¥ K% decay.

105 pb~! collected with the CDF detector, we search for the B, meson in a semileptonic
decay mode of B — J/¢£t X, where the J/v decays into a p*p~ pair and £ = e or p.
The B} meson can decay into a £*v pair and also into a higher mass c¢ state, which
in turn can decay into J/¥X’. Hence the X in B} — J/¢£* X includes a neutrino v
in the semileptonic decay and the X’ which are the decay products of the higher mass
cc state.

The event topology of the BY — J/4£* X mode is fairly simple, as shown in Fig-
ure 1.8. The dimuon pair from the J/1 decay and the third lepton from the semileptonic
decay form a common vertex, since the J/1 immediately decays into p*p~. Even if the
B, meson has the shortest lifetime (7(B.) = 0.4 ps) allowed by the current predictions,
the B, meson decays at a displaced point from the primary interaction vertex and one
can identify the secondary vertex of the B, meson decay. We first look for an opposite
sign dimuon pair with the dimuon invariant mass consistent with the world average
J/¢ mass. We select the third lepton and reconstruct a common vertex of the three
leptons (p*, =, £*). The final state we are looking at is very clean. The branching
ratio for the B — J/¢£* X mode is three to fifteen times larger than that for the B}
— J/¢¥7t mode, as listed in Table 1.4. A search for the B. meson using the B} —
J/¥£* X mode has these advantages over the previous search using the Bf — J/¢n+
at the CDF.

10



In the following chapters, we mainly describe the search using the Bf — J/¢et X
mode, z.e., using electrons as the third lepton. The experimental setup, the event
selection and the background estimation for the Bf — J/¢e™ X mode are described.
After that, we combine the results from the Bf — J/¢e*X mode and the B} —
J/¢¥pt X mode and estimate the statistical significance. Then we measure the lifetime
of the B, meson. Finally, we obtain the production cross section times the branching
ratio for B} — J/¢¥£*X at the measured value of the lifetime relative to the cross

section times the branching ratio for Bf — J/¢y K.
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Figure 1.1: The lowest order Feynman diagrams for bb production.
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Figure 1.2: The py distribution of B mesons observed at CDF using 19 pb™! of data.
The B mesons are fully reconstructed using the B* — J/¢¥K* mode and the B® —
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Figure 1.3: Examples of the lowest order (a!) Feynman diagrams for the B, production.
(a) — (c) for gg fusion. (d) for ¢g annihilation.
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fragmentation of b into the B}.
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Figure 1.7: The diagrams for the B, decay: (a) the c spectator decay, (b) the b spectator
decay and (c) the bc weak annihilation.
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Figure 1.8: A sketch of the Bf — J/¢eTv decay.
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Chapter 2

Experimental Setup

The data of pp collisions at the center of mass energy of 1.8 TeV were collected
using the CDF detector during 1992 — 1996. The collider run in this period is called
“Run I”. Run I consists of two collider runs, Run Ia (1992 — 1993) and Run Ib (1994
— 1996). The data corresponding to 105 pb~! (19 pb~' for Run Ia and 86 pb~' for
Run Ib) were collected in Run I. In this chapter, we describe the Fermilab accelerator
complex very briefly and the CDF detector with emphasis on detector components

which are relevant to this analysis.

2.1 Accelerator complex

The accelerator complex at Fermilab is made up of five accelerators, as shown
in Figure 2.1. In the Cockcroft-Walton accelerator, negative hydrogen ions (H™) are
accelerated to an energy of 750 keV by a DC electric field. The second stage of the
acceleration process utilizes a 500-foot-long linear accelerator (Linac). The H™ ions
are accelerated to 400 MeV in the Linac and injected into the Booster. The Booster
is a synchrotron with a diameter of approximately 500 feet, located in a tunnel 20 feet
below the ground. At the injection into the Booster, the ions pass through a carbon foil,
which strips off the electrons thereby leaving only the protons circulating around the
Booster ring. The protons are accelerated by the Booster to 8 GeV and injected into
the Main Ring, a synchrotron with a diameter of 2 km. The Main Ring is operated at
room temperature in an underground tunnel and is used for two purposes, accelerating

protons to 150 GeV for injection into the Tevatron and generating 120 GeV protons

20



for antiproton production.

During antiproton stacking the 120 GeV protons are extracted from the Main Ring
onto a tangusten target. Every two seconds, approximately 10”7 antiprotons are pro-
duced for 2x 10" protons striking the target and are collected in the Debuncher, which
is roughly triangular with three straight sections of low dispersion. The Debuncher
reduces the momentum spread of the antiprotons and reduces their transverse profile
with the stochastic cooling. The antiprotons are then transferred into the Accumu-
lator. The Accumulator ring is located in the same tunnel as the Debuncher. The
antiprotons are merged into a single beam, cooled further and stored in the Accumula-
tor. The antiprotons are rebunched and injected into the Main Ring. The Main Ring
is used to accelerate the antiprotons to 150 GeV, and injects them into the Tevatron.

The 150 GeV proton and antiproton bunches are accelerated to 900 GeV by the
Tevatron. The Tevatron consists of superconducting magnets and is located below
the Main Ring. The Tevatron operates with six proton and six antiproton bunches
colliding in two luminous regions, B0 and D0. The CDF detector is located at BO. The
Tevatron provided an average instantaneous luminosity of 1.0 x 10! cm™?s™! during

Run I.

2.2 The CDF detector

The CDF detector is a large, general purpose detector designed to study pp col-
lisions at 4/s = 1.8 TeV. The CDF is approximately 27 meters long, 10 meters high,
and weighs about 5000 tons. It covers almost all of the solid angle, 27 in azimuth and
the angular region 2° < 6 < 178°, where 6§ is the polar angle with respect to the beam
direction. The CDF detector consists of three detectors, the central (10° < § < 170°)
and two identical forward (2° < § < 10°)/backward (170° < 6 < 178°) detectors.

A superconducting solenoid of length 4.8 m and radius 1.5 m produces a 1.4 T
magnetic field and contains three tracking chambers, a silicon vertex detector (SVX),
vertex time projection chambers (VTX) and a central tracking chamber (CTC), which
are used to detect charged particles and measure their momenta. Surrounding the

solenoid are calorimeter systems used to measure the electromagnetic energy of elec-
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trons and photons and the hadronic energy of jets. The calorimeter system consists of
three regions, the central, end plug and forward. Each region has an electromagnetic
calorimeter in front of a corresponding hadronic calorimeter. The central electromag-
netic calorimeter (CEM) is covered with two hadron calorimeter systems, the central
hadron (CHA) and the wall hadron calorimeter (WHA), while a single system of the
plug hadron (PHA) and the forward hadron (FHA) calorimeter overlaps the plug elec-
tromagnetic (PEM) and the forward electromagnetic (FEM) calorimeters, respectively.
Outside the calorimeters are drift chambers used for muon detection. A central muon
system (CMU), a central muon upgrade (CMP), a central muon extension (CMX) and
a forward muon system (FMU) compose the muon detection system. One quarter of
the CDF detector is lustrated in Figure 2.2.

The CDF detector is described in detail elsewhere [33]. In the following the emphasis

will be on detector components of the central detector which are used in this analysis.

2.2.1 Coordinate system

The CDF coordinate system is a right-handed system with the origin taken at the
center of the detector. The z direction is taken along the proton beam, West to East,
the y axis points vertically upward, and the z axis points radially outward from the
Tevatron ring. The polar angle 6 and the azimuthal angle ¢ are defined as follows: 8 is
measured with respect to the positive z-axis and ¢ = 0 is along the positive z-axis with
¢ increasing toward the positive y-axis. The polar angle is often expressed in terms of

the pseudorapidity 5 defined by

6
n=—In (tan 5) . (2.1)
The transverse momentum (pr) and energy (Er) are defined as

pr = pSiIl 0)
Er = Esiné. (2.2)
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2.2.2 Tracking detectors
SVX and SVX'

The silicon vertex detector (SVX) [56] is a new device installed in 1992 and provides
high precision tracking information in the r—¢ plane. The SVX is located between the
beam pipe and the VTX along with the beam direction. The SVX is made up of two
cylindrical modules with a total active length of 51 cm and a gap of 2.15 cm between
the modules. This module is referred to as “barrel” and is shown in Figure 2.3. The pp
interaction region at CDF is roughly Gaussian with standard deviation o ~ 30 cm in
the z direction. The geometrical acceptance of the SVX is about 60% of the interaction
region at CDF.

The SVX barrel consists of four radial layers of single sided silicon strip detectors
segmented into twelve 30 degree wedges. The layers of the SVX are labelled 0 — 3 in
increasing radius from the beam line and their positions are listed in Table 2.1. The
pitch of the strips is 60 pum for layers 0-2 and 55 pm for layer 3. The silicon detectors
are 8.5 cm long and 300 pgm thick with different widths for each layer as listed in
Table 2.1. The detectors are bonded to each other along the beam direction in groups
of three making a “ladder”, as shown in Figure 2.4.

Because of the radiation damage, the SVX was replaced for Run Ib by the SVX’ [35]
with the radiation-hard electronics. The geometries of these two detectors are nearly
identical. The major difference is the radius of the innermost layer. For the SVX’, the
radius of layer 0 is at 2.8612 cm, while it is at 3.0049 cm for the SVX.

The relevant performance numbers of the SVX and SVX’ are the spatial hit reso-

lution of approximately 13 pm and the impact parameter resolution of
40
o4 (pr) =13 ® — pm, (2:3)
pr

where pr is a transverse momentum of a track in GeV/c. The symbol “®” denotes a
quadrature sum, a @ b = v/a? + b%. The SVX and SVX' have allowed us to detect the

displaced vertices from B hadrons.
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SVX SVX'
Channels 46080
Readout Strips L0 256
L1 384
L2 512
L3 768
Radius L0 3.0049 cm 2.8612 cm
L1 4.2560 cm
L2 5.6872 cm
L3 7.8658 cm
Length 8.5 cm
Thickness 300 pm
Active Area Width L0 15360 pm
L1 23040 pm
L2 30720 pm
L3 42240 pm
Gain 15 mV/{C 21 mV/{C
Readout time 2.7 pm 2.1 pm
Radiation limit 15-20 Krad > 1 Mrad
Occupancy typical 7-10% 5%
Occupancy maximum 12-20% 25%

Table 2.1: The basic characteristics of the SVX and SVX'.

VTX

The vertex time projection chamber (VTX) is a set of drift chambers that is
mounted outside the SVX. It provides tracking information in the r—z plane up to a
radius of 21 cm and in the pseudorapidity region |p| < 3.25. The VTX is used to

determine the location of the primary vertex along the z direction. The resolution of

the primary vertex in the z direction is about 1 mm.

CTC

The central tracking chamber (CTC) is a large cylindrical drift chamber with
excellent spatial and momentum resolutions used to measure charged tracks in the

central region (30° < 6 <150°). The CTC is made up of 84 layers of sense wires

24



arranged into 9 superlayers. Five of the superlayers contain 12 sense wires parallel to
the beam line. These five axial superlayers are interleaved with four superlayers of
stereo wires tilted at +3° or —3° with respect to the beam direction. The stereo angle
direction alternates at each stereo superlayer. Each stereo superlayer contains 6 sense
wires. Both axial and stereo superlayers are divided into cells so that the maximum
drift distance is less than 40 mm, corresponding to a drift time of about 800 ns.
Axial and stereo data are combined to form a three-dimensional track. When the
track is constrained to come from the beam, the z resolution is approximately 4 mm

and the momentum resolution is

§
22T 0.002pr, (2.4)

pr
where pr has units of GeV/c. The momentum resolution for a track which has SVX

hits is given by

5
°PT _ 0.0009pr @ 0.0066, (2.5)

pr

where pr is in GeV/e.
Using wire signals in the superlayers 3 — 8, we can measure the ionization loss

(dE/dX) of a charged particle in the CTC [36].

2.2.3 Central preshower chambers

The Central Preshower chambers (CPR) [37] are located in front of the central
electromagnetic calorimeter at a radius of 168 cm from the beam line. The CPR
samples the electromagnetic showers that begin in the solenoid magnet material of
1.1 radiation lengths (X,) and is designed to separate a single photon from multiple
photons (7%, 7 — 74v) and to help identify of electrons.

The CPR is made up of multiwire proportional chambers that have 2.22 ¢cm wide

cells segmented in azimuth and are divided into four segments in 7.
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2.2.4 Central calorimeters
CEM

The central electromagnetic calorimeter (CEM) surrounds the solenoid and mea-
sures the energy of an electron and a photon. The energy resolution of the CEM

is

AEr  13.7%

B B

where Er is the transverse energy in GeV. The CEM has a tower geometry and covers

® 2%, (2.6)

the pseudorapidity region —1.1 < 5 < 1.1. The tower segmentations are uniform in
azimuth and pseudorapidity, and are 15° in ¢ and 0.1 units in 7. A wedge is made
up of 10 towers along the n and the CEM consists of 48 wedges. Figure 2.5 shows
one wedge of the CEM. The CEM is a sampling calorimeter which uses 3.2 mm thick
lead sheets interleaved with 5 mm thick polystyrene scintillator as the active detector
medium. Plastic light guides transmit the light up to two phototubes per tower. The
total thickness of the CEM is 18X, for normal incidence.

The central strip detector (CES) is located 6 X, deep in the CEM, near the shower
maximum for electromagnetic showers. The CES consists of proportional chambers
with cathode strip and anode wire readout and provides shower-position information
in both the r—z and r—¢ views. The CES also measures the energy at the shower

maximum.

CHA/WHA

The central and wall hadronic calorimeters (CHA and WHA) overlap the CEM
calorimeter and use scintillator sandwiched with steel absorber plates for energy mea-
surement. The CHA consists of 43 layers of 10 mm plastic scintillator interleaved with
32 layers of 25 mm iron. The WHA consists of 15 layers of 10 mm plastic scintillator
interleaved with 15 layers of 50 mm iron. The energy resolutions for incident isolated

pions are approximately given by

AEr 50
r_ 50% o 3%, (2.7)

B /B,
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for the CHA, and

= ® 4%, (2.8)

for the WHA.

2.2.5 Muon detectors

The muon detection system in the central region (—1 < 7 < 1) consists of three
detectors, the central muon detection system (CMU), the central muon upgrade (CMP)
and the central muon extension (CMX). All of these muon detectors are located outside
the central hadronic calorimeter. The 7—¢ coverage of the central muon detector system

is shown in Figure 2.6.

CMU

The central muon (CMU) drift chambers cover the # region —0.6 < 7 < 0.6 and
are located outside the central hadron calorimeter. The CMU identifies muons with pr
> 1.4 GeV/c, since muons must penetrate 4.9 absorption lengths to reach the CMU.

The CMU is segmented into A¢ = 12.6° wedges which fit into the top of each central
calorimeter wedge. A wedge has three modules which are made up of four layers of
four rectangular drift cells. The typical drift cell configuration of the chamber module
is shown in Figure 2.7. The dimensions of the individual cells are 63.5 mm wide x 26.8
mm high X 2261 mm long. A stainless steel resistive sense wire 50 pgm in diameter is
located at the center of the cell. A muon track reconstructed by the CMU which is
often referred to as a “stub” in the r—¢ and in r—z planes. The r—¢ position resolution
is approximately 250 pm, while the z resolution is about 1.2 mm. The CMU provides

a rough measurement of the pr of muons which is used in the level 1 trigger.

CMP

In 1992, a layer of 0.6 m thick steel (~ 3 absorption lengths) was added behind
the CMU system for additional hadron absorption, and additional four layers of drift

chambers were added behind the steel to detect muons. This system is referred to
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as the central muon upgrade (CMP) [38]. The CMP identifies muons with pr > 2.5
GeV/c and provides the muon position only in the 7—¢ plane. The position resolution

is approximately 300 pm.

CMX

The central muon extension (CMX) [38] covers the pseudorapidity region 0.6 < |7|
< 1.0. The CMX consists of drift chambers which are sandwiched with two scintillation
counters called the Central Muon Extension Scintillators (CSX). Particles that scatter
off the face of the forward detectors or in the beam pipe between the central and
forward detectors can hit the CMX creating a fake muon signal in the CMX. Such a
background is rejected by the timing signal from the CSX, since the background comes

late after the beam crossing.

2.3 Trigger system

The beam crossing rate at the Tevatron is about 300 kHz (= 1 crossing/3.5 us).
At higher luminosities the average number of pp interactions per crossing exceeds one.
CDF writes out events at the rate of a few Hz (5-7 Hz), thus keeping the amount of
data for offline processing to a manageable level. This requires the use of a trigger
system that has a rejection factor of about 5000 to 1.

CDF utilizes the three-level trigger system in order to achieve the above rejection
factor. The lowest level trigger (level 1) makes a decision in hardware during the time
between beam crossings. The events that pass the level 1 trigger are considered by
the level 2 trigger system. The level 2 trigger is also implemented in hardware, but
uses microprocessors for some of its work. The level 2 trigger decision requires 25-
35 ps and 7-10 beam crossings are lost during this time since the data has not been
buffered at this stage. Those events that pass the level 2 requirements are digitized
and then read out by scanners into a buffer (taking about 3 ms). Once the event scan
is complete, the level 1 and level 2 trigger systems are reenabled and begin to look
at a new data from beam crossings again. The buffered events are passed to the level

3 trigger system. The level 3 trigger is entirely based on software. The events that
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pass the level 3 requirements are written out to 8mm magnetic tape. About 35 million

events are recorded onto tape during Run I.
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Figure 2.3: A sketch of one of the SVX barrels.
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Figure 2.4: A sketch of the SVX ladder.
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Figure 2.6: The coverage of the central muon detection system in the 5 — ¢ plane.

