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Measurement ofbgproduction correlations, B°BO mixing, and a limit
on eg in pp collisions at s=1.8 TeV
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We present measurements of correlabds cross sectionsu-u correlations, the averag@®B° mixing
parametery, and a limit on theC P-violating parametet . For these measurements, we use muon pairs from
bb double semileptonic decays. The data used in this analysis were taken with the Collider Detector at
Fermilab and represent an integrated luminosity of ¥4 pb . The results concerningb production
correlations are compared to predictions of next-to-leading order QCD computations.
[S0556-282(97)03505-4

PACS numbgs): 13.85.Qk, 13.20.Jf

[. INTRODUCTION been also measured using semileptonic decay loddrons
and exclusiveB meson decay§4—6]. The results of these
Production ofb quarks in high-energpp collisions con- measurements are systematically higher than the NLO QCD.
stitutes a useful process for the study of perturbative QCD. A recent measurement of the-b cross sectio7] has
Several measurements of quark production at/s=630  given valuable information on the production of a pairbof
GeV [1-3] have been reported by the UAL Collaboration quarks. Theu-b cross section has been measured as a func-
and they are found to be consistent with the predictions ofion of the b jet transverse energyE¢=Esind where @ is
the next-to-leading ordéNLO) QCD theory. The cross sec- the polar angle from the proton beartheb_transverse _—
tion for inclusiveb quark production at/s=1.8 TeV has mentum, and the azimuthal opening angle betweenthed

theb jet. In addition to a higher value, the-b cross sections

*Visitor show some qualitative differences in the shapes between the
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measurement and the NLO QCD prediction kmeroduc— the CDF detector relevant to the analysis. More details and
tion. Thus, another independent study b production is  descriptions of other detector components can be found in
important to test the NLO QCD calculation. In this paper, [15)

bb production is studied using dimuon events in which each

muon comes from & decay. These results provide informa- A. Tracking system

tion on the production obb pairs[8] with lower transverse The CDF central tracking system consists of a solenoid

momentum values for the bottom quarkBr(b)=6—12  magnet with a field of 1.4 T containing 3 main detectors: the
GeVk] than the w-b cross section measurement silicon vertex detectofSVX) [16], the vertex time projection
[P1(b)=25—80 GeVE]. ___ chamber(VTX), and the central tracking chambé&CTC)

BB hadron pairs generated by the fragmentatiorbbf [17]. Closest to the beam line, the SVX consists of four
pairs may also be used to study the weak interaction phdayers of silicon strip detectors extending27.3 cm inz
nomena oB°B° mixing andC P violation. Measurements of from the center of the detector. The SVX is designed to
B°B° mixing can be used to impose constraints on element rovide precision tracking in the-¢ plane. The innermost
of the Cabbibo-Kobayashi-Maskawa matfis]. Studies of |aYer is located at a radlus_, of 2.9 cm and has a spanql reso-
CP violation in theB system are of fundamental importance !Ution of 13 um. Surrounding the SVX'is the VTX, a time

in_understanding the standard model. As an extension of th rojection chamber consisting of 28 modules and covering
bb production correlation analysis, we also report on a meaJE € pseudorapldlty regiofy| <3.5. A.t the Te\{atronpp -

050 nios - L teractions occur along the beam axis according to a Gaussian
s%%mept. ofB"B" mixing and a limit onCP violation in gigribution with width of 27 cm. The VTX allows the deter-
B"B" mixing. . _ mination of the interaction vertex position inwith a reso-

_In the Collider Detector at FermilatCDF) experiment, |ytion of 1 mm. The CTC is a cylindrical drift chamber
dimuon events result from decays of heavy quark pairs (- which provides three dimensional tracking measurements for
bb, cc), the Drell-Yan process, charmonium and bottomo-charged particles. The CTC consists of 84 layers of sense
nium decays, and decays of or K mesons. Background in wires grouped into nine superlayers and covers radii from 28
these dimuon events also comes from the misidentification oo 132 cm. The momentum resolution of the CTC is
7 andK as muons. We make use of the precision trackingsP/P;=0.002P; where P, defined to bePsing, is in
provided by the CDF silicon vertex detector to identify Gevic. For a charged particle track reconstructed in
muons fromB decays. The long lifetime d8 hadrond10—  both the CTC and SVX, th@; of the track is determined
13], coupled with the precision tracking, enables separatiovith the improved momentum resolution o6P;/Py
of bb events from the background events. Specifically, the=/(0.0009)*+ (0.0066.
impact parametefto be defined in Sec. IWof a muon track

is used to determine thieb content of the dimuon events. B. Muon system

We measure the integral cross sectiontibrproduction as a Muon candidates are identified by two different sub-
function of Pr(b). The production correlations of a muon systems in the central regiom=<0.6). The central muon
pair frombb decay are also studied by examining the distri-system(CMU) [18] is located behind five absorption lengths
bution of the opening angle between the muons and thef material and consists of four layers of drift chambers cov-
muon P+ distribution. A comparison of the number bb  ering about 84% of the solid angle fpp|<0.6. The central
events with like-signlLS) and opposite-sigriOS) dimuons  muon upgrade systef€CMP) [19] is located behind an ad-
yields a value of the averadgg’B° mixing parametery. In ditional three absorption lengths of material, covers 63% of
addition, the asymmetry between the numbepdfu™ and  the solid angle fof7|<0.6, and significantly reduces misi-
u~u events is used to place a limit on the real parigf dentification of hadrons as muons. About 53% of the solid
which gives rise taCP violation in B°B° mixing [14]. angle for| 7;_|§O.6 is covered by both systems. A set of more
Sections Il and Il describe the detector systems relevarif!an two hits in radially adjacent wires in a muon detector is
to the analysis and the data selection, respectively. Thiélentified as a muon track segment and its momentum is
method used for the measurements is discussed in Sec. I\n€asured using the CTC track extrapolated to the muon

The results of thédb production correlation measurements fack segment.
are presented in Secs. V and VI. In Secs. VII and VIII, we _
describe the results of the mixing and ti@P-violation C. Trigger

analyses. Section IX closes with a discussion of the experi- CDF collects data using a three-level trigger system. The
mental results and a comparison with the theoretical predicdata used in this analysis were collected with a dimuon trig-
tions. ger. The level 1 central dimuon trigger requires two muon
track segments in the CMU witR; greater than 3 Ge¢/
II. DETECTOR At level 1 theP+ of_ a muon _track segment is roughly mea-
sured using the drift time difference between layers in the
In CDF, the proton beam direction defines thaxis,r is  CMU. The level 2 trigger requires at least one of the two
the radius in the plane transverse to the beénis the azi- muon track segments to match a track in the CTC as found
muthal angle, and’ is the polar angle with respect to the by the central fast trackdCFT) [20], a hardware track pro-
proton direction. The pseudorapidityy is defined as cessor. The CFT determines tRe of a charged track with a
n=—Intan(#/2). In this section, we describe subsystems ofmomentum resolution ofP;/P+=0.03%+. The trigger re-
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quires the muon track segment and a CTC track with

Pr=3 GeVk to lie within A¢=<15°. In addition the had- ~ §'0°g " "iomomendsn, ¢ Huenmiompiec
ronic energy deposition in the calorimeter tower pointing to 3 - g .
the muon segment is required to be greater than 0.5 GeV, as§ 105 = § ) ®an
expected for a minimum ionizing particle. The level 3 trigger § '.' z 10 3 ".“
performs full event reconstruction. At level 3, the dimuon § e g '-.-|
trigger requires two CMU muon segments, each of which is 5 10 Samm, 570 ¢
matched to a CTC track which has been fully reconstructed i
in three dimensions. ThB; of each muon track is required 10 e o o e 50e
to be greater than 2 Ge¥/at level 3. Impact Parameter  (cm) Impact Parameter  (cm)
€ Muons from c decay € Tracks from Jet Data
lll. DATA SELECTION g10°m, g10*E
E ~ F
Muons are selected in the analysis by requirirg=3 E - % -

GeV/c for each muon and a matching between the extrapo- 2 1025‘ .'- g 10°: o
lated CTC track and the muon segment withior & the % g 'l 3 [ a
r-¢ plane andy120 in z, whereo is a standard deviaton — £10 -*q » S0l "a
including the effect of multiple scattering and energy loss. In = ** "..l.
addition a muon segment in the CMP chamber is required in Pl Lo Lo (;t L1, e

o

L. .. g . 0.02 0.04 0.06 0.02 0.04 0.06
order to minimize misidentification of muons due to had- Impact Porameter  (cm) Impact Parameter  (cm)

ronic punchthrough. In order to use the SVX precision track-

ing for muons, we reqUIre_ the e\_/ent Interaction vertex FIG. 1. Impact parameter distributions of muons of various
|ZO|S30 cm. We al_so requ're the impact parameter of 8ources withP1=3 GeVk. The distributions for muons frotn and
muon track(to be defined in Sec. IMo be less than 0.06 cm. ¢ gecays are generated from the Monte Carlo simulation with the
With this impact parameter cut, we remove almost all of thea\/eraga:q-B:438 um andcrp=183 um.