35



Muon track Radial centerline

- 55mm

" To pp interaction vertex

Figure 2.7: The arrangement of the four planes of the central muon chamber module
(A¢p = 4.2°) in a view along the beam direction. From the difference in drift times, pr
of the muon is estimated and is used in the level 1 trigger.
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Chapter 3

Data Set and Event Selection

In this chapter, the J/¢ data set and the event selection at offline are described.

3.1 Dimuon trigger and J/¢ data set

The inclusive b quark production cross section at the Tevatron is a steeply falling
function of the b-quark transverse momentum. The transverse momentum cut for b
triggers should be very low. The inelastic cross section for pp collisions at /s = 1.8 TeV
is about 50 mb, which is several orders as high as the b quark total production cross
section (about 20 pb). Therefore, it requires a distinct signature to trigger on events
including b decays without exceeding the capabilities of the data aquisition system.
Single leptons and pairs of leptons provide just such a signature. The thresholds
for the single lepton and dilepton triggers are set as low as possible within the rate
limitations of the CDF trigger system. Dilepton requirements allow the lower pr trigger
thresholds.

The dimuon trigger used to obtain the data is described below. The level 1 trigger
requires that two muon stubs are observed in the muon system. In the level 2 trigger,
the muon stubs which pass the level 1 trigger requirements are matched to tracks
reconstructed in the » — ¢ plane by the Central Fast Tracker (CFT) [39]. The CFT is
a hardware track finder that uses the axial superlayers in the CTC. The level 3 trigger
requires that two reconstructed CTC tracks are matched with two subs in the muon
chambers and that the mass of oppositely charged muon pair is between 2.8 and 3.4

GeV/c?. These events are written to 8 mm tape, reconstructed by the standard CDF
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Dimuon Triggers Used ‘ pr cut on p

CMU_CMU_ONE CFT_1A 2.8, 1.65
CMU_CMX_ONE_CFT_1A 2.8, 1.65
CMU_CMU_TWO_CFT_IB 1.9,1.9
CMU_CMX_TWO_CFT_1B 1.9, 1.9
CMUP_.CMX_TWO_CFT_1B | 24, 1.9
CMX_CMX_TWO_CFT_1B 1.9, 1.9
CMU_CMU_ONE_CFT_1B 3.0, 1.65
CMU_CMX_ONE_CFT_1B 3.0, 1.65
CMUP_.CMU_ONE_CFT_IB | 3.0, 1.65
CMUP_.CMX_ONE_CFT_IB | 3.0, 1.65
CMU_CMU_SIX_TOW_1B 1.9, 1.9

Table 3.1: Types of level 2 dimuon trigger and pr cuts on muons. For example,
CMU_CMU means that two muon stubs are in the CMU and TWO_CFT means that

two muon stubs are matched to CFT tracks.

reconstruction programs, and split off into a J/+¢ data set.

3.2 J/¢ — puTu event selection

J/v¢ candidates are selected from the J/¢ data set. We use events collected with
the level 2 dimuon triggers listed in Table 3.1 [40]. We apply the pr cut for muons
depending on the level 2 trigger type. The muon pr cuts are listed in Table 3.1.

There are two major sources of muon backgrounds. First, a hadron might decay
to a muon in front of the muon detectors, carrying a significant fraction of hadron
momentum. Then the muon reaches the muon detector and makes hits in the muon
detector. Such a muon is called a “decay-in-flight” background. Second, a hadron
might penetrate through the hadron calorimeter and hits the muon detector. This
often occurs when a hadron interacts near the back end of the hadron calorimeter.
This is called a “punch-through” background. To reduce such backgrounds, we use a
x? cut on the position matching. We extrapolate the muon track in the CTC to the
muon chambers, and calculate the position difference between the extrapolated track
and the muon stub and its uncertainty by correcting for multiple scattering and energy

loss which depends on the pr of the muon [41]. We apply a matching x* cut depending
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muon type in r—¢ in r—z

CMU type x*(CMU) < 30 x*(CMU) < 3.5¢
CMU/CMP type x*(CMU) < 30 x*(CMU) < 3.5¢
CMX type x*(CMX) < 30 x*(CMX) < 3.5¢
CMU/CMX type | min(x*(CMU), x*(CMX)) < 30 min(x?(CMU), x*(CMX)) < 3.50

Table 3.2: The position matching x? cuts. “CMU/CMP (CMU/CMX)” type means
that a muon stub is found in both the CMU and the CMP (CMX). ¢ is an uncertainty

of the position difference between the muon stub and the extrapolated track.

on the muon stub. The requirements are listed in Table 3.2.

We also require that the muon track is reconstructed in the SVX, since we look for
a displaced vertex of the three leptons.

We perform a vertex constraint fit of the dimuon tracks using the code CTVMFT [42]
and reconstruct the dimuon invariant mass. Figure 3.1 shows the dimuon invariant
mass distribution. The following events contribute to the background under the mass

peak:
o irreducible decay-in-flight and punch-through background,
e a pair of muons produced by the Drell-Yang process,
¢ double sequential semileptonic decays of b quarks (b — p~cX, ¢ — ptsX').

To estimate the number of J/1 — p*p~ candidates, we parametrize the p™p~ mass
shape with two Gaussians plus a linear function. We assume the signal shape to be
two Gaussians, because of the final state radiation of muons. The linear function
represents the background shape. As a result of the fit, we find 191000 + 2100 J/¢ —
ptp~ events. For the B, search, the J/1 signal region is defined & 50 MeV/c? around
the J/v¢ world average mass (m(J/¢) = 3.0968 GeV/c* [32]). This is referred to as
the J/v sample. The J/4¢ sample contains 186400 + 2000 J/v) — ptu~ events with
17500 + 1400 background events.
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3.3 Electron identification

For high E7 electrons, an electron identification method based on calorimetry is
used in various CDF analyses [43]. This method requires that the E7 of an electron
is greater than 5 GeV. On the other hand, a method based on tracks [44] has been
developed to tag a low pr electron coming from the semileptonic decays of b hadrons.
We have to look for a low pr electron, because the electrons produced by the B} —
J/¢et X decay has the soft pr distribution as shown in Figure 3.2. Therefore we use
the Soft Lepton Tagging (SLT) method to identify an electron.

3.3.1 Fiducial requirements
All candidate tracks for soft electrons have to satisfy the following requirements:
o pr > 2 GeV/c,
e impact parameter with respect to the primary vertex < 3 mm,

e number of hits in CTC > 10,
e be reconstructed in SVX.

The tracks which satisfy these requirements are extrapolated to the CES (radius =
184 cm) in the CEM. The fiducial tracks are defined as those that are extrapolated to
a point at least 2 cm away from the phi edge of a tower (towers are 48 cm wide) and
6 cm away from the z boundary of the arch (an arch is 249 cm long). The “chimney”
region of the CEM where there is a gap in the calorimeter coverage that allows for
access to the solenoid is also excluded from the fiducial region. Finally, the tracks
are extrapolated to the CPR and are required to be away from the edges of the CPR

chambers.

3.3.2 CES requirements

The SLT electron candidate tracks passing the fiducial cuts are matched to a
CES cluster. The matched clusters are required to be consistent in size, shape and

position with the expected electron shower. The CES electron energy is obtained by
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summing up the energy in the 5 strips (E,5) and 5 wires (E, ;) around the extrapolated
track position. To account for shower fluctuation in the calorimeter, which depends on

momentum (p), we apply the following cuts on Eg5 and E,;5:

o Es/p > 0.24 + 0.003p for p < 12 GeV/e,
Ey/p > 0.6 —0.0125 x (p — 12) for 12 < p < 20 GeV/e,
Es/p > 05 for p > 20 GeV/e,

o E,s5/p > 0.24 + 0.003p for p < 12 GeV/e,
E,s/p > 0.6 —0.0125 x (p — 12) for 12 < p < 20 GeV/e,
E,s/p > 0.5 for p > 20 GeV/e,

where p is the track momentum in GeV/c. Figure 3.3 shows the E,5/p and E/p
distributions for electrons from a conversion sample which is selected using cuts de-
scribed in Section 3.3.6 and for background tracks from a hadron rich sample which
is accumulated with the JET20 trigger. The JET20 trigger is an inclusive jet trigger
with a transverse energy threshold of 20 GeV.

Next, the CES cluster positions in the r—¢ and r—z planes are calculated by taking
the energy-weighted mean of 3 wires and 3 strips respectively around the extrapolated
track position. Then the distances Az and Az between the extrapolated track position

and the cluster position are calculated and the following cuts are applied:
e |Az| < Max(0.7 cm, 1.82 — 0.1867p cm),
e |[Az| < 2 cm,

where p is the track momentum in GeV/c. The momentum dependent |Az| cut is
adopted, since the |Az| distribution shows some variation with momentum due to
shower fluctuations. Figure 3.4 shows |Az| and |Az| distributions for electrons from
the photon conversion sample and for tracks in the JET20 data.

Finally the lateral shower shape of 7 channel CES clusters (x2;.. and X?t?‘ip) is
required to be consistent with the test beam data [45].

L X121)iTe/6 S 16
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L X?tm’p/G S 16

Figure 3.5 shows the x2../6 (x%,;,/6) distributions for electrons from the photon

conversion sample and for tracks in JET20 data.

3.3.3 CPR requirements

The preradiator energy for a track is calculated by extrapolating the CTC track
to the CPR and summing the charges in the 3 adjacent CPR wires. Tracks at large |7|
(small sin @) have a longer path length through the solenoid coil than tracks at low ||
(large sin 8), causing the CPR response to vary with the polar angle. Thus the tracks
at small sin # interact with more material to produce more secondary particles which
deposit more charge in the CPR. The CPR threshold contains an angular dependence
(p/pr) to correct for this effect and the cut employed is:

o Qupr > 4744 — 11592(p/pr) + 7923 (p/p1)?,

where Q¢pr is the charge measured in the CPR and has unit of fC. The minimum
threshold corresponds to four minimum ionizing particles. Figure 3.6 shows the Q¢pr
distributions for electrons from the photon conversion sample and for tracks in JET20

data.

3.3.4 dFE/dX requirements

The specific ionization (dE/dX) measured in the CTC is required to be consistent
with the electron hypothesis. The charge collected in a CTC sense wire, which is
proportional to the energy loss per sense wire spacing, is stored as the pulse width
between the leading edge and the trailing edge of a CTC pulse. The mean charge
Qcre in suprelayers 3 through 8 is used as a dE/dX quantity. Figure 3.7 shows the
Qcre as a function of momentum. The @ ¢r¢ plotted for electrons, pions, muons and
protons, exhibits the expected dE/dX behavior. The Q¢r¢ distribution is essentially
independent of momentum for electrons, but depends strongly on momentum for the
other particles. To see how well the Q7 describes the dE/dX for a specific particle,

we define the following S;:

S; = M, 1=¢e,m,p (3.1)

(22
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p range S. cut

3>p>2GeV/e | S.>—09
5>p>3GeV/e | S.>—1.1
6 >p>5GeV/e | S.>—-13
8>p>6GeV/e | S.>—-15
10>p>8GeV/e| S, > —1.9
p > 10 GeV/c not applied

Table 3.3: The dE/dX cuts for the electron selection.

where 7 denotes the particle, Q¢r¢ is the measured dE/dX in CTC, Q; is the expected
dE /dX for the specific particle 7 and o is the resolution of Q¢7¢. In Figure 3.8, we show
the S, distribution for electrons, the S, distribution for pions and the S, distribution
for protons. They were represented by a Gaussian with mean 0 and standard deviation
1.

The dE/dX requirements are determined so as to optimize e’R as a function of
momentum, where € is an efficiency for electrons and R is a rejection factor R = 1/ep,
for backgrounds. To calculate €?R, tracks of the conversion electron sample and tracks
in the JET20 trigger data are used for electrons and for backgrounds, respectively.
Figure 3.9 shows the S. distribution for the electrons from the photon conversion and
that for tracks in the JET20 data. The S, cuts employed for the electron selection are
listed in Table 3.3.

3.3.5 E/p and E;,;/Egy requirements

The E/p is defined as the electromagnetic energy measured in the CEM divided
by the track momentum measured in the CTC, and the Ej.q/ Erpr as the ratio of the
hadronic energy to the electromagnetic energy. To calculate the calorimeter energy
associated with a track, the candidate track is extrapolated to a tower in the central
calorimeter. The calorimeter energy is given by the energy deposited in the tower to
which the track points. However, if the track is extrapolated to within 2 cm from a
tower boundary, the energy of the neighbor tower is also included. In the electron

selection, the following E/p and Ej.q/ Egp cuts are applied:
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e 0.7< E/p < 1.5,

° Ehad/EEM < 0.1.

3.3.6 Conversion removal

Photons are produced largely from the decay of neutral pions. These photons can
convert in the detector to ete™ pairs which may be identified as electrons. Also 1.2%
of the neutral pions produce a pair of electrons directly by decaying to a photon and
an ete™ pair (the “Dalitz decay”, 7° — yete™) [32] .

In order to minimize these backgrounds, a conversion veto is incorporated into the
SLT algorithm. A conversion electron candidate is identified by finding its conversion

partner track which satisfies the following requirements:

o the electron candidate and a track have opposite charge,

|A cot 6] < 0.06,

|AS| < 0.3 cm,

e Mass(eTe™) < 500 MeV/c?,

Reony < 50 cm,

where AS is the distance in the » — ¢ plane between the electron and positron tracks
at the point where they are parallel (conversion point). R.on, is the radius of the
conversion point. If the conversion partner track is not reconstructed because of its
low pr, the conversion electron fails these requirements and it may be identified as a

signal by the SLT algorithm.

3.4 J/¢Y + electron events

By applying the SLT algorithm to the J/v¢ sample, electron candidates are iden-
tified in 418 events. The pr distribution for the electron candidates is shown in Fig-

ure 3.10.
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For the Bf — J/¢(— ptp~)e™ X signal events, the dimuon and the electron come
from a common vertex since the J/i¢ immediately decays into p*p~. Therefore, a
vertex constraint fit of 3 leptons is preformed. In this fit, the mass of the muon pair is
also constrained to the world average mass of the J/¢ (m(J/¢) = 3.0968 GeV/c? [32]).
The following requirements are additionally applied in order to confirm that the J/v

and the electron come from the same parent B meson.
o The J/9 and the electron are in the same hemisphere, i.e., Ad(J/9,e) < 7.

e The probability of the 3 track vertex fit x? is greater than 1%, ¢.e., Prob(vertex
fit x*) > 1%.

When the mass of the charged kaon (m(K*) = 493.7 MeV/c* [32]) is assigned to a
track and the invariant mass of the three tracks distributes around the charged B
meson mass (m(B]) = 5.278 GeV/c? [32]), these three tracks are considered to come
from the Bf — J/¢¥ K™ decay, with the K misidentified as an e*. To remove these
contributions, we require that the three track invariant mass m(p*p~ KT) satisfies that
|m(B}) —m(ptp~ K1) > 50 MeV/c%

The pr distribution for the electrons and the J/v¢ + electron invariant mass distri-
bution are shown in Figure 3.11. We find 70 J/¢ + electron candidates in the mass
region m(J/ie) < 15 GeV/c?.

3.4.1 J/v + e mass distribution for Monte Carlo signal events

For the Bf — J/ve™ X decay mode, we cannot fully reconstruct the momentum
and mass of the B. meson, due to the missing particles (v etc.). We can know only
the momenta of the J/¢ and the electron. Therefore we define a signal region using
the invariant mass of the J/¢ plus electron system. We naively expect that the mass
of the J/v¢ plus electron system lies in a range between the J/v¥ mass and the B,
mass. In order to study the signal mass distribution of the J/1 plus electron system,
a Monte Carlo simulation is used. We generate the B, mesons according to the B,
meson pr spectrum of the a! calculation [11], shown in Figure 1.5. The 5 distribution

is flat in the range || < 1.2. We let the B. mesons decay into J/¢etv with the
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V — A matrix elements. The event undergoes the CDF detector simulation. Then the
simulated events are processed with the same reconstruction programs as used for real
data. Finally, the events pass through the trigger simulation [40]. Figure 3.12 shows
the J/v¢ + electron invariant mass distribution for the Monte Carlo simulation. From
the figure, we define the signal mass region to be between 4 GeV/c? and 6 GeV/c?,
i.e., 4 <m(J/ve) < 6 GeV/c .

3.4.2 J/v 4+ e mass distribution for data

As mentioned in Chapter 1, the lifetime of the B, meson is not exactly known. It
would be better if we could select the B, signal sample without any cuts depending on
the lifetime. However there exist a lot of prompt J/4 events in the J/4 sample (about
80% of the J/v’s are prompt J/1 events [46]). Therefore, we use the decay length cut
with a cut value set as low as possible.