cosmic ray events, which have a uniform impact parameter

distribution. Dimuon events from cascade decays ob a teractions and top quark production are found to be negli-
quark O— u1CX, c—u,Y) andJ/ ¢ decays are removed by gible in the datd21,27. Monte Carlo methods are used to
requiring the dimuon invariant mass to be greater than %stablish the impact parameter distributions for muons from
GeVic?. This data selection yields 4750 events correspondp andc decays as shown in Fig. 1. We use theseT Monte

ing to an integrated luminosity of 17:40.6 pb™* Carlo progran{23] to generatéb events, the CLEO Monte
Carlo programmq [24] to decayB hadrons, and a full detec-
IV, IMPACT PARAMETER EITTING METHOD tor simulation of CDF to model the detector's response.

Since lifetimes of bottom and charm hadrorsg{~450 um

The impact parameteat of a track is defined as the dis- and c7p~200 um [14]) are much greater than the impact
tance of closest approach to the primary interaction poinparameter resolution of the SVX<15 um), the dominant
(the beam ling in the transverse plane. For tracks comingfactor determining the impact parameter distributions of
from decays of long lived particles,=|Bvyctsin(d)|, where  muons from charm and bottom decays is the kinematics of
t is the proper decay time of the parent particle from whichthe semileptonic decays, which is well described by the
the track originatesg is the decay angle of the daughter Monte Carlo simulation. The fraction of muons from sequen-
track with respect to the direction of the parent particle, andial b decays b—cX—uY) is also determined by the
B is a Lorentz boost factor. The position of the beam line isMonte Carlo simulation. The impact parameter distribution
measured by averaging thpp interaction positions of data of muons from sequentid decays is found not to be very
collected over periods during which the proton-antiprotondifferent from that of muons from diredt decays. Muon
beam profile is constant. The impact parameter of a daughteracks from decays ofr or K are regarded as prompt tracks
muon is proportional to the lifetime of the parent particle. since the CDF track reconstruction algorithm removes decay
The markedly different impact parameter distributions ex-muons froms or K with a large kink. The remaining muons
pected for muons frorb decays¢c decays, and other sources have an impact parameter distribution similar to that of
allows the parent fractions to be determined. prompt tracks in jet data, as shown in Fig. 2. The jet data is
collected with a trigger that requires at least one jet with
E;=20 GeV. Tracks in the jet data are mostly of prompt
origin and the contribution of tracks froilm andc decays is
_In this section, we describe a method to determine théound to be smal[22]. The impact parameter distribution of
bb content of the data using the muon impact parameter. Thegacks in the jet data, plotted in Fig. 1, is used to represent
procedure is to fit the observed impact parameter distributhat of muons from prompt sources such as bottomonium and
tions in the dimuon data with the expected impact parametethe Drell-Yan process. The impact parameter distributions of
distributions of muons from various sources. muons from the various sources are found to be very insen-

After data selection, the main sources of reconstructeditive to muonP+ thresholds.
muons are semileptonic decays of bottom and charm had- Since there are two muons in an event, a fit is performed
rons, prompt decays of bottomonium, the Drell-Yan processn the two-dimensional space of impact parameters. Each
and decays ofr or K. The contributions of cosmic ray in- axis represents the impact parameter of one of the two

A. Fitting procedure
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Hey, component H,. component

L - Tracks from Jet Data

5 B Muons from m or K (Monte Carlo)
10

T T T

Number of Tracks/(40um)
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FIG. 2. Comparison between an impact parameter distribution
of jet tracks and that of decay muons fromor K with Pr=3 FIG. 3. The upper two plots are two-dimensional impact param-
GeVlc. A Monte Carlo simulation is used to obtain the impact eter distributions for each component. The lower plots are projec-
parameter distribution of decay muons. The rati&kab 7 is setto  tions of these histograms onto one of the two axes. dheompo-
be 1/3 in the Monte Carlo simulation. nent is represented iy .. and the component from events with a
muon from ab decay and a prompt muon by, .