As we cannot fully reconstruct the momentum and mass of the B, meson, the
pseudo-proper decay length z, defined below, is used instead of the true proper decay
length. First we calculate the transverse decay length L,, between the primary vertex

and the secondary vertex, measured in the r—¢ plane. The L,, is defined by

(st - VPV) - DT (J/¢€)
pr (J/e) | ’

L,,

(3.2)

where pr (J/e) is the transverse momentum of the J/vy + e system, Vpy is a primary
vertex and Vgy is a secondary vertex of the J/¢ and the electron. These vectors are
two dimensional. Then we correct the L,, accounting for the Lorentz boost to obtain
the pseudo-proper decay length z:

__ m(Jfpe)
= T (Jfbe)]

These variables are described in detail in Chapter 6.

Lyy. (3.3)

The minimum cut value on z is set to 60 pm which corresponds to 1.5 times the
secondary vertex resolution (1.5¢0). We look at the mass distribution of the J/4 plus
electron system with various = cuts. The J/v¢ + e mass distributions for z > 60 pm,

85 pm, 100 pm, and 150 pm are shown in Figure 3.13. The numbers of the J/¢ + e
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z cut threshold | Ny/yie inm < 15 GeV/c? | Nyt in 4 <m < 6 GeV/c?

60 p m 23 events 19 events
85 pm 17 events 13 events
100 p m 15 events 12 events
150 p m 11 events 10 events

Table 3.4: Number of J/4 + e candidates for m(J/¢e) < 15 GeV/c? and for 4 <
m(J/¢e) < 6 GeV/c?. The data of 105 pb~" were used.

candidates are listed in Table 3.4. In the signal region 4 < m(J/vye) < 6 GeV/c* with
the £ > 60 pm cut, we find 19 J/¢ + e candidates, of which 9 are J/¢ + et and 10
are J/¢ + e”.

47



0000

8000

entries per 2 MeV /c?

6000

4000

2000

N

2.95 3 3.05 3.1 3.15
+ p—
w u Mass

Figure 3.1: The invariant mass distribution of the dimuon pairs for Run I.
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Figure 3.12: The J/v¢ + e invariant mass distribution for the Monte Carlo simulation.
The solid line histogram shows the mass distribution without the J/¢¥»K* veto. The
dashed line histogram shows that with the J/¢ K™ veto.
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Chapter 4

Background Estimation

In Chapter 3, we selected the B, candidates for the final state of tri-lepton (g,
p~ and e). Possible sources of background events in the J/¢ + e candidates can be

classified into four categories:

o real J/¢ + fake e
This background arises from misidentification of a hadron as an electron and is
referred to as “fake electron background”. If a hadron track in B — J/¢ +
hadron decays is identified as an electron, the hadron track and the two muon

tracks appear to come from a common vertex, and mimics a signal event.

o real J/¢ + real e
If, in a bb production, the b decays into J/v plus anything and the b semilep-
tonically decays, there are a J/¢ and an electron in the final state. The three

leptons which appear in the final states sometimes pass the selection cuts. This

is called “bb background”.

Photons are mostly generated by the 7° — v~ decay and are converted to a pair
of an electron and a positron in the detector. As described in Chapter 3, we reject
a conversion electron by looking for its partner track. However, if the partner
track is not reconstructed, the conversion electron is identified as an electron.
Photon conversions usually occur at a point, very far from a J/v vertex. Most of
the conversion electrons therefore do not make a common vertex with the J/4.

However, a conversion electron and J/4 accidentally form a good vertex and pass
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the selection criteria. In addition, the 7#° in the B — J/¢7°X decays, can decay
into yete™ (Dalitz decay). If one of the two electrons is not reconstructed, the
other electron and the J/¢ come from a common secondary vertex and can be
included in the signal sample. These backgrounds are called “residual conversion

background”.

o fake J/v + real e and fake J/¢ + fake e
There are some background events under the J/i mass peak as shown in Fig-
ure 3.1. These background events come from the decay-in-flight and punch-
through backgrounds (one or two muons are false), muon pairs produced by the

Drell-Yang process, and dimuons from the double sequential semileptonic decays

of a b hadron. These backgrounds are “fake J/v¢ background”.

In the following, we discuss these backgrounds.

4.1 Fake electron background

A hadron, usually a charged pion or kaon, is misidentified as an electron, if the
hadron happens to shower in front of the CEM and mimics a signature of an electron.
Using a hadron rich sample, we estimate the probability that a hadron satisfies the SLT
electron requirements, where the probability is called “fake rate”. Then we multiply
the number of J/¢ + track combinations by the fake rate to obtain the number of fake

electron backgrounds.

4.1.1 Fake electron rate

In order to estimate the fake rate, we study a large sample of tracks in jet events
which are accumulated using an inclusive jet trigger with a transverse energy threshold
of 20 GeV (JET20). The probability that a track satisfies the electron selection criteria
depends on isolation, since nearby particles can deposit energy in the tower traversed
by the particle, and this extra energy affects the E/p and E}uq/Epy measurements.
Figure 4.1 (a) shows the pr distributions for tracks in the J/¢ sample and in the
JET20 sample. There is a difference between the p; distribution in the J/+¢ sample
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Nios N, N- Ng

I <0.2 976 events | 527 £+ 37 events | 347 + 54 events | 101 + 31 events
I > 0.2 | 1492 events | 811 + 48 events | 513 £+ 72 events | 168 + 40 events
all 7 bin | 2468 events | 1336 & 61 events | 864 4 90 events | 268 4+ 50 events

Table 4.1: Sample composition of the identified electrons in the JET20 sample, esti-
mated using dE/dX. The S, cut is not applied.

and that in the JET20 sample. Therefore we parametrize the fake rate as a function
of pr and isolation I of the track. The isolation I is defined by I =} p/p, where p in
the denominator is the momentum of the track of interest and }_ p in the numerator is
the scalar sum of momenta of all other tracks within a cone of radius 0.2 in the  — ¢
space. The isolation distribution for tracks in the J/¢ sample and that in the JET20
sample are shown in Figure 4.1 (b). For the J/+ sample, most of the events are in the
first bin (I < 0.2). Hence we obtain the fake rate for two I bins, I < 0.2 and I > 0.2.
The fake rate is defined by

# of tagged tracks

fake rat I)=
ake rate (p;, I) # of tracks passing the fiducial cuts 8

(1= fe(1)), (4.1)

where f. is a real electron fraction in the tagged tracks. We introduce f. to account for
a real electron content in the JET20 sample. The sources of real electrons are discussed
in Appendix A. We estimate f. using the dE£/dX information. Figure 4.2 shows the
Se distribution in the JET20 data, where the tracks satisfy the electron requirements
except for the dE/dX requirement. The dE/dX requirements are removed to measure
the hadron components. In the S, distribution, if all tracks were electrons, the shape
would be a Gaussian centered at zero with standard deviation 1.0. To estimate the
number of e, 7 and K events in the S, distribution, we fit the S, distribution using
three Gaussians representing e, 7 and K. The fitted curves are shown in Figure 4.2.
The fit results are listed in Table 4.1. From these, we calculate the real electron fraction
fe(I). The f.(I) with the S. cut is listed in Table 4.2, and that without the S, cut is
also listed for comparison.

The fake rate determined by the above method is shown in Figure 4.3 as a function

of pr and I.
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Real electron fraction f.(I)

Without S, cut | With S, cut
I <0.2 54 + 4% 76 + 5%
I>0.2 54 + 3% 74 + 4%
all 1 bin 54 + 2% 74 + 2%

Table 4.2: Real electron fraction in the identified electrons in the JET20 sample.

z cut threshold ‘ Niake in m < 15 GeV/c? ‘ Nk in 4 < m < 6 GeV/c?

60 pm 4.2 + 0.1 events 2.6 £ 0.1 events
85 pm 3.9 + 0.1 events 2.1 + 0.1 events
100 pm 3.5 + 0.1 events 2.0 + 0.1 events
150 pm 2.8 + 0.1 events 1.6 £+ 0.1 events

Table 4.3: Number of fake electron backgrounds for m(J/¢e) < 15 GeV/c? and for 4
< m(J/ye) < 6 GeV/c%.

4.1.2 Number of fake electron backgrounds

To estimate the fake electron background in the J/¢ + e sample, we first recon-
struct a J/¢ + track invariant mass using tracks passing all the J/¢¥ + e selection
cuts except for the electron requirements. Figure 4.4 shows the J/¢ + track invariant
mass distributions for various z cuts. We then apply the fake rate as a function of pr
and I to each track to obtain the number of fake electron backgrounds. The J/¢ +
track mass distribution for the fake electron background is shown in Figure 4.5. The

numerical values for the fake electron background are listed in Table 4.3.

4.1.3 Systematic uncertainty

In order to check the fake rate, we calculate the fake rate using tracks in the
Minimum Bias (MB) trigger data. The MB trigger is intended to collect events without
any physics requirement. The pr and I distributions in the MB data are shown in
Figure 4.1. They are different from those for the JET20 sample. We calculate the

fake rate for the MB sample as a function of p;y and I, in a similar way as for the
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JET20 data. For the real electron fraction f.(I) in the MB sample, we evaluate it
without dividing into two I bins, since there are not enough tracks passing the electron
requirements for I > 0.2. We fit the S. distribution (Figure 4.6) with three Gaussians
and obtain f, = 64 & 7 %. The fake rate for MB sample is plotted in Figure 4.3.
When we calculate the number of the fake electron background events using the fake
rate from the MB sample, we find 2.9 4+ 0.05 events for > 60 pm in the B, signal
region between 4.0 and 6.0 GeV/c?. The fake electron background with the MB fake
rate is different from that with the JET20 fake rate by 10%. We assign this difference

of 10% to the systematic uncertainty on the fake electron background estimate.
4.1.4 Cross checks of the fake electron background

Fake rate for a specific hadron

The tracks in the JET20 sample consist of a mixture of hadrons. We estimate
the kaon fake rate and the pion fake rate, using kaon and pion tracks from charmed
meson decays, where the charmed mesons are produced by b semileptonic decays. The

following four decay modes are used:
o L+ Dt DY - Dz, D° - K~xnt
o {+ D" D - DT, D° - K~ ntntm™
o /+ D" Dt - K ntg™
e /+D° D° —» K-t

Figure 4.7 (a) shows the invariant mass distribution for D° or D" candidates, where
the kaon tracks satisfy the SLT fiducial requirements. We fit the mass distribution to
a sum of a Gaussian and a linear function and calculate the number of events. Then
we fit the mass distribution (Figure 4.7 (b)) in which the kaon tracks satisfy all the
electron requirements, to a sum of a Gaussian and a linear function. In the second
fit, the standard deviation of the Gaussian is fixed at a value determined in the first

fit. The fit results are listed in Table 4.4. In the same way, we obtain the number of
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‘ Niiducial ‘ Niagged ‘ fake rate

charged kaons | 2469 & 71 events | 1.3 133 events | (0.5 & 1.2) x 1073
charged pions | 3087 + 97 events | 5.1 T2 events | (1.6 £ 2.5) x 1073

Table 4.4: The numbers of fiducial tracks, the numbers of tagged tracks and the fake
ratesin D - K—7%, D° - K ntrt7r~, and D™ — K- 7nTn" decays.

pion tracks passing the SLT fiducial cuts and the number of pion tracks passing all the
electron cuts. See Figure 4.8. The fit results are listed in Table 4.4.
The fake rate is given by

# of tagged tracks
# of tracks passing the fiducial cuts’

(4.2)

fake rate =

The fake rates for kaons and for pions are listed in Table 4.4. Because of the limited
statistics, it is hard to see a difference between the kaon and the pion fake rates. But

these fake rates are consistent with the fake rate obtained from the JET20 sample.

Hadron fraction using dE/dX

We see 19 events of J/¢ + e candidates in the signal region 4 < m(J/ye) < 6
GeV/c? with the z > 60 pym cut (see Table 3.4). In this section, we remove the S,
requirement and estimate a fraction of hadrons in the resulting 23 events. We use an

un-binned likelihood method, because of the limited statistics. Assuming the Gaussian

dE/dX (S;) shapes, we can write the likelihood £ as
Ve (@ — er)2>
exp | —————
jl;ll[\/ 2maq; ( 200
WECE ¥,

2
20'Qj

Vetvrn +VK) N

N!

e (

[ —

v

vV 271'0'Qj

Lve (_(Qj—?m‘)Z)’ 43
Varog, 22, ] (4.3)

where @; is the measured dE/dX and oy; is its uncertainty. Q.;, @r; or Qk; is the

_|_

dE/dX expected for an electron, pion or kaon hypothesis. N is the number of total

events (N = 23), and parameters v., v, and vk are the numbers of electrons, pions
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and kaons. We minimize twice the negative log-likelihood —2In £ and obtain v., v,
and vg. The fit result is shown in Figure 4.9. We obtain v, = 17.9 T332, v, =5.1 159
and vg = 0 fgj. From this the number of hadrons where the S. cut is turned on is
estimated to be 2.2 + 1.5 events. This is consistent with our previous fake electron

background estimate of 2.6 events.

4.2 Residual conversion background

In the electron requirements, conversion electrons are rejected by finding their
conversion partner tracks satisfying the requirements: |A cot 8| < 0.06, |AS| < 0.3 cm,
m(ete™) < 500 MeV/c? and R ony < 50 cm. This conversion removal algorithm is not
perfect because the partner can fail the CTC track reconstruction when its transverse
momentum is small. Therefore, a conversion electron can pass the cuts and appear as
an electron candidate.

In the J/¢ + track data, 2 events of J/¢ + conversion electron are found after the
vertex x? cut and the pseudo-proper decay length z > 60 um cut are applied. These 2
events remain after the # > 150 pm cut. The invariant mass distribution is shown in
Figure 4.10 (b).

To estimate the background from the residual conversions when there are two iden-
tified conversion events, we have to know the conversion finding efficiency. For that
end we first prepare a data sample of J/¢ + conversion electron events by turning
off the vertex x* cut and the decay length cut. We find 24 J/4¢ + conversion elec-
tron events in our data. Figure 4.10 (a) shows the mass distribution for these events.
Second, we generate Monte Carlo J/¢ + 7° events and simulate 7° — vy and 7° —
et e~y decays. Comparing the electron pr spectra of the Monte Carlo simulation to the
observed spectra of the J/¢ + conversion electron events, we estimate the conversion

finding efficiency.

4.2.1 Conversion Monte Carlo

To model the kinematics correctly, we use a sample of J/¢ + track events from real

data. These tracks should mostly be charged pions, and from isospin symmetry, the
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neutral pions should have identical kinematics. From the sample, we take the three-
momenta of 4, 4~ and a track. We replace the identity of the track with 7° and make
98.8% of the 7°’s decay into vy and 1.2% into yeTe™ (Dalitz decay), according to the
7% decay branching ratio [32]. Then the event is passed through a detector simulation,

_|_

where a photon can convert to an eTe™ pair according to the detector material in the

geometry data base.

4.2.2 Conversion finding efficiency

We estimate the conversion finding efficiency €;,; by comparing the conversion
partner pr distribution of this Monte Carlo sample to that of the J/¢ + track events.
Figure 4.11 (a) shows the py distribution of the conversion electron candidates for
data and for Monte Carlo. The distributions are normalized to unit area. The track
of a Monte Carlo conversion electron candidate is required to be reconstructed by the
same track reconstruction program as used for real data. The Monte Carlo simulation
reproduces the pr distribution of the conversion electrons in the real data. Figure 4.11
(b) shows the pr distribution of the conversion partners for data and for Monte Carlo.
For the Monte Carlo events, the pr distribution of the partners is obtained from the
generator level output (not required to be reconstructed). If the conversion finding
efficiency is unity in the entire py range, the partner py distribution for data would
be peaked at the lowest bin, as in the Monte Carlo events. Assuming that the CTC
tracking efficiency is flat for py > 0.5 GeV/c, we normalize the p; distribution of the
conversion partners for data to that for the Monte Carlo events in the range pr > 0.5

GeV/c, and obtain €,y = (49 + 6)%.

4.2.3 Number of conversion backgrounds

To estimate how many events are in the signal region 4 < m(J/vye) < 6 GeV/c?, we
calculate the mass distribution for Monte Carlo events. Here we reconstruct a common
vertex of the three tracks, u*, =, and an electron from a conversion or a Dalitz decay,
and apply the Prob(vertex fit x*) > 1% and z > 60 um cuts. Figures 4.12 (a) and (b)
show the invariant mass distributions for the identified conversions and for the residual

conversions, respectively. From Figure 4.12 (b), we evaluate the fraction of residual
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conversion events lying in the signal region as €,,45s = N(signal region)/N(whole mass
region) = 55 + 3%. The number of residual conversions in the signal region is calculated

from the number of identified conversions N,4(whole mass region) in the real data by

1_€id

N,.s = Nq(whole mass region) x

€mass
€id
= 1.2+0.8, (4.4)

where the uncertainty is only due to the statistics of N;3 = 2. The residual conversion

background for the whole mass region is N,¢s(whole mass region) = 2.1 + 1.5.

Systematic uncertainty

The systematic uncertainties in the residual conversion background are caused by

the following:

e the statistical uncertainty of the conversion finding efficiency (&;4) produces a

28% uncertainty in the value of N,.,.

e an uncertainty due to the J/v¢ + residual conversion mass shape. We compare
the J/¢ + residual conversion mass shape for photon conversions to that for

Dalitz decays and assign 9% uncertainty.

e an uncertainty due to the difference between the py distribution of tracks in zero-
lifetime J/1 events and that in J/¢ events coming from b decays. The track pr
distribution for events passing the z(J/¢ + track) > 60 pm cut and that for
the z(J/¢ + track) < 60 pm cut are shown in Figure 4.13 (a). For comparison,
we show the pr distributions for J/¢ + track system in Figure 4.13 (b). Using
the distributions of Figure 4.13 (a), we recalculate €;4, and obtain 52.0% for
the z(J/¢ + track) > 60 pm tracks and 45.7% for the z(J/¢ + track) < 60
pm tracks. We calculate the number of residual conversion electrons with these
efficiencies and take the larger difference from Eq. (4.4) of 13% as the systematic

uncertainty.

Summing the above uncertainties in quadrature yields a systematic uncertainty in the

N,., of 32%.
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4.2.4 Check of the conversion finding efficiency

A check of the above estimate of the conversion finding efficiency €;4 is preformed
using conversion electrons which are created at the VI'X outer wall or at the CTC
inner wall (20 cm < conversion radius Reony < 30 cm) [47]. Since these conversion
electrons do not leave hits in the VTX, one can identify these conversion electrons by

requiring the VTX hit occupancy to be low. The VTX hit occupancy is defined as

_ # of active hitsin VTX
 # of expected hits in VTX’

Vies (4.5)

and is applied to those tracks which have the number of expected hits in the VTX
greater than 10. We select low V., electrons from the J/¢ + track sample using
the SLT code. We turn off the conversion removal cut and the SVX hit requirement
here. To demonstrate how this V,., variable works, we use the conversion electrons
whose partners are identified and show in Figure 4.14 the conversion radius distribution
without the V., cut and with the V.., < 0.4 cut. We see that the V.., < 0.4 cut works
well to remove the conversion pairs produced inside the VTX (Reon, < 20 cm).

We calculate the conversion finding efficiency e;4(VT X):

# of low V. electrons with partner

eia(VTX) = = 0.46 + 0.06. (4.6)

# of low V. electrons

Previously we estimated e,y = 49 + 6% using the conversion partner py distribution,

to which the €,4(VT X) agrees.

4.3 bb background

When in a bb production a b quark decays to J/%X and a b quark to eX’, there
are a J/¢ and an electron in the final state as in the B, semileptonic decay. If these
J/¢ and electron make a good displaced vertex and the J/¢¥ + e mass falls into the
signal region 4 < m(J/¢e) < 6 GeV/c?, they result in an irreducible background to
the B, signal. We estimate this bb background using a Monte Carlo simulation. The bb
events are generated according to the next-to-leading order QCD calculation [8] with
renormalization scale gy = \/m, where the b quark mass my, is set to 4.75 GeV/c%.
The MRSD, parton distribution function [48] is used. The b quark is fragmented
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z cut threshold | Nyzin m < 15 GeV/c? | Nyin 4 < m < 6 GeV/c?

60 pm 2.3 + 0.8 events 1.2 4+ 0.4 events
85 pm 1.8 £+ 0.5 events 1.0 4+ 0.3 events
100 pm 1.5 £+ 0.4 events 1.0 4+ 0.3 events
150 pm 0.7 £ 0.2 events 0.6 + 0.2 events

Table 4.5: Number of bb backgrounds for m(J/ve) < 15 GeV/c? and for 4 < m(J/ve)
< 6 GeV/c.

into b hadrons according to the Peterson fragmentation model [9] with the Peterson
fragmentation parameter ep = 0.006. We let the b hadrons decay according to the
CLEO decay model [49], in which we force the b hadron to decay into J/¢ X and the
J/v into ptp~, but the b decays are not forced. Then the bb events are processed by
the CDF detector simulation and the trigger simulation [40].

The number of BT — J/¢¥ K™ decays observed in real data is used to normalize
the Monte Carlo bb background events. The selection cuts used to obtain the J/¢ K+
events are the same as for the J/¢¥ 4 e events, except for the electron requirements.
We find the normalization factor R(Data/MC) = 0.19 £ 0.02. The number of bb
backgrounds with different # cuts are listed in Table 4.5. The bb background mass
distributions with different z cuts are shown in Figure 4.15.

The systematic uncertainties in the estimate of the bb background are listed in
Table 4.6. The systematic uncertainty associated with the trigger simulation is deter-
mined by alternately requiring and then not requiring the dimuon triggers and taking
the difference in the resulting bb backgrounds as the uncertainty. The uncertainty in
the branching ratio for the Bt — J/¢Y K% decay [32] contributes 14%. The Monte
Carlo statistics (uncertainty on the normalization factor R) contributes 11%. The

total uncertainty is 18%.

4.4 Background from fake J/v’s

We calculate the contribution from fake J/1 events using events in the J/v side-
band defined as 100 MeV/c* < |m(ptp™) — m(J/4)| < 200 MeV/c? (see Figure 3.1).
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Source Uncertainty (%)
Trigger Simulation 5
B(Bt — J/YyK™T) 14
Monte Carlo Statistics 11
Total 18

Table 4.6: Summary of the systematic uncertainties on the bb background

We reconstruct the J/¢ + track invariant mass for J/1 sideband events and apply
all the cuts employed in the signal selection, with one modification. When we recon-
structed the 3 track vertex in the J/4 signal selection, the dimuon mass was constrained
to the world average mass of J/¢. Here the dimuon mass is constrained to the center
of each side-band region. We find that, out of 2952 J/v sideband + track events, 3
events remain after the cuts. Taking account of the fact that J/1 sideband region is
twice as large as the J/v signal region, we estimate the probability that a fake J/v
+ track event forms a common vertex to be (0.05 + 0.03)%. From Figure 3.1, the
background under the J/¢ mass peak is about 8%. Then we multiply the number of
J/v + e candidates by this fraction and the above probability, and obtain 107 events
for > 60 pm. The fake J/4 background is negligibly small and is not included in the

following analysis.

4.5 Other background

The following two sources can appear in the J/¢ + £ final states:
e J/¢ + cc production in which the charm decays semileptonically.

e decays of an as yet unobserved baryon which contains b and ¢ quarks.

4.5.1 J/v 4+ cc production

It is possible for an additional charm to be produced along with a prompt J/¢
via the same production mechanisms as for the B, production. Figure 4.16 shows

pr spectra for inclusive ¢ quark and b quark production in the next-to-leading order
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3

%) calculation, the inclusive production

calculation [8]. In the next-to-leading order (a
cross section for the ¢ quark (o.) is about twenty times as large as that for b quark
(o). Since the J/v must have pr > 4 GeV/c to satisfy the trigger requirements, we
calculate the cross section ratio for py > 4 GeV/c and obtain o./0p, ~ 5. The J/¢
and lepton coming from J/v¢ + c¢ production do not generally form a common vertex,
as in the bb background. Assuming the efficiency that the J/+ and lepton survive our
cut is equal to that for the bb background, we can write the ratio of the number of the
prompt J/9 background to that of the bb background as

N _ o fle — J/¢)B(E_—> £X) _ 5x 1073 x 0.1 ~ 05, (4.7)

Ny oy B(b — J/YX)B(b — £X) 0.01 x 0.1

where we have assumed that the probability for a ¢ quark to fragment into a J/%¢
is f(c — J/¢) ~ 1073 (= f(b — BF) [11]) and have used B(b — J/9X) ~ 0.01
and B(b,c — £X) ~ 0.1 from Ref. [32]. The J/4’s in the J/¢ + cc production
have zero lifetime, and the requirement of the z > 60 pum reduces the prompt J/¢
contribution, compared to the bb background. Hence the contribution from the prompt
J /v background to the J/¢ + e signal is estimated to be less than 0.6 events for 4 <
m(J/¢e) < 6 GeV/c?.

4.5.2 (bcq) baryon decay

The baryon which consists of b quark, ¢ quark and a light flavor quark ¢ has not
been observed yet, but is expected to exist. The (begq) baryon can decay into the J/¢
+ £ final states.

The production ratio of the (bcq) baryon to the B, meson is roughly estimated to
be Opeq/0Tp+ = on,/ops = 5. We consider the (beq) baryon decay in which the (beg)
decays into J/1 and (csq), followed by (csq) — £X. The branching ratio for (begq)
— J/¢ X is expected to be B((beq) — J/9X) ~ B(B — J/¢¥X) = 0.01, where the
B(B — J/¢X) is obtained from Ref. [32]. We assume B((csq) — £X) ~ 0.1 [32].
For the B} — J/¥£*X decay, the branching ratio is assumed to be about 2% (see
Table 1.4). The oB ratio is written as

opegB((beg) — J/X)B((csq) — £X) 10.01 x 0.1
o+ B(BF — J/¢ltX) 3 0.02

~ 0.02 (4.8)
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z cut Nfake Nconv ‘ NbE ‘ Ntot

60 pm (42+01+04(214+15+£07|23+08+04)|86+1.6=+1.0
8 pym 39+01+04]214+154+07|18+05+03|7.8+1.6=+0.9
100 ym | 3.5+£01+04(21+£15+£07]15+£04+£03|71+16+0.9
150 ym | 2.8 £ 0.1 +03|21+£15+£07]07+£02+0.1|56+15+08

Table 4.7: Summary of background for m(J/ve) < 15 GeV/c%.

z cut Nfake Nconv ‘ NbE ‘ Ntot

60 pm |26 +01+03|124+08+04|12+044+02]50+09=+0.5
8 pym 214+01+02]124+08+04|1.0+£03+02]43+£09=+05
100 pm 2.0 £ 01 +02]12+08+£04]10+03£02|424+09+£05
150 pm | 1.6 £0.1+02}12+08+04]06+02+01]34+09+£0.4

Table 4.8: Summary of background for 4 < m(J/vye) < 6 GeV/c%.

Therefore, we expect the contribution from the (beg) baryon decay is small.

4.6 Total background

A summary of our background estimation is given in Table 4.7 for m(J/¢e) <
15 GeV/c* and in Table 4.8 for 4 < m(J/¢e) < 6 GeV/c?. The total background is
given by the sum of the fake electron background, the residual conversion background,

and the bb background. We do not include the fake J/v background, the J/i + cc
background, and the (beg) baryon decay background, because they are negligibly small.

Our background estimation for fake electrons and residual conversions was per-
formed using a variety of real data sample: the JET20 sample, the MB sample, the
J/¢ sample, and the conversion sample. We made several cross checks to confirm
our estimation. The bb background was estimated using a Monte Carlo simulation.
Another check of the background estimation is possible by using an independent data
sample of b decays. This is described in detail in Appendix B, which provides support
for the validity of the background estimation described in this chapter.
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In Figure 4.17 we show the observed J/¢ + e invariant mass distribution, together
with the expected background distribution. We see an excess of observed events in the
signal region 4 < m(J/vye) < 6 GeV/c®. In parallel with the present analysis, a B,
meson search in the J/¢¥ + muon channel has been performed at CDF [50]. In the
next chapter, we will combine the two channels and discuss the statistical significance

of the B, signal.
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Chapter 5

Statistical Significance of the B,
Signal

An excess of observed events over the expected background for the B} — J/¢et X
mode is found in Chapter 4. At the CDF, the search for the B} — J/¢¥utX mode
is also possible. In this chapter, we first introduce the J/¢¥ + p analysis, which has
been performed by other collaborators in CDF [50]. We then combine the J/¢ + e
analysis with the J/¢ + p analysis. In order to test the excess statistically, we adopt
the following two approaches: The first is a simple “counting experiment” based on
the number of events in the J/v + lepton signal region, 4 < m(J/¥f) < 6 GeV/c .
The second approach employs a binned likelihood method which includes the shape
information from the mass distribution over the range 3.35 < m(J/v£) < 11 GeV/c%.
In both approaches, we compute the probability that a random background fluctuation

is consistent with the observed B, candidates. This is the “null hypothesis”.

5.1 J/v¢ + p analysis

For the B} — J/v¢ p* X mode, the J/v’s are selected using the same cuts for the
electron mode (see Chapter 3). We require the following selection criteria on the third

muon:
e The muon is found in both the CMU and CMP,

e pr(p) > 3 GeV/e,

93



Nijgu
Candidates 12 events

Punch-through background | 0.88 + 0.35 events
Decay-in-flight background | 6.4 + 2.0 events
bb background 0.7 £ 0.5 events

Total background 7.1 + 1.5 events

Table 5.1: Number of J/¢ + p candidates and backgrounds for 4 < m(J/yp) < 6
GeV/c?. The data of 105 pb™' were used.

o x? cuts on the position matching between the CTC and the muon chamber:

Max(x*(CMU), x*(CMP)) < 3¢ in r—¢ and x*(CMU) < 3.50 in z.

We reconstruct a vertex of three muons and require that the x? probability of the
vertex fit > 1%, pseudo-proper decay length z > 60 pm, and |m(B}) —m(pTp~ KT)|
> 50 MeV/c*. There are fourteen J/7 + p candidates in the mass region m(J/¢p)
< 15 GeV/c? and twelve events in the signal region 4 < m(J/¥p) < 6 GeV/c?. The
backgrounds for the J/¢ + p modes are:

e punch-through background of the third muon.
o decay-in-flight background of the third muon.
e bb background.

e fake J/v background.

These backgrounds are discussed in detail in Ref. [50]. We refer to a combination of
the punch-through and decay-in-flight background as the “false muon” background in
the latter sections. The number of candidates and backgrounds are listed in Table 5.1.
Figure 5.1 (b) shows the J/¢ + p mass distribution together with the background
distribution. We show the J/¢ + e invariant mass distribution in Figure 5.1 (a), for

comparison.
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J/¢¥ + e mode J/¢¥ + p mode combined

Candidates 19 events 12 events 31 events
Total background | 5.0 &+ 1.1 events | 7.1 + 1.5 events | 12.1 + 1.9 events
Probability 2.1 x 107° 0.084 2.5 x 107° (4.10)

Table 5.2: Summary of the counting experiments.

5.2 Counting experiments

In the J/4 + £ signal mass region, we find 19 J/¢ + e candidates and 12 J/¢ + p
candidates. The expected total background is 5.0 & 1.1 events for the J/¢¥ + e mode
and 7.1 £+ 1.5 events for the J/¢ + p mode. For each of the analysis, we calculate
the probability P¢ and P* that the background fluctuates up to the observed number
of events. This calculation is done using Poisson statistics, where the mean of the
distribution is given a Gaussian smearing in order to account for systematic uncertainty
on the expected number of background events. We find P¢ = 2.1 x 107° (=F¢) and
P# =0.084 (=P}). Since correlations between the J/¢ + e and J/¢ + p background
estimates are negligibly small, we can regard P° and P" as significance levels of two
independent tests for the null hypothesis that a random background fluctuation is
consistent with the observed B, candidates. Then the combined probability that P°
and P* are such that P°P* < PSP} is given by

P — PEPE(1 — In(PSPY)) = 2.5 x 1077, (5.1)

The derivation of the formula for P is described, for example, in Ref. [51]. Although
Pmb is larger than PS, we quote P™ as the statistical significance of our counting
experiment, since it is natural to treat the J/¢ + e and J/¢ + p modes statistically on
an equal footing. The combined probability of 2.5 x 10™° corresponds to 4.1 standard

deviation for a Gaussian probability function. The results for the counting experiments

are listed in Table 5.2.
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5.3 Likelihood analysis

We use a binned likelihood method for testing and fitting the data and background
estimates. It uses the shapes of the distributions over the mass range 3.35 to 11.0
GeV/c?, and it includes as input all the information on the J/f mass distributions
for signal and background discussed in earlier sections. The likelihood function has
a necessary and sufficient set of parameters to fit these distributions to the observed
data. It also allows constraints such as the expected fraction of events in the two decay

channels.

5.3.1 Definition of likelihood

We define the input information and corresponding parameters along with the con-
straints and relationships among them and then we present the likelihood. Upper case
letters represent input information, and lower case letters represent parameters of the
fit. The superscript e (p) refers to J/¢ + e (J/¢ + p). We designate background types
by additional superscript, fe for fake electrons, fu for false muons, ce for conversion
electrons, and Be (Bp) for the bb contributions to electron (muon) backgrounds. We
use A¢ (M) to represent a function of the parameters corresponding to the fitted num-
ber of signal plus background events in the " bin for the electron (muon) distribution.
We use primes (N, n) for the number of events in the mass range 3.35 to 11.0 GeV/c?,
and elsewhere we use unprimed numbers (N, n) for the subset in the range between
4.0 and 6.0 GeV/c?, where N’ and N are the estimated numbers of events while n’ and
n are the fitting parameters of the number of events.

In order to propagate the uncertainties for various measured or calculated quan-
tities, each item of input information has a corresponding parameter in the fit that
we constrain to the measured value within its uncertainties. We include each such
constraint as a Gaussian or Poisson factor in the likelihood. For quantities with both
Poisson statistical uncertainties and Gaussian systematic uncertainties, we adopt a

Gaussian approximation of the Poisson uncertainty and add them in quadrature.
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Data

We show the input J/¢£ mass distributions for the J/¢ + e and J/v + g modes in
Figures 5.2 (a) and (b), respectively. For the histogram in Figure 5.2 (a), we represent
the number of candidate B} — J/¢e* X events in the i'" bin as D¢. These numbers
contribute factors to the likelihood £ according to the Poisson probabilities:

L.