muons. The two-dimensional impact parameter fitting tech- ) ] ) o
nique exploits the fact that the impact parameters for eacfvo-dimensional impact parameter distributions onto one

muon are independent uncorrelated variables. The two@Xis are plotted in Fig. 5. Thg? for this fit is found to be
dimensional template distributions for each type of dimuon0-98 per degree of freedom. In Fig. 5, we note that in the

event are made by combining the relevant one-dimensionaarge impact parameter region the contribution of the

distributions. component is dominant and it is this region which deter-
A binned maximum log likelihood method is used in the mines thebb fraction.
fit. The likelihoodL can be defined as follows: The fit can be performed for like-sigih.S) and opposite
. sign(OS) dimuon events separately. In LS events, there is no
L=ILIL[5 e (i, )1, contribution from cc decays. The prompt LS events are
Iij =fupHpb(i,]) + fpppr(i )+ FsuHsundin), Dimuon Data

where n(i,j) is the number of events in thd,{)th bin.
Hpp andH,, represent normalized two-dimensional impact
parameter distributions fobob and prompt dimuon events,
respectively, and’s are the corresponding fractions of each
component. The template distributidd,,, is formed from
the sum of thecc componentH,. (both muons fronc de-
cay) and the componeritl,, representing events with one
prompt muon from the decay of & or aK and one muon
from ab decay. With our statistical accuracy, these two com-
ponents can not be extracted separately from a simultaneous
fit since the distributions are similar to each other as shown
in Fig. 3. The relative fraction of the two components in
Hqumis set to be equal and variations fqfy, due to different ol PN
relative fractions are included in the systematic uncertainty. 00625 g e R ==\
The two-dimensional template histograms for each compo- =
nent in the likelihood are shown in Fig. 4.

We perform the unconstrained fit to the data with=3
GeV/lc for both muons and obtain 2471104 bb events,
1628+ 188 prompt dimuon events and 65257 Hg,q,
events, where the errors represent the uncertainty of the FIG. 4. Two-dimensional impact parameter distributions from
fit corresponding to a change in the log likelihood of 0.5. Fordata and each component. The template histograms for each com-
a comparison of the data and the fit result, projections of th@onent are normalized to 1.
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TABLE |. Systematic uncertainties of the fit.

8 Dimuon Data
— Sum of 3 components

£

3 i

o

NG E ) Source Systematic uncertainty (%)

9]

g 1 e B lifetime +5%

; F Resolution difference +7%

5 Sequential fraction +0.5%

€ Prompt muons +1.0%

2 Charm muons +4.7%

9,

Total 3%

bb fraction is found to be less than 0.5%. In LS events, the
fraction of sequentiab decays is larger than in OS events

ob due toB°B° mixing as will be discussed in Sec. VII. Within
0 001 002 003 004 005 006 the uncertainties of the sequential fraction and the average
Impact Parameter (cm) mixing parameter{14], we observe very small variations

(<0.5%) in the fit fractions for LS and OS events.

FIG. 5. Comparison between the projection of the data distribu-  As shown in Fig. 2, the impact parameter distribution of
tion anc_;l a sum of the three components_. The contributiob tof jet tracks generally agrees with that of decay muons from
events is denoted by, that of prompt dimuon events ;.. 7 or K. Small variations of the shape of the prompt muon
and that ofcc events and events with a muon fronbalecay and a . T L —,
prompt muon by, impact parameter distribution negligibly affect thé frac-

sum tion since it is sensitive to the large impact parameter region

from decays-in-flight and hadronic punchthroughs only SinCevvhere the contribution of prompt muons is negligible. Fitting

. with impact parameter distributions of various sources of
muon pairs from the Drell-Yan process aliddecay are of rompt muons such as the Drell-Yan process, bottomonium
opposite-sign. From the fit with the different likelihood func- promp P '

DA :
tions, we obtain 83853 LS bb events and 166988 OS decays,- anq decays of O.r K, we obtain=19% systematic
bb_events where the uncertainties are statistical. These réj_ncertalnty in thebb fraction.

) In the Hg,»term of the likelihood function, we have fixed

sults will be used in Sec. VII for the mixing analysis. lative. fracti e d ith
We also developed an independent method to determinf© relative fraction otc events and events with a muon

the bb fraction in LS dimuon eventgsee the Appendix from ab decay and a prompt muon. By varying the relative

1 i 0,
With this method, we find the number of sh events to be fractions of each component iHs,m fully from 0% and

801+ 102, which shows good agreement with the result of:00%. We get=4.7% fractional change in thieb fraction.
the impact parameter fitting. Events with a muon front decay and a prompt muon may

also contribute to the data. However, the two-dimensional
impact parameter distribution for these events is very close
B. Systematic uncertainties in the fit to that of prompt dimuon events and the inclusion of this

The systematic uncertainty of the fit results from the un-component in the likelihood negligibly affects the fit frac-

certainties in the shapes of the impact parameter distributiorions. ) o ] ) )

for muons fromb decays and prompt muons, and the physics The systematic uncertainties of thg fit are summarlged in

backgrounds such as muons framdecays. Table I. The total systematic uncertainty in the two dimen-
The impact parameter distribution of muons frande-  Sional fitting method is estimated to b&'%.

cays has some dependence on input parameters to the Monte .