POID;) = e,

(5.2)

where the best estimate for the mean of DY is represented by A¢, the function that sums
the signal and background contributions calculated in the fit. Each term in the sum
is a product of parameters defined below. In like manner, we symbolize the bin-by-bin

numbers of candidate B} — J/¢¥ut X events (Figure 5.2 (b)) by D¥, and the functions

representing their means by A%.

B, signal

We obtain the signal J/v£ mass distribution using the same Monte Carlo simulation
as described in Section 3.4.1. The mass of B. is set to be 6.27 GeV/c?. The signal
J/¢f mass distributions are shown in Figures 5.2 (c) for the J/¢ + e mode and in (d)
for the J/v¥ + p mode, respectively. We generate the independent mass distributions
for J/¢ + e and J/¢ + p and normalize each to unit area. Their contributions

to the i’ bin are represented by S¢ and S, respectively. We symbolize the total

i
number of J/¢ + £ events by n’ and the fraction of these in the J/¢ + e channel
by 7. For convenience, we express the numbers of events in the two decay channels
as n'* = r°n/t and " = (1 — r°)nt, and we emphasize that these are derived from
the fitted parameters. The contributions to A and A are n*S{ and n'#S!. The
Monte Carlo simulation also determines the expected fraction of electron signal events,

R° = 0.5840.04 (see Section 7.3.2), which contributes to £ as a constraining Gaussian
probability factor.

1 1(r"— R’
G(r°|R°, AR = mexp (—5 ( AR ) ) (5.3)
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Fake electron background

The mass distribution for J/v + track events for the e mode is given in Figure 5.2
(e). The subset of these events which satisfy the fiducial requirement for third-track
electrons is represented by Jl-f . This sample forms the parent distribution for calcu-
lating the fake electron contribution. We show the mass shape for the fake electron
background in Figure 5.2 (f) and normalize it to unit area. To allow for a shape dif-
ference from the parent distribution, we calculate the bin-by-bin fraction Fl-f = AFZ-f ¢
of the parent distribution. N'/¢ = 4.2 £ 0.4 is the total number of fake electron back-
ground events that satisfy all the electron identification criteria. In order to allow the
fit to vary within the uncertainties in these measurements, we replace them by param-
eters. The fitted parameters ]lfe are constrained to Jl-fe by Poisson contributions in L.
Similarly, the parameter n'/¢ is constrained to N'/¢ by a Gaussian factor in £. The fit-
ted parameters fl-fe were constrained through Gaussian factors in £. The contribution

to AY from fake electron backgrounds is n'fefl-fejl-fe.

Residual conversion background

We measure the number of identified conversion electron background events N to

¢ constrained to N'*° by a Poisson factor in

be 2. We represent this by a parameter n'®
L. With the Monte Carlo simulation described in Section 4.2, we determine the ratio of
residual (not identified) conversions to identified conversions R to be 1.06+0.36, where
R = (1 — €i4)/€:ia in Eq. (4.4). The corresponding fitted parameter »*° is constrained
by a Gaussian factor in the likelihood function. We normalize the mass distribution for
residual conversions in Figure 5.3 (g) to unit area, which is represented by Jf¢ + AJ¢e.
The corresponding parameters are j©° with constraining Gaussian probability factors

in £. The contribution to A{ from residual conversions is n/*r ;.

bb background

We employ a Monte Carlo procedure described n Section 4.3 to calculate indepen-
dently the bb background contributions to J/v + e and J/4 + p. In order to obtain
the Monte Carlo sample with high statistics, we force b and b to decay to J/%X and
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£X, respectively. These shapes are found to be identical and a single parent distribu-
tion, J? £ AJP, normalized to unit area, is adopted for both. Figure 5.2 (h) shows
the mass shape for the bb background. It is represented by the parameters 57 that are
constrained by Gaussian terms in the likelihood function. The Monte Carlo results for
total numbers of events are: N'P¢ = 2.3 4+ 0.9 for J/¢¥ + e and N'Br — 1.44 + 0.25 for
J/¢ + p. The corresponding parameters are n'%¢ and n'?#. The contributions to A¢

1Be B

and MY from bb background are n'2¢jP and n'B#j5

772, respectively.

False muon background

The false muon background is estimated using another subset of the J/¢ + track
distribution that satisfies the purely geometric criteria for third-track muons. This
sample forms the parent distribution (Figure 5.2 (1)) for calculating the false muon con-
tributions from punch-through and decay-in-flight, and we combine these two sources
of background into a single distribution (Figure 5.2 (j)). We normalize it to unit area.
This parent distribution is Jl-f #. The remaining input information and parameters for
the false muon background are formally identical to those for the fake electron back-
ground: F/#, f/# /v N'fv —11.4 + 2.4 and n'/*. The contribution to A* from false

muon backgrounds is n'/# f/#5/4,

Sums

We present here the two functions which, through their parameters, are adjusted

for the best fit to the data distributions, D$ and D?'.
X = penftSe pfeffejle o pieepeejee 4 /BB
I e o L L A e e (5.4)

2

The likelihood is written as
L= G(r5|RE,ARE)G(n’fe|N’fe,AN’fe)P(n'Ce|N'Ce)G(rce|Rce,ARCE) (5.5)
G(n'T"|N"H, AN G(n'P¢| N'PC, AN'PO)G(n/PF | N'PH ANTPEY - (5.6)

15
[I[P(X:1D5) PO DY PG| )G | B ARG | Jiee, ATf) - (5.7)

=1

PG IIG(F FIE ARG | TE, AP, (5.8)
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where G(z|p, o) is the Gaussian function centered at g with a width of o and P(u|n) is
the Poisson function for a mean of y. Lines (5.5) and (5.6) constrain the normalizations
for the five background distributions, the Monte Carlo calculation of the expected
ratio of electron to muon B, events, and the calculated ratio of residual to identified
conversion electron backgrounds. P(A¢|D¢) and P(A[|DY) in Line (5.7) are fit to the
B, candidate distributions. The other terms in Line (5.7) and Line (5.8) constrain the
parent distributions for the various backgrounds and the shape-dependent fractions for

the fake lepton distributions.

5.3.2 Mass distribution fit

In the likelihood L, the only free parameter is the total number of B, signal
events, n’* (= n’ + n*). All other parameters are constrained within uncertainties by
information independent of the B, candidate mass distribution. We minimize —21n £
and obtain the number of B, signals n”* = 20.47%7 events in the fitting mass region,
where the uncertainties of n’* are determined by allowing —2In £ to increase 1. Since,
of these events, 93.0 £+ 0.6 % fall in the signal region 4 < m(J/¥€) < 6 GeV/c?, we
find nf = n° 4+ n* = 19.0%%% events in the signal region. This agrees with the counting
experiment result. The other parameters are also listed in Table 5.3. Figure 5.3 shows
the data J/¢£ mass distribution together with the fit results.

We fit the mass shape with fixing the number of B, signal n’t. For each value of n’,
—21In £ is minimized as a function of other parameters. Figure 5.4 shows A(—21n £)
as a function of the assumed number of B, mesons in the data sample. The A(—21n £)
is defined as the difference between the minimum (—2In £) for a fixed number of B,
mesons and the minimum (—21n £) for the data. The A(—21n £) shape is not parabola,
because the number of observed events are statistically limited and the Poisson terms
exist in the likelihood L.

In order to check the likelihood fit, we generate a large number of “pseudo-experiments”

as follows:

1. We generate each background according to the shapes shown in Figure 5.2, where

the number of each background is fluctuated around the input value listed in
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Input Constraint | Results of fit
B, signal - 20.4752
B, signal for e e 12.0735
B, signal for p e 8.4727
electron fraction for signal 0.58 £+ 0.04 0.59 £+ 0.04
fake electron background 42 +04 42 +04
identified conversion 2 22+14
conversion ratio 1.06 £+ 0.36 1.08 £ 0.35
residual conversion background 21+ 1.7 24 £ 1.7
bb background for e 23+£0.9 2.6 £0.9
false muon background 114+ 24 9.2 +£23
bb background for 1.44 + 0.25 1.42 + 0.25

Table 5.3: Summary of the mass fit. The numbers are for the mass range 3.35 <
m(J/¢¥L) < 11.0 GeV/c.

Table 5.3. We make one background histogram for each of the e and g modes by

summing the histograms from each source.

2. For each of the e and g modes, we generate a signal distribution by fluctuating

the number of events around the fitted value listed in Table 5.3.

3. We add the background distribution to the signal distribution, bin-by-bin, to get
the number of entries for each bin, and we fluctuate it according to a Poisson

distribution.

4. We fit the mass distributions for the e and g mode simultaneously in the same

way as for real data.

Figures 5.5 (a) and (b) show the —2In £ distribution and the fitted number of B.
events for one thousand pseudo-experiments. From the data fit, we have found —21n £
= —671. The probability of finding —2In £ > —671 is 13%.

5.3.3 Statistical significance of the mass distribution

In order to estimate the null hypothesis, .e., to evaluate the probability that a

statistical fluctuation in the background can explain the observed excess of the data, we
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again perform pseudo-experiments. For the pseudo-experiments of the null hypothesis,
we generate background events using the same method as described above, and we do
not include the signal events. Figure 5.6 shows the number of B, events returned by
the mass distribution fit for 196750 pseudo-experiments. Since we set the lower limit
of n’* to be zero, there is a peak at the lowest (zero) bin in Figure 5.6. None of the
pseudo-experiment gave values of n”* exceeding 20.4. From this result, we conclude that
the probability that a fluctuation of the background yields the observed distribution
at 90 % confidence level is less than 1.1 x 107, i.e., the null hypothesis is rejected at
the 4.1 standard deviation level.

As a check, we also perform an unbinned likelihood analysis. We obtain the signal
and background shape from spline fits. Then the null hypothesis is tested in a same

manner. The results are consistent with the binned likelihood analysis.
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Figure 5.1: J/v{ mass distribution for z > 60 pm. (a) e mode. (b) g mode. (c) e +
g mode.
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Figure 5.2: Input J/4{ mass distributions for the mass fit. (a) J/¢e data. (b) J/¢u
data. (c) J/ve signal. (d) J/vyp signal. (e) J/¢ + track for e mode. (f) fake e. (g)
residual conversion. (h) bb. (i) J/¢ + track for p mode. (j) false p.
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Figure 5.3: J/v{ mass distribution superimposed by the fit results. (a) e mode. (b) p
mode. (c) e + p mode.
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Chapter 6

Measurement of the B, Meson
Lifetime

We have applied a decay length cut for z > 60 pm to search for the B, signal. We
have found a total of 31 candidates in the signal region 4 < m(J/¥£) < 6 GeV/c?, 19 in
the electron mode and 12 in the muon mode. We estimate a B, signal of 20.47%2 events
using the mass shape fit, with an independent background estimate used as inputs. To
measure the lifetime, we remove the above requirement on the decay length and find
74 candidates, 44 in the electron mode and 30 in the muon mode.

The theory predictions for the B, lifetime lie in a rather wide range, between 0.40 ps
and 1.44 ps as described in Section 1.3. The theoretical uncertainty on the B, lifetime
is larger than that on other B mesons.

CDF has measured the lifetimes of various b hadrons in semileptonic decays. In
this Chapter, we will try to extract the B. meson lifetime using the B} — J/4£tX
decay mode. To obtain the lifetime, we employ the procedure in Ref. [52].

6.1 Vertex and decay length

In the B} — J/¢¥Ltv, J/¢p — ptp~ decay, three leptons (p*, p~, £1) come from a
common secondary vertex, since the J/v¢ decay occurs immediately. We reconstruct the
vertex of the three leptons, where the p*u~ mass is constrained to the world average
J/¢ mass. We require that all three tracks are reconstructed in SVX. The transverse

decay length, measured between the primary vertex and the secondary vertex, is defined
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(st - VPV) - PT (J/T/Jﬁ)
pr (J/$e")

L,, , (6.1)
where Vg is the secondary vertex of three tracks and pr (J/¥£%) is the transverse
momentum vector of the J/¢£t system. Vpy is the primary vertex and we use the
average beam position. The vectors are two dimensional. The profile of the beam for
a typical data acquisition run during Run Ib period is shown in Figure 6.1. The beam
was roughly Gaussian and circular. The beam spot radius was roughly 35 gm in Run
Ia and 25 pm in Run Ib.

The transverse decay length L,, is related to the proper decay time ¢ by the equation
(with 6 being the angle with respect to the beam line):

L,, = ctBysinf = ct 2L (6.2)
m

Then we define the proper decay length as

y = Loy = ct. (6.3)
pr

This variable y should follow an exponential distribution exp(—%) defined for positive
y, where 7 is the lifetime. Due to the neutrino and other possible missing particles,
we cannot fully reconstruct the semileptonic B, decay. Therefore we use the mass and
momentum of the J/¢ + lepton system to estimate the proper decay length of the B,
candidate. We define the “pseudo-proper decay length” z as follows:

m(J /L")

z = Ly, —————~
Ypr(J /L)
1
= y— 4
where K is a correction factor and is defined by
Bt Bt
o mBO/pr(BY) (6.

- m(J /L) [pr(T/LT)
As we shall see later, we construct a probability distribution function for the variable

z, fit to a real data z distribution and extract the lifetime. The distribution of the
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variable K is derived using the same Monte Carlo calculation that is described in
Section 3.4.1. The B, mass is assumed to be 6.27 GeV/c?. We apply the kinematic
cuts (pr cuts on dimuons from J/4¢ and pr(e) > 2 GeV/c or pr(p) > 3 GeV/c) and
a mass cut (4 < m(J/¢ £) < 6 GeV/c?). Because the kinematic cuts are different for
the electron and muon modes, we use different K distributions accordingly. Figure 6.2
shows the K distributions thus obtained. The K distribution has a mean value of 1.16
(1.18) with an r.m.s. width of 0.18 (0.17) for the electron (muon) mode.

We use only those events which satisfy

—0.05 < =z < 0.15 cm,
o < 0.05 cm, (6.6)

where o is the estimated uncertainty in the pseudo-proper decay length .

6.2 Background shape

In order to measure the B, lifetime with our signal sample, we need to account
for background events. We need to know their amount, and also their decay length
distribution. We studied various backgrounds to B} — J/v¢ £t X candidates. We will

determine the proper decay length distributions of each background in this section.

6.2.1 Background shape for the electron mode
Fake electron background

The fake electron background shape is obtained from a J/¢ + track sample with
4 < m(J/¢ + track) < 6 GeV/c?>. We apply the J/9 selection cuts, the vertex cut
(Prob(vertex fit x*) > 1%), and the fiducial cuts on the track with pr > 2 GeV/ec.
In Section 4.1, we obtained the probability of hadron misidentification as a function
of transverse momentum and isolation of the track. We apply the misidentification
probability (“weights”) to the J/¢ + track events to obtain the pseudo-proper decay
length distribution for the fake electron background. The z distribution for the fake

electron background thus obtained is shown in Figure 6.3 (a). The # distribution for
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unweighted J/v¢ 4 track events is also shown for comparison. There is little difference
between the weighted and unweighted distributions.

In order to obtain the background shape, we use a maximum likelihood method.
We parameterize the fake background function with a sum of a Gaussian distribution

centered at zero and two exponential functions on the positive and negative sides:

Fake(®) = (1 — f1 — f-)G(w|s0)

T

o) (1) @ Glelsn)

—|-§—:0(—m)exp (—I—%) ® G(z|so), (6.7)

where G(z|o) is a Gaussian distribution with width o, and an overall resolution scale
factor s is introduced in order to account for a possible over- or under-estimate of the
resolution. The symbol ® denotes a convolution. The §(z) is the step function defined
as f(z) = 1 for ¢ > 0 and 6(z) = 0 for z < 0. The parameters fi are the fractions
of the exponential functions, which are defined only for positive and negative = values,
respectively.

The likelihood L%, is written as

J/p+irack F
e fake(mi)
fake — H W Nfakea (68)
where W, is the fake rate, Nk is a normalization factor of Firake/ Wiy Niake = 1/3 Wi.
This normalization factor is needed to obtain the correct errors of the fitting param-
eters from L%,;. [53]. We minimize twice the negative log-likelihood —2In £%,;.. The

obtained background shape parameters are listed in Table 6.1, and the shape is shown

in Figure 6.4(a).

Residual photon conversion background

In the data analysis, we have removed photon conversion electron candidates by
looking for the conversion partner track which has small opening angle with the electron
candidates. This conversion removal algorithm is not perfect because the partner can
fail the CTC track reconstruction when its transverse momentum is small. Hence there

exist residual conversion electrons in the signal sample.
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‘ fake e background

s 1.39 +0.01
I+ 0.203 4+ 0.004
At 328 £ 8 pm
f- 0.035 4+ 0.003
A 94 + 7 pm

Table 6.1: Background shape parameters for fake e.

‘ residual conversion

s 1.410 + 0.094
I+ 0.45 £ 0.02
At 382 £ 28 pm
f- 0.13 £+ 0.02
A 115 + 16 pm

Table 6.2: Background shape parameters for residual conversion.

Using a Monte Carlo J/i + 7° sample, we estimate the residual conversion back-
ground shape. This sample is also used to estimate the number of residual conversion
backgrounds in Section 4.2. We require a J/¢ — p*p~ candidate and an electron
with pr above 2 GeV/e. All three tracks should be reconstructed in SVX. Then we
apply the photon conversion removal algorithm, just as in real data. Here we use those
Monte Carlo events which have not been identified by the removal algorithm. The @
distribution for J/v¢ + residual conversions is shown in Figure 6.4 (b). We use the
same parameterization as in the fakes. The obtained background shape parameters are

listed in Table 6.2 and the shape is shown in Figure 6.4 (b).

bb background

When in a bb production, the b quark decays to J/¢X and the b quark to eX’,
there are a J/v and an electron in the final state as in the B, semileptonic decay.
The J/¢e mass of this background can fall into the signal region 4 < m(J/¢e) < 6
GeV/c?. We obtain the decay length distribution for this bb background using Monte
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‘ electron mode ‘ muon mode

S 1.36 + 0.20 1.21 +0.21
f+ | 0.96 +0.01 0.98 £+ 0.06
Ay | 3714+ 15 pym | 408 £ 17 pm
A_| 374115 pm 35+ 17 pm

Table 6.3: bb background shape parameters.

Carlo events described in Section 4.3.

We reconstruct the vertex of three tracks, dimuons from the J/v¢ decay and a track
with pr > 2 GeV/c that passes the fiducial cuts, where the J/¢ and the track come
from different parent b. The pseudo-proper decay length distributions for the electron
mode and for the muon mode are shown in Figures 6.5 (a) and (b), respectively.
We parameterize the background distribution with two exponential functions on the

positive and negative sides:

T

File) = 3 0(e) exp ( A+) & G(o]50)

STy enp (U—) ® G(z|s0). (6.9)

We minimize —2In £;. The background shape parameters are listed in Table 6.3, and

the fit result is shown in Figure 6.5.

Contribution from prompt J/v¢ events

The background due to prompt J/v events is neglected in the mass fit, since we
required the pseudo-proper decay length to be greater than 60 pum. We have to take
account of this background in the lifetime measurement. We assume that the shape of
this background is a Gaussian centered at zero:

Fi(z) = ——— exp (_%) . (6.10)

2rso

We incorporate the fraction of this background into the likelihood as an unconstrained

parameter, since the amount is unknown.
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‘ d-i-f background
s 1.434 +0.040
f+ | 0.362 £0.011
At 354 £ 15 pm
f- | 0.033 £0.007
A 94 4+ 15 pm

Table 6.4: Background shape parameters for decay in flight background.

6.2.2 Background shape for the muon mode
Decay-in-flight background

The muon background is dominated by pion and kaon decays in flight. For this
background, we require a track pointing to the CMU/CMP fiducial region with py >
3 GeV/c. The decay-in-flight background shape is obtained from J/¢ + track events
in the same manner as obtained for the fake electron background. The pr-dependent
fake rate for decay-in-flight background is obtained in Ref. [50]. We multiply the decay
rate to obtain the = distribution for this background. The weighted z distribution is
shown in Figure 6.3 (b) together with the unweighted z distribution.

In order to obtain the background shape, we again employ a maximum likelihood

method. We use the same parameterization as in the fake electron background,

ii.f.(m) =(1—fr — f-)G(z|s0)

I+ z
—I—Iﬂ(m)exp (—I) ® G(z|so)

—|—§—_0(—m)exp (—I—)\i) ® G(z;s0). (6.11)
The likelihood ﬁsl-f is written as
J/p+irack - o
Lair.= ][I MNCW, (6.12)

W,

where W, is the fake rate for the muon. We minimize —21In L4, ;. The background
shape parameters are listed in Table 6.4, and the fit result is shown in Figure 6.4(c).
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Punch-through background

When a particle (7 or K1) traverses the calorimeter and the CMP steel without
interacting and forms a displaced vertex with a J/4, this event can appear in the J/¢
+ p signal sample. The fraction of the punch-through background is estimated to
be about 10% of the total J/¢ + muon background in Ref. [50]. The pseudo-proper
decay length distribution for the punch-through background is obtained in the same
way as for the decay-in-flight background. For the punch-through background, the =
distribution is identical to that for the decay-in-flight background. Therefore, we use

the same parameterization as for the decay-in-flight background.

bb background

The bb background shape is obtained from a Monte Carlo simulation as in Section
6.1.3. The only difference is the pr cut on the track. The background shape parameters
are listed in Table 6.3, and the fit result is shown in Figure 6.5 (D).

Contribution from prompt J/v¢ events

For the muon mode also, we assume that the shape of this background is a Gaussian.
The fraction of this background is incorporated into the likelihood as an unconstrained

parameter.

6.3 Lifetime fit

We use a maximum likelihood method to extract the lifetime. The probability
distribution of the signal is given by an exponential function smeared with both the
decay length resolution and the K distribution:

Fuyle) = [ 4K H(K) LS [H(m)exp (—%) ® G(af:|sa)] (6.13)

CcT

where o is an estimated uncertainty in z, G(z|o) is a Gaussian with width o, and s is an
overall resolution scale factor to account for under- or over-estimate of the resolution.

For the electron (muon) mode, the scale of s = 1.39 (s = 1.43) is used, as determined

116



input fit result

N(B.) o 19.07:%
Niakee |2.6£0.3]2.6+0.3
Nies. 1.2+£09|1.44+0.9
Nys(e) 1.2£05|1.24+0.5
Naijspr. |64+14|52+14
Nys(p) 0.7+03|0.7+0.3

Table 6.5: The inputs and fit results in the mass fit for # > 60 pm. These numerical
values are for the mass region 4 < m(J/¢f) < 6 GeV/c>.

in the fake electron (decay-in-flight) background. H(K) is a K distribution to correct
for the missing momentum. The integration over K in Eq. (6.13) is in practice replaced

with a finite sum:

/ AKH(K) — Y H(K)), (6.14)

where the K distribution H(K;) is provided as a normalized histogram with 25 bins in
the range from 0.0 to 2.0, as shown in Figure 6.2.

In Section 5.3.2, we estimated the number of signal events and all backgrounds (z
> 60 pm) using the J/v£ mass fit in the mass range 3.35 < m(J/¢¥f) < 11 GeV/c?.
The numerical values from the mass fit in the mass range 4 < m(J/¥f) < 6 GeV/c?
are listed in Table 6.5.

Each background shape is determined in Section 6.2. Once we get the background
shape, we can calculate the number of background events for z < 60 pm and the

background fractions for the entire z region. The estimated number of background

These fractions are Gaussian constrained in the lifetime fit:

1(f—<f>

events for the entire # region is listed in Table 6.6 as well as the background fractions.
_Z A

1 2
= ——ex ,
NCZTN A ( 2 ) )
where (f) is a background fraction for input in the lifetime fit and A f is its uncertainty.

The likelihood for the electron mode is defined as
J/p+e

L= G(ffake)G(fTES)G(fbeE) H [(1 - ffake -

7

G(fI{f),Af) (6.15)

fTes - flt)% - f;)f:ig(mi)

117



number of bkg. | fraction ({f))
fake e background 11.6 +1.2 0.27 £ 0.03
residual conversion background 3.9+ 2.1 0.09 £0.05
bb background for e 1.29 + 0.43 0.03 £0.01
decay-in-flight and punch-through background 14.7 + 3.6 0.49 £0.12
bb background for 0.6+ 0.3 0.02 £0.01

Table 6.6: Number of backgrounds and background fractions for the entire z region.

—I'ffakeffake(mi) + fTeszes(mi) + fb%fb%(ml) + f;f;(ml)] (6]‘6)

The likelihood for the muon mode is defined as

J/b+u
L' = G(fair)G(f) 11 (1= far — fig — F)F (i)
+ faig Faig(2:) + fipFi(ed) + £ Fh (). (6.17)

For the lifetime fit, we fix the parameters for the background shape. Therefore there
are eight parameters in the lifetime fit. The lifetime ¢7 and two background fractions
to account for the prompt component are the unconstrained parameters, while the five
background fractions for the other backgrounds are Gaussian constrained. First, we
minimize the individual —21In £f. We find e¢r = 149.3 75% pm for the electron mode
and cr = 191.1 T53%? pm for the muon mode. The decay length distributions and the
individual fit results are shown in Figure 6.6.

We then combine the electron and muon modes, and fit the signal distribution

simultaneously. The combined likelihood is written as
Lomb = LoLr, (6.18)

The fit results are listed in Table 6.7, and the lifetime cr is 164.375;3 um. The
simultaneous fit results are shown in Figures 6.7 and 6.8. We also scan —2In L™

from cr(B}) = 10 pm to 500 gm. The result is shown in Figure 6.9.

6.4 Systematic uncertainties

In this section, we evaluate systematic uncertainties in the lifetime determination.
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er (pm) 164.3 TS5
Frame  0.27 % 0.03

Jres 0.11 + 0.05
IR 0.03 £ 0.01
e 0.18 £+ 0.12
fair 0.53 £ 0.11
i 0.02 £ 0.01
A 0.06 £+ 0.14

Table 6.7: Results of the lifetime fit.

6.4.1 Fitting procedure bias

The fitting procedure is tested by a simple Monte Carlo exercise. We generate
one hundred samples each containing a mixture of signal and background events. Each
sample consists of 74 events, 44 events of J/¢ + e and 30 events of J/¢ + p candidates.
The number of each background is allowed to fluctuate according to the Poisson statis-
tics, where the mean value of each background is set to the value determined from the
B, mass fit (Table 6.6). The decay length of the B, signal is generated according to
the lifetime of 165 pm. They are smeared with the K distribution and with the decay
length resolution. The decay length of the background events is generated according to
each probability density function, where the parameters are fixed to those determined
earlier. The distributions of the fitted lifetime, its uncertainty and —21n £ are shown
in Figure 6.10. The mean of the fitted lifetime agrees with the input lifetime of 165
pm, and it is consistent with no bias. Since the statistical uncertainty on the mean of
the fitted lifetime distribution (Figure 6.10 (b)) is 5.3 pm, we conservatively assign +

5.3 pm as a systematic uncertainty due to the fitting bias.

6.4.2 Momentum correction

Since the semileptonic decays are used in this lifetime measurement, we can not
fully reconstruct the B, meson momentum and mass for each event. To correct for
the missing momentum, we have used K distributions which are derived from a Monte

Carlo calculation. This distribution is affected by both the production and the decay
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kinematics of the B, meson.

Production spectrum

The b quark pr spectrum is not exactly known, and different spectra give different
K distributions. In Figure 6.11, the pr distribution of the J/¢ + £ candidates is shown.
We have used the pr spectrum of Ref. [11] to generate the B, Monte Carlo events. Al-
though the data seems to agree with theory, it is very hard to quantitatively check the
consistency between data and theory, because of the limited statistics. On the other
hand, a lot of CDF measurements indicate that the b quark p; spectrum is steeper
than that of the theory. The b quark p; spectra with different structure functions
are shown in Figure 6.12, where the b quark pr spectra are calculated to the next-
to-leading order, with m; = 4.75 GeV and renormalization scale py = \/m.
The spectrum with CTEQ4M [54] is steeper than those with older structure functions
(MRSD, [48] and CTEQ3M [16]). Using this CTEQ4M spectrum, b quarks are gener-
ated and are fragmented into B, mesons according to the the fragmentation function
given in Ref. [15]. We then obtain a new K distribution from this Monte Carlo sample.
The new distribution is shown in Figure 6.13 (a). Then we refit the signal sample with
the new K distribution. The obtained lifetime is 166.31552 um. Therefore we assign

+ 1.9 pm as a systematic uncertainty due to this source.

Mass of the B. meson

We have assumed the mass of the B, meson to be 6.27 GeV/c?. The mass of B,
meson is theoretically predicted to be between 6.2 and 6.3 GeV/c?. Therefore, we con-
servatively shift the B, meson mass by & 150 MeV/c? and derive new K distributions.
The distributions are shown in Figures 6.13 (b). Then we refit the signal sample and
obtain 162.4153] um for —150 MeV/c? and 162.31525 pm for +150 MeV /c?. We assign

the maximum difference, £2.1 um, as a systematic uncertainty due to this source.
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‘  cefs Jfw ‘ B((ce) — J/¢X) ‘ yez/s g X B((ce) = J/X)

B = x2(1P)Fv | 0.076 135 + 1.1 % 0.0050

B - httv 0.13 1.5 to 2.6% 0.0020 to 0.0034
BFf = xa(1P)fFv | 0.051 273 + 1.8 % 0.0034

BFf = xo(1P)Fv | 0.025 6.6 - 1.8 % 0.0017

B = y(25)Fv 0.18 57.0 = 4.0 % 0.11

Table 6.8: Relative branching ratio expected by the ISGW model. , ./, j/y is a ratio
of , (B — (ce)ltv) to, (BS — J/¢Ltv). For the (c€) — J/¢X decays, we obtain
the branching ratio from Ref. [25]. For the h. — J/¢¥X decay, the branching ratio is
predicted in Ref. [55]. B(h. — J/¢7°) = 0.5% and B(h. — J/¢77m)=1.0% ~ 2.1%.

Higher mass cc states

The B, meson can decay to a £Tv pair and a higher mass c¢ state, which in turn
can decay to J/¢¥X. A pair of J/1 and £t appears in the final states and this pair
might be included in the signal J/¢£% events. The J/¢¥£" events coming from these
higher mass cc states would have different K distributions than the B, — J/¢{tv
events. In Table 6.8, estimates on the relative branching ratios of B} — (cc)ftv to
Bf — J/¢£*v are shown. These are predicted by the ISGW model [27].

The largest contribution comes from the decay B} — 4(25)¢*v, which could add
11% to the Bf — J/¢£*v mode. At the same time, ¥(25) is the heaviest c¢ meson in
Table 6.8, and consequently, the K distribution for the B — 9(25){*vX decay will
be most different. We generate B} — 1¢(25){*v, 4(25) — J/¢ X events and obtain
a K distribution. This distribution is shown in Figure 6.13 (c). We refit the signal
sample using this K distribution and find cr = 161.97535 um. The difference of +2.4

pm from the standard fit is conservatively assigned as a systematic uncertainty.

Decay model

For Monte Carlo events of the signal B. meson decay, the B. meson decays with
a V — A matrix element. Here we use a matrix element calculated by the ISGW
model [27]. We generate B — J/¢£*v events with this matrix element and obtain

a new K distribution. This distribution is shown in Figure 6.13 (d). We refit the
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| fitted cr (pm)
Ay +1lo | 163.27818
Ay —lo |  169.475%3
A +lo | 164.5753
A —1o | 163.97511

Table 6.9: Lifetimes when the background shape is changed.

signal with this K distribution and obtain 168.67557 um. Then we assign +4.3 pm as

a systematic uncertainty due to the decay mode.

Trigger simulation

To test the effect of the level 2 trigger, we turn off the trigger simulation. But we
apply the kinematical cuts and get a new K distribution. The lifetime with this K
distribution differs by 1 pm. Then we assign +1 pm as a systematic uncertainty due

to possible incompleteness in the trigger simulation.

6.4.3 Background shape

We have measured the decay length distribution of various backgrounds using
the J/¢¥ + track and Monte Carlo samples. These samples have finite statistics, and
the measured shapes are subject to statistical uncertainty. In order to estimate the
effect on the lifetime, we shift A, by +1o0, where o is the statistical uncertainty on
the parameter determined from the fits (Tables 6.1, 6.2, 6.3 and 6.4). Since there are
correlations between this parameter and others, we refit each background sample with
the parameter A, fixed to a new value but with all others floated. From this fit, we
obtain a new background shape and refit the signal sample for the lifetime. The result
is listed in Table 6.9. We also change A_ by +10 and obtain new background shapes in
the same way. The result is shown in Table 6.9 as well and we assign +5.1 pm, which
is the largest shift from the standard fit, as an uncertainty.

We assumed one exponential tail for the background shape and parameterized the

background decay length distributions. Since this parameterization may not perfectly
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‘ fake e ‘ residual conv. ‘ d.if.

s 1.31 £ 0.01 1.25 + 0.09 1.35 + 0.04

fa 0.20 £ 0.07 0.32 £0.04 0.31 £0.03
A+ (pm) 409 £ 17 575 + 96 425 £+ 40

i 0.10 £ 0.07 0.26 £+ 0.04 0.11 £+ 0.01
A (pm) 48 + 23 74 £ 18 80 + 37

f- 0.04 £0.003 | 0.15+£0.03 | 0.04 £+0.009
A- (pm) 101 £ 12 117 £+ 20 85 + 14

Table 6.10: Background shape parameters for the fake e, residual conversion, and
decay-in-flight backgrounds with 2 exponential tails.

describe the background shape, we consider another background parameterization,
by adding a second exponential tail on the positive side. We fit the decay length
distributions for the fake e, the residual conversion and the decay-in-flight backgrounds,
with two positive exponential tails. The obtained parameters are listed in Table 6.10
and the fit results are shown in Figure 6.14. For the bb background shape, we use a
parameterization of one exponential tail. We refit the signal sample using these new
background parameterizations and find a lifetime of 181.7755%

shifted by +17.4 pm from the standard fit.

pm. The lifetime is

Adding the above two uncertainties in quadrature, we assign +18.1 um as a sys-

tematic uncertainty.