Carlo simulations. Variation of the averagg lifetime by V. INTEGRAL bb CROSS SECTION

+6% [10] changes thdb fraction by +5% in the fit. We — . . .

also take into agcount the effect of%he resolution difference We measure theob cross_ sections with (_j|fferenPT

between the Monte Carlo sample and the data. For tracks ifqresholds for theb quark using three exclusive data sets

a jet, the Monte Carlo resolution<(19 xm) is found to be ~ representing three distinct intervals iPr(up) for

different from the data resolution<23 xm). We have de- Pt(#p)=3 GeVk: 3 GeVe<Pr(up)<5 GeVk, 5 Geve

graded the Monte Carlo resolution by this difference and<Pt(up)=<7 GeVk, andP+(u,)=7 GeVk. We assign the

used the degraded impact parameter distributions for muorf$/0 muons in an event randomly to the two bottom quarks,

from b decays to determine the central value of kitefrac- thus mtroducmg_ no kinematical bias. Specifically, we as-

tion. The difference in the fraction dfb events is found to > ¢ that the first and the second muon are decayed from

be 7% and we include this as a systematic uncertainty. ThB andb, reipectll\_/e_lyl/, eé/enhtgough we do r(]jolf identify the
effect of the uncertainty on the fraction of sequential deca)})arent quar_ explicitly. Eac at_a set_ls used for a mea?'sure—
muons on the fit has been studied by varyinglitfeagmen- ~ ment of the integrabb cross section with the corresponding

tation [25,26 and the branching ratios of semileptonic de- Pt constraint for theb quark as discussed below Sec. VB.
cays of charm and bottom hadro®]. The variation of the Thebb cross section is given by
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— Nop TABLE Il. Efficiencies.
o(pp—bbX)=
f EdtB(b—>,uX)zeseA P(up) =3 GeVk =3 GeVkL =3 GeVL
Pr(up) 3-5GeVt 5-7GeVEt =7 GeVk

where Ny~ is the number ofbb dimuon events and EVentvertex 0.7420.021

B(b— uX) is the branching ratio for the muonic decay of €TC track finding 0.96:0.02
B hadrons (0.1030.005) [27]. The integrated luminosity Muon identification 0.826:0.044
f£dt used here is 1740.6 pb™1. The combined detector SVX track finding 0.669-0.024
and data selection efficiency &g andA is the geometrical
Trigger 0.832-0.037 0.8470.038 0.848 0.038

and kinematical acceptance fob dimuon events.
Impact parameter cut 0.9%0.006 0.9250.006 0.936:0.006

o Dimuon mass cut 0.90660.001 0.946-0.001 0.952-0.001

A. Efficiency
The efficiencies are defined to be multiplicative so thatCombined efficiency 0.2720.023 0.296:0.025 0.296:0.025
the efficiencies of each data selection requirement are inde

pendently measured. In this section, we describe the efficien- ) ) ) o )
cies of the individual selection requirements. [23] and a detector simulation, this efficiency is shown to be

The efficiency of the event vertex requiremens|<30 independent of the event topology and represents the effi-
cm is measured using a minimum bias data sample whickiency for bb dimuon events. This also represents a com-
were collected by requiring pp interaction only. The event bined efficiency of the SVX track reconstruction and the
vertex distribution in the data is parameterized with a GaussSVX geometrical coverage for the two muonshib events
ian with a mean of—1.48+0.11 cm and a width of with|zy|<30 cm. The dimuon track finding efficiency of the
26.65-0.18 cm [28]. The efficiency is found to be SVX is found to be 66.22.4%. The uncertainty results
74.2+2.1%. from the statistics of the data sample.

The tracking efficiency in the CTC is determined by em- The efficiencies of the impact parameter requirement
bedding the CTC hits of Monte Carlo simulated muon tracksd=0.06 cm are estimated by a Monte Carlo method which
in the data sample and then counting the number of recorconsists ofiSAJET [23], the CLEO decay packad@4], and
structed muon tracks. We measure the efficiency to recorthe full CDF detector simulation. The results are shown in
struct the two muon tracks ibb events to be 962%. Table II. The errors are from the uncertainty of the average

The muon finding efficiency is measured with dimuon B lifetime [10] used in the Monte Carlo simulation.
events fromJ/y¢ decays. The dimuon invariant mass spec- The efficiency of the dimuon mass requireméy,,, =5
trum shows a Gaussian resonance peak at the value of ti€eVic