6.4.4 Background fraction

The background fractions f are determined by the J/¢£ mass fit for the pseudo-
proper decay length above 60 pm. It is subject to some uncertainty. So we change
the background fractions by +10. We change the fractions of all background sources
simultaneously by the same amount. We then refit the pseudo-proper decay length dis-
tribution, where the background fractions are fixed. We obtain a lifetime of 168.713%2

pm for +1o and 150.5733 um for —1o. Then the uncertainty of +13.8 pm is assigned.

This is probably an overestimate, but we choose to be conservative.
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6.4.5 Decay length resolution

The resolution scale factor s of the vertex determination is obtained from the
fake background fit for each mode (Table 6.1 and Table 6.4). We change this factor
to 1.0 and 1.8, fix it and refit the background shape. Then we fit the pseudo-proper
decay length distribution of the signal sample using the same scale factor and obtain
a lifetime of 176.77730 um for s=1.8 and 150.57357 um for s=1.0. The lifetime shift of

+13.8 pm is assigned as a systematic uncertainty.

6.4.6 Prompt J/¢¥ events

To estimate systematic uncertainty due to the prompt J/4¢ background, we preform
the lifetime fit without the prompt component. We remove the prompt component
from the likelihood and fit the pseudo-proper decay length distribution, where only er is
unconstrained parameter while the five background fractions are Gaussian constrained.
We obtain c¢r = 122.47}32 um and show the fit result in Figure 6.15. The difference
between this fit and the standard fit is 41.9 pm. Assuming that the probability for this
background is uniform between zero and twice the fitted value, we multiply 41.9 pm

by a factor of \/Ll_z We assign 24.2 um as a systematic uncertainty.

6.4.7 Detector alignment

For this source we borrow the result used in the B-hadron lifetime analysis using

the B — J/¢ X mode. From Ref. [56], we assign +2.0 pm.

6.4.8 Total uncertainty

We add all the contributions in quadrature and obtain a total systematic uncer-

tainty of +36.8 pm. A summary is given in Table 6.11.
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Source

uncertainty (pm)

Fitting procedure +5.3
Momentum correction
Production spectrum +1.9
B, mass +2.1
Higher cc states +2.4
Decay model +4.3
Trigger simulation +1.0
Background shape +18.1
Background fraction +13.8
Prompt J/4 background +24.2
Decay length resolution +13.8
Detector alignment +2.0
Total +36.8

Table 6.11: A summary of systemic uncertainties in the B, lifetime measurement.

6.5 Summary

We have measured the B. meson lifetime using the semileptonic decay Bf —

J/¢YLt X. The lifetime is

or

where the first uncertainty is statistical and the second is systematic.

et = 164 18 £ 37 pm,

T =0.55 1075 £0.12 ps,
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Figure 6.1: The two-dimensional beam profile for a typical data aquisition run during
Run Ib is shown in the upper two plots. The z and y projections are shown in the
lower two plots.
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Figure 6.3: Pseudo-proper decay length distributions for J/¢+ track events. The
distributions are normalized to unit area. (a) track passing the fiducial cuts and pr >
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2 GeV/c. (b) track pointing to CMU/CMP region and pr > 3 GeV/ec.
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Figure 6.4: Pseudo-proper decay length distributions for J/¢ + track with the fitted
curve: (a) Fake electron background. Weighted by fake rate. (b) Residual conver-

sion background using Monte Carlo. (c) False muon (Decay-in-Flight) background.
Weighted by fake rate.
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mode. (b) for the muon mode.
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Chapter 7

The B, Production Cross Section

We present the B, meson production cross section in terms of the ratio to the B} —
J/$ K+ production cross section, o531 B (Bf — et J/9X) [opt B(BT — J/$pK*). This
quantity is chosen because the systematic effects of the J/9 trigger and the CTC track

finding efficiency will cancel in the ratio.

7.1 Expressions for the cross section ratio

In Chapter 5, we determined the number of signal B — J/¢£T X events in the
observed mass distribution. We derive the cross section ratio using the fit result of the

mass distribution. The ratio o+ B(Bf — J/¢€* X)/op+ B(Bf — J/9K™) is given by,

N(BY)
ops B (B — J/petX) 1 L (B 1)
op+B (B: — J/1/JK+) 27 N(BY)’ '
e(B})L

where N(BJ) is the number of Bf — J/1{* X events determined as N(BJS) = n't =
20.4122 in the mass distribution fit in Section 5.3.2, N(B,) is the number of B} —
J/Y KT events, e(Bl) and (B;) are the detection efliciencies including kinematic and
geometric acceptances and cut efficiencies, and L is the integrated luminosity which
cancels out in the ratio. The factor of 1/2 is needed, since we are using the combined
electron and muon yield to calculate the cross section.

The N(B}) contains both J/¢ + e and J/v + p events with a ratio of r* : (1 —7r°),
where 7° is the fraction of the J/v¥ + e mode, determined as »* = 0.59 £ 0.04 in the
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mass distribution fit in Section 5.3.2. We consequently can rewrite N(B)/2e(B}) as

N(BS) rN(B) _ (1-r°)N(B)
2(Bf) e et ’ (72)

where e° and e/ are the detection efficiencies for the Bl — J/¢¥e™ X mode and for the
B — J/¢u*tX mode, respectively. In what follows, we use e¢” for ¢(B]), i.e., the
detection efficiency for the B} — J/¥ K™ is denoted by €.

Then the cross section ratio can be written as

op+B(Bf — J/¢L*X)  rN(B) , 73
o B(BI = JJOKT) ~ N(Bp) © (7:3)

where " = X /¢°.
To obtain the cross section ratio o+ B(BS — J/9L* X)/ap1B(B} — J/PK™), we

estimate the number of B — J/¢¥ K" events and the relative efficiency ¢”.

7.2 Selection of B — J/¢ K™ events

We select B — J/¥ Kt events by applying the following cuts:

the same J/4 selection cuts as described in Section 3.1.

kaon track satisfies the same fiducial requirements as electrons.

J/¢ and kaon are in the same hemisphere.
e three track vertex fit y* probability is greater than 1%.

e “proper decay length” > 60 pum. For the B} — J/¢K* mode, we can fully

reconstruct the B, meson. Therefore we can calculate the “proper decay length”.

Except for the cuts for the electron selection, these cuts are identical to those for the
J/¢¥ + e combination. We fix the proper decay length cut threshold to 60 pm for the
B, meson. The J/¢K* invariant mass distribution is shown in Figure 7.1.

We fit the J/ K™ invariant mass distribution to a sum of a Gaussian and a flat
background distribution. We find (290 + 19) events of the B — J/¢¥ K™ decay in 105
pb~! data.
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7.3 Relative efficiency
We estimate the relative efficiency €” = e/ /e°. The €° and e¥ are written as

€ = Etnig€1/¢Eele EJptes (7.4)

€ = Cuig 6,J/lp 5% €,J/¢+Ka (7.5)

where €, is the dimuon trigger efficiency (common to the Bf — J/yetX and B} —
J/Y KT decays), e(J,}d) is the detection efficiency for J/4, e.c(€’ ) is the efficiency for the
electron (kaon) identification, and €7/44. (€)/4, k) is the efficiency for the Prob(vertex
fit x*) > 1% and (pseudo-) proper decay length > 60 pm cuts.

We estimate ¢ and X using Monte Carlo simulation.

7.3.1 Efficiency (&°) for the B — J/¢e" X decay

To evaluate ¢°, we generate B} — J/¢etv events in the same way as described
in Section 3.4.1. The B, meson mass is set to 6.27 GeV/c?>. The generated Monte
Carlo events are simulated by the CDF detector simulation, processed using the same
reconstruction code as used for real data, and passed through the trigger simulation.
First we select J/¢» — ptp~ events from the Monte Carlo sample.

As dsecried in Section 3.3, we apply many cuts for the electron selection to obtain

a high purity electron sample. The electron identification efficiency €. is given by

Eele = €EfidECES ECPRES. €conv €EE/p EHad/Em) (7-6)

where €;q4 is the efliciency for the fiducial cut, ecrs is the efficiency for the CES cuts,
ecpr is the efficiency for CPR minimum charge deposition cut, €g, is the efficiency
for the CTC dE/dX cut, €cony is the efficiency for the conversion removal cut, g /P
is the efficiency for the E/p cut, and €pqa/Em is the efficiency for the Ep.q/Epy cut.
Among these efficiencies, ecps, €cpr and €5, do not depend on the isolation of an
electron track, because of the fine segmentation of the CES, CPR and CTC. On the
other hand, eg/p and €pqq/Em depend on the isolation. Therefore we do not apply

all electron selection criteria for the analysis of Monte Carlo events. We look for an
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electron track which is matched to an electron at the generator level. Then we apply
only the fiducial, conversion removal, Ep.q/Erar and E/p cuts to the electron track,
and account for the efficiencies for the CES, CPR and S, cuts by multiplying the
measured efficiency numbers by hand. The CES and CPR efficiencies are measured as
a function of pr, using conversion electrons in the real data [44]. Figure 7.2 (a) shows
the CES and CPR cut efficiencies as a function of py. Since the S, cut depends on the
track momentum, we show the S, cut efficiency as a function of p in Figure 7.2 (b).
We reconstruct a common vertex of 3 leptons applying the Prob(vertex fit x?) > 1%
cut, form an invariant mass of the J/¢¥ + e, and apply the pseudo-proper decay length
cut of z > 60 pm. Dividing the number of J/¢ + e events in the mass range 3.35 <
m(J/¢e) < 11.0 GeV/c? by the number of events which pass the trigger simulations,
we obtain €°/e 5. For convenience, we calculate /e, for the B, lifetimes of 0.25,
0.50, 0.75, 1.00, 1.25 and 1.55 ps. Figure 7.3 (a) shows the efficiency for the Bf —

J/¢etv decay mode as a function of the assumed B, lifetime. We parameterize it as
€°/etrig = P1(1 — exp(Po7(B,)), (7.7)

where 7(B,) is the B, lifetime. The parameters P; and P, are determined by fitting
the €° plot. The fit result is superimposed in Figure 7.3 (a). At the B, lifetime of 0.55
ps, we find €/e;0 = (2.54 £+ 0.14) %, where the uncertainty is due to Monte Carlo

statistics.

7.3.2 Efficiency (&) for the B — J/yu*X decay and R*

We also estimate the Bf — J/¢ut X detection efficiency e#. We generate B} —
J/¢Yptv events using the Monte Carlo simulation, like the B} — J/¢etv events. We
reconstruct J/¢ + p events in the same way as for the real data, and obtain e/e;q
= (1.82 £+ 0.09) % at the B, lifetime of 0.55 ps.

Using €°€4yi9 and € /ey at 7(B.) = 0.55 ps, we estimate the fraction of J/¢ + e

events in the B, signal, R°. The R°® is given by
€ 1 1
R = = = =058+ 0.04. (7.8)
n®+n 14+ 2 1+ &
ne

66
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The above value for R° was used as an input in the fit of the mass distribution in

Section 5.3.

7.3.3 Efficiency (¢¥) for the B} — J/YK™* decay

We generate inclusive b events according to the next-to-leading order QCD calcu-
lation [8] with renormalization scale pg = y/m? + pr(b)?, where the b quark mass m;
is set to 4.75 GeV/c* , and the MRSD, parton distribution functions [48] are used.
The b quark is hadronized into a B} meson according to the Peterson fragmentation
model [9] using the Peterson fragmentation parameter ep = 0.006. The B is de-
cayed into J/9 K™, followed by the J/v¢ — p*p~ decay, according to the CLEO decay
model [49]. Then the event is processed by the CDF detector simulation and the trig-
ger simulation [40]. Finally, the event undergoes the same reconstruction code as real
data.

We select J/¢p K™ events by applying the same cuts as for the data and obtain the
detection efficiency e /e, of (9.5 & 0.3)%.

7.3.4 Relative efficiency ¢’

The relative efficiency " = ¢/ /e° is obtained as a function of the assumed B,
lifetime and is shown in Figure 7.3 (b). In Chapter 6, we have measured the B,
lifetime to be 0.55 1075 £0.12 ps. From Figure 7.3 (b), we find " = 3.75 & 0.22 at the

B, lifetime of 0.55 ps, where the uncertainty is due to Monte Carlo statistics.

7.4 Uncertainties on the efficiency ¢"

In this section, we estimate the systematic uncertainties on e".

e Production spectrum
In the efficiency calculation for the B} — J/v£* X, we employed the B, meson
pr spectrum of the a! calculation [13]. Here we generate inclusive b quark events
using the next-to-leading order calculation [8] with renormalization scale pg =

mi + pr(b)? (my = 4.75 GeV/c?) and the structure function MRSD,. The b

quark is fragmented into the B, meson according to the fragmentation function
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of Ref. [15]. To see an uncertainty on £*, we generate B} events by chang-

ing the parameter set (o, mp) from (po = y/mi + pr(b)?, my = 4.75 GeV/c?)
to (po = %\/fnm, mp = 4.5 GeV/c?) and (po = 2\/nm, my =
5.0 GeV/c?). We calculate ¢ using these Monte Carlo samples and find 5.0%
difference. To estimate a systematic uncertainty on e” due to the Peterson frag-
mentation parameter ep, we change ep from 0.006 to 0.003 and 0.009, and find
2.3% uncertainty. Calculating a quadrature sum of these two sources, we assign

5.5% as a systematic uncertainty due to the production spectrum.

o Difference between Run Ia and Run Ib

Since 80% of events come from Run Ib data, we determined the relative efficiency
€" using the Monte Carlo simulation which was set to the Run Ib condition.
The SVX was replaced by the SVX’ at the beginning of Run Ib. The dimuon
trigger is different in Run Ia from Run Ib. We simulate the B} — J/¢etv and
B} — J/¢ K™ events using the detector simulation under the Run Ia condition
and the trigger simulation [40] for Run Ia. We find 5% difference between €” for
Run Ib and that for Run Ia, and assign 5% to this systematic uncertainty.

o Trigger simulation
To estimate the uncertainty coming from the dimuon trigger simulation, we turn
off the trigger simulation for the B. and B, Monte Carlo and obtain the rela-
tive efficiency. We find a difference of 4% and assign the 4% as a systematic

uncertainty.

e Electron identification efficiency

We assign 10% as a systematic uncertainty on the electron identification efficiency,

taken from Ref. [44].

e Monte Carlo statistics
The statistical uncertainty on the relative efficiency due to the finite Monte Carlo

statistics is 4%.

Adding these uncertainties in quadrature, we obtain a total uncertainty of 14%. A

summary of the uncertainties on the e” (=¢¥ /¢°) is given in Table 7.1.
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Production spectrum | 5.5%
Run Ia/Ib difference | 5%
Trigger simulation 4%
Electron ID efficiency | 10%
Monte Carlo statistics | 4%
Total 14%

Table 7.1: Uncertainties on the relative efficiency €.

7.5 The cross section ratio

The product of the production cross section times branching ratio for B} —
J/¢Lt X at the measured value of the lifetime relative to the cross section times branch-

ing ratio for B;" — J/% K™ is calculated as

T

O'BJ-B(B;I' — J/’l,bl—l_X) B 'rEN(BC‘I')
opsB(Bf — J/YK*) —  N(BY)
= 0.155 70917 +0.027, (7.9)

where the first uncertainty is statistical and the second is systematic. In this calcula-

tion, the following values are used:
e 7° = 0.59 + 0.04 (Section 5.3.2),
e N(B}) = n"t = 20.4 122 (Section 5.3.2),
e N(BF) =290 + 19 (Section 7.2),
e ¢ =3.75 + 0.22 £ 0.53 (Section 7.3.4 and Section 7.4).

The statistical uncertainty in the oB ratio, Eq. (7.9), contains only that on N(B}).
The systematic uncertainty comes from the statistical uncertainty on N(B;"), the un-
certainty on r°, and the statistical and systematic uncertainties on €". The total
systematic uncertainty on the oB ratio is 17%.

In Chapter 6, we determined the B, lifetime:
T =0.55 1075 £0.12 ps,
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where the first uncertainty is statistical and the second is systematic. From the B,

lifetime 7(B.) (= 1/, tot) and the partial width , (B} — J/¢£%v), one can calculate

the branching ratio B(B} — J/¢{tv):

, (B — J/pttv)
) tot

If we assume a theoretical estimate of the partial width , (Bf — J/¢ftv) = (5.9 +

2.4) x 1072 ps~! [21], we find B(B} — J/¥Ltv) = 0.032 10013 £ 0.016, where the

B(Bf — J/¢Ltv) =

(7.10)

first uncertainty comes from the total uncertainty on the lifetime measurement, and
the second is from the theoretical uncertainty in the partial width [21].

Since the contribution from the higher mass cc¢ states to the J/¢ + £ mode is
expected to be small as shown in Table 6.8, we can neglect the contribution from
the higher mass cc states and make an approximation on that B(Bl — J/¢ftX) ~
B(Bf — J/¥£*v). Once the branching ratio B(Bf — J/¢¥£*X) is given, one can
extract the ratio of the production cross sections op+/0op+ from the oB ratio as
Z‘i = (49415123 +21) x 1079, (7.11)

B

where we have used the branching ratio B(B} — J/4¥K*) = (1.01 4 0.14) x 10~ [32].
The first uncertainty in O'BZr/O'B;r is statistical, and the second is systematic where
anything related to branching ratios is excluded. The third uncertainty is associated
with the branching ratios and contains the contributions from B} — J/¢ K+ (14%)

and from B} — J/¢Ltv (40%).

The oB ratio can be rewritten as

o B(BY > J/9t'X)  ayfy_p:B(BY — J/$t* X)
opsB(By — J/YK") — opfy_p:B(By — J/YKT)
oufy gt B(BY — J[ptHy)
 osfyp B(BS — J/PKT)

(7.12)

where o3 is the b quark production cross section, fs_p+ (f_pz+) is the probability that
a b quark fragments into the B (B;}) meson. Here we assume fspr =107 [11] and
fs—p+ = 0.375 [57]. Then, for a given prediction of , (B} — J/¢£*v), the right-hand
side of Eq. (7.12) is calculable as a function of the B, lifetime. In Figure 7.4, we compare
our result of the oB ratio to the theoretical calculation using the , (B} — J/¢Ltv)
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= (5.9 + 2.4) x 1072 ps~' of Ref. [21]. We note that the theoretical uncertainty in
Figure 7.4 is due to the uncertainty in , (B — J/¢£*v) only and does not include

other uncertainties associated with f;_ g+, fz_ g+, nor B(Bf — J/¢yK™).
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Chapter 8

Conclusion

Using 105 pb~! of data collected by the CDF detector, we search for the B, meson
using the B} — J/¢e™ X decay mode. We observe 19 B} — J/¢e™ X candidate events
in the signal mass region, 4 < m(J/¢e) < 6 GeV/c?, with the pseudo-proper decay
length cut of z > 60 pym. We study the expected background in detail, and estimate 5.0
+ 1.1 background events in the signal mass region for > 60 pm. Then we combine
the result from the search in the Bf — J/¢p™X mode [50]. There are 12 B} —
J/4¥pt X candidate events for 4 < m(J/¢p) < 6 GeV/c?, while 7.1 + 1.5 background
events are expected. Assuming a Gaussian fluctuation for the background events, the
probability that all 31 events are background is calculated to be 2.5 x 107°. Using the
J /£ mass shape in the region 3.35 < m(J/¢£) < 11 GeV/c?, we fit the J/1£ mass to
the sum of the B, signal shape and background shape and find 20.4 *%2 events of the
B, signal. We also calculate the probability that the observed mass distributions are
due to background only and determine it to be less than 1.1 x 107°.

We measure the B, meson lifetime from the pseudo-proper decay length distribution

to be
T =0.55 1075 +0.12 ps, (8.1)

where the first uncertainty is statistical and the second is systematic. Although the
measurement is limited by statistics, the B. meson has a significantly shorter lifetime
than other B mesons.

Finally, we estimate the product of the production cross section times branching

ratio for Bf — J/¢£* X at the above value of the lifetime relative to the cross section
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times branching ratio for By — J/¢¥K*. Our estimation for this ratio is:

aBjB(Bj — J/pLt X)
UBJB(BIJ[ — J/YKT)

0.155 10045 +0.027,

where the first uncertainty is statistical and the second is systematic.
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Appendix A

Electron Fractions in JET20

In Chapter 4, we found from the analysis of the dE/dX distributions that about
2/3 of SLT tagged tracks in the JET20 data were real electrons. In this appendix, we
assume two sources of the real electron: real electrons from heavy flavor decays and

residual conversion electrons. We estimate these fractions by an independent method

and compare the result with that from the dE/dX analysis.

A.1 Real electrons from heavy flavor decays

In order to estimate the fraction of real electrons coming from the heavy flavor
decays, we use information on the impact parameter with respect to the primary vertex.
The impact parameter distributions for tracks satisfying the fiducial requirements and
for tracks identified as electrons are shown in Figure A.1 (a) and Figure A.1 (b),
respectively. The impact parameter distribution is broader for tagged tracks, which
most probably is due to heavy flavor decays. Assuming that the background shape
in the tagged track distribution is identical with the fiducial track distribution, we fit

the distribution in Figure A.1 (a) by a Gaussian centered at zero and two exponential

tails:
Ny, Apin d
Fpe (d) = NyAyinG (dlo) + =" ex (—u) ® G(d|o)
2 A
Ny, Apin |d|
+ W ex (— W ® G(d|o), (A.1)
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where d is the impact parameter, N’s are number of events for each component, A;,
is a bin width, G (d|o) is a Gaussian distribution with a width o, and the symbol “®”
denotes the convolution. The fitted curve is shown in Figure A.1 (a).

Next we fit the impact parameter distribution for tagged tracks to a sum of the
background shape parameterized by Fg¢ and an exponential tail from heavy flavor

decays:

N, f.Apin, d
F(d) = Ni(1 — f)ApinFpe(d) + ﬂexp ( 4]

2 _T) ® G(d|o), (A.2)

where Fp;(d) is the normalized distribution of Fpg. The o is fixed to the value
obtained in the background fit. The fit results are shown in Figure A.1 (b). From this,
we obtain f, = 31 + 1 %.

A.2 Residual conversions

The SLT code rejects conversion electron candidates by identifying a conversion
partner track which satisfies |A cot §| < 0.06, |[AS] < 0.3 cm, m(ete™) < 500 MeV/c?
and R.on, < 50 cm (see Section 3.3.6).

Electrons are not identified as a conversion electron if the track of the conversion
partner is not reconstructed. We estimate the residual conversion contribution using a
same Monte Carlo simulation as used in Section 4.2. We generate 7° events using the
three-momenta of tracks in the JET20 data and simulate 7° — v and 7% — ete vy
decays.

The solid circles in Figure A.2 (a) and (b) show the py distribution of the conversion
electrons and their partners in the JET20 data. The distributions are normalized to
unit area. The solid lines in Figure A.2 show the pr distributions of the Monte Carlo
conversion electrons (that are required to be SVX tracks) and their partners obtained
from the generator level (not required to be reconstructed). The pr distribution of the
Monte Carlo conversion partners is normalized to the data distribution in the region pr
> 1 GeV/c. From these partner py distributions, the finding efficiency €;4 is estimated
to be (47 + 4) %.
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The number of residual conversions (N,.;) is calculated by

1-— Eid
NT@S —

X Nid, (A.3)

€id
where N,4 (=554) is the number of identified conversion electrons. Then we obtain N,
= 625 + 93. As the total number of JET20 tracks tagged by SLT is 1617, the fraction

of residual conversions is 39 + 6 %.

A.3 Real electrons in SLT tagged JET20 tracks

The real electron fraction was estimated to be 74 + 2 % by the dE/dX analysis in
Section 4.1. This agrees with “the heavy flavor fraction 31 + 1 %” plus “the residual
conversion fraction 39 £ 6 %”. The real electrons from heavy flavor decays and residual

conversion electrons can explain the real electrons in SLT tagged tracks in the JET20

data.
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Appendix B

Background Validation

To confirm the background estimation, we perform a check using the process of

the b semileptonic decay to ¢ followed by the semileptonic decay of the c,
b — cd; X, c — slf X. (B.1)

These two leptons £; £ must have opposite charge. If we see the same charge lepton
pair, then one of the leptons has most probably been misidentified due to the same
background processes that have been described in Chapter 4.

The data which is accumulated with the single lepton (both e and p) trigger is
used. The pr of the trigger electron (muon) is required to be greater than 6 GeV/c
(8 GeV/c). In order to obtain high purity bb sample, we require that the trigger
lepton track and tracks within the cone 0.7 in 1—¢ space form a displaced vertex with
Lxy /o > 2, where Lyy is a distance between the primary vertex and the secondary
vertex and o7, is its uncertainty. The algorithm that finds a secondary vertex is called
“SECVTX” [58]. The b purity in the sample for e trigger is about 86% and that for p
trigger is about 82%. Ref. [59] describes in detail the sample composition. This sample
is called a SECVTX lepton sample.

B.1 Mass of the trigger lepton and the second
electron

We look for a second electron using the same method as described in Section 3.3.

We reconstruct an invariant mass of the trigger lepton and the second electron. The
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same side opposite side
tag fake conv. bb tag fake conv. bb
efet | 67 [163+1.6 | 21.44+9.4 | 256 +6.8 312 |265+2.7 | 29.8+8.8 | 250+ 21
etef [ 915 [ 21.5+1.7 [322+11.5| 839+32 | 545 |28.0+2.8 | 36.6+10.2 | 485+ 30
pret | 99 19.6 +2.0 | 20.6 £4.7 | 56.0 7.4 |247 | 25.0+25 | 446 £7.7 |179+13
pteT [ 627 | 26.1+2.6 | 30.3+6.8 | 478 +22 [365 | 25.9+2.6 | 39.8 £ 7.1 | 297 + 17

Table B.1: Number of tags, number of expected fake electrons, number of residual
conversions and number of bb events in the SECVTX e and g samples.

trigger electron and second electron mass distribution for the same-sign pairs is shown
in Figure B.1 (a) and the mass distribution for the opposite-sign pairs is shown in
Figure B.1 (b). Figures B.2 (a) and (b) show the mass distribution for the same-
sign pairs of trigger muon and tagged electron, and that for the opposite-sign pairs,
respectively.

When a track and a trigger lepton come from the same parent b decay, it is called
“same-side”. When a trigger lepton comes from a b decay and a track comes from
other parent b, it is called “opposite-side”. If a trigger lepton is a same-side pair, the

invariant mass of the track and the trigger lepton must be less than the b hadron mass.

Hence we define the same-side and the opposite-side pairs as follows,
e Same side: mass (trigger £ + second e) < 5 GeV/c’.
e Opposite side: mass (trigger £ + second €) > 5 GeV/c?.

The numbers of second electron tags are listed in Table B.1 for the SECVTX e and

p sample.

B.1.1 Fake electron background

The mass distribution of the trigger lepton and the fake electron is obtained by
pairing the trigger lepton with an SVX track in the event which passes the fiducial
cut. The entry for such a pair in the mass plot is weighted by the fake rate depending
on pr and I of the track. The fake rate is identical to the one obtained in Section

4.1.1. Table B.1 lists the number of expected fake events for the SECVTX e and p
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samples. Figure B.1 and Figure B.2 show the contribution of fake tagged electron to

mass spectrum of the ee or the pe pairs.

B.1.2 Residual conversion background

The contribution due to the residual conversion is estimated using the same method
as described in Section 4.2.1. We generate 7° events using three-momenta of tracks in
the SECVTX lepton sample and simulate 7° — vy and 7° — eTe™ v decays.

We find the conversion electron candidates in the SECVTX sample with the con-
version removal algorithm as described in Section 3.3.6. The pr distributions of the
conversion electrons and their partners in the SECVTX sample are shown in Figure B.3
for the same-sign, same-side pairs. We calculate the conversion finding efficiency (€,q4)
using the pr distribution of the partner. Then we obtain the number of residual con-

versions using this €,4. The numbers of residual conversion backgrounds are listed in

Table B.1.

B.1.3 Contribution from bb production

When A¢ between b and b is small, tracks which come from other b decay are
included in the cone 0.7 in 7—¢ around the trigger lepton and are used in the SECVTX
tag. We estimate this contribution using the Monte Carlo simulation. We generate
the bb events with the same strategy in Section 4.3. Here we do not force any b nor
b decays. The events which have leptons (e or p) undergo the trigger simulation to
reproduce the level 2 CFT efficiency. The bb Monte Carlo was normalized to data using
the number of trigger leptons. The numbers of bb backgrounds are listed in Table B.1.

The invariant mass distributions are shown in Figures B.1 and B.2.

B.1.4 Comparison

The predicted number of the lepton pairs for each data set is obtained by adding
the fake electrons, residual conversions, and the bb predictions for that set. The same-
side pairs in Figures B.1 (a) and B.2 (a) show that the number of predicted pairs is

consistent with the number of observed pairs, implying that the calculated electron
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SECVTX e sample SECVTX p sample
tag | Total background | tag | Total background

same sign 67 63.6 £ 11.7 99 96.2 +£8.9
opposite sign | 915 893 + 41 627 535 £+ 23

Table B.2: The number of same-side trigger lepton and tagged e pairs and the number
of expected total background (fake e + residual conversions + bb).

backgrounds are consistent with what we see in the data. The numbers of tags and
expected events from the fake electrons, residual conversions, and bb for the same-side
pairs are listed in Table B.2.

In Figures B.1 (b) and B.2 (b), the data for same-side, opposite-sing pair is slightly
higher than the prediction. This is due to incompleteness of the bb Monte Carlo and
impurities in the trigger leptons since about 20% of the trigger leptons in SECVTX

data are not coming from b hadron decays.

B.2 Both leptons in the SECVTX tag

To reduce the contribution from opposite side B meson, we require that the second
electron is a part of the SECVTX tag. In this section, we look at such lepton pairs. The
dilepton invariant mass distributions are shown in Figure B.4 for SECVTX e sample
and in Figure B.5 for SECVTX g sample. The numbers of tags and expected events
from the fake electrons, residual conversions, and bb for same-side pairs are listed in
Table B.3. The sum of each background is listed in Table B.4. The observed same-sign
dilepton pairs are consistent with the expected background. This supports the validity

of the background calculation in the B, analysis.

B.3 Check using dE/dX

In the previous sections, we have checked the electron backgrounds comparing the

number of second leptons to the number of predictions Here we present another test

for the fake electron background using the dE/dX. We fit the dE/dX distribution for
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same side

tag fake conv. bb
etet | 33 [10.0+1.0] 6.6+2.9 |12.2+4.6
efef | 755 [ 13.3+1.3|18.1+8.0] 735+35

pret | 37 | 95+1.0 | 7.4+£3.0 |20.44+45
pret [ 439 [13.94+1.4[19.0 86| 329 +18

Table B.3: The number of tags and the number of events from fake electrons, residual
conversions, and bb events in the SECVTX e and g samples. These results are for the
case where the two leptons come from the same tagged jet.

SECVTX e sample SECVTX p sample
tag | Total background | tag | Total background
same sign 33 28.8 £5.5 37 37.3 £5.5
opposite sign | 755 766 + 36 439 362 + 20

Table B.4: The number of same-side trigger lepton and tagged electron pairs and the
number of expected total background (fake e 4 residual conversion + bb). These results
are for the case where the two leptons come from the same tagged jet.

the second electrons and compare the number of hadrons to the number of predictions.
We employ a maximum likelihood method as described in Section 4.1.4.

Figure B.6 (a) shows the dE/dX distribution for same-side, same-sign in SECVTX
e sample, where the second electron is not required to be a part of SECVTX tag. The
fitted curves are also superimposed in Figure B.6 (a). Figure B.6 (b) is the dE/dX
distribution for the SECVTX p sample. Using the fit results, we calculate the number
of m’s and K’s with the 5. cut. The results are listed in Table B.5. We also fit the
dE/dX distribution for the same-sign, same-side electrons in the case where the second
electron is a part of the SECVTX tags. We show the fit curves in Figure B.7 and list
the fit results in Table B.5.

Comparison of Table B.5 to Tables B.1 and B.3 shows that, in either case, the num-
ber of hadrons obtained from the dE/dX fit agrees with the number of fake electrons

calculated using the fake rate.
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SECVTX e sample

SECVTX p sample

N, Nk Nhad N, Nk Nhad
(a) 16.4+5.5 24409 | 188+5.619.3+59 1.64+1.01|20.9+6.0
(b) 11.04+46 1.240.7|1224+4.7| 90+44 06+0.6| 9.6+4.5

Table B.5: The number of hadrons (pion and kaon) in the same-side, same-sign tags,
determined from the dE/dX fit. (a) For all second electrons and (b) for the case where

second electron is a part of the SECVTX tag.
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Figure B.1: Mass distribution of the trigger lepton (e) + tagged electron in SECVTX
e sample together with each background. (a) for same-sign pair. (b) for opposite-sign
pair.
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Figure B.2: Mass distribution of the trigger lepton (p) + tagged electron in SECVTX
p sample together with each background. (a) for same-sign pair. (b) for opposite-sign
pair.
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Figure B.3: pr distributions for the conversion electrons and their partners. (a) for the
conversion electron in the SECVTX e sample. (b) for the conversion partner in the

SECVTX e sample. (c) for the conversion electron in the SECVTX u sample. (d) for
the conversion partner in the SECVTX g sample.
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Figure B.4: Invariant mass distribution of trigger lepton (e) + electron in SECVTX
electron sample together with each background. Both leptons are a part of the
SECVTX tag. (a) for same-sign pair. (b) for opposite-sign pair.
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Figure B.5: Invariant mass distribution of trigger lepton (p) + electron in SECVTX
muon sample together with each background. Both leptons are a part of the SECVTX
tag. (a) for same-sign pair. (b) for opposite-sign pair.
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Figure B.6: S. distribution for the same-sign, same-side tracks identified as electrons

without the S. cut. (a) SECVTX e sample. (b) SECVTX u sample.
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Figure B.7: S. distribution for the same-sign, same-side tracks identified as electrons
without the S, cut. The second electrons are required to be a part of the SECVTX
tag. (a) SECVTX e sample. (b) SECVTX p sample.
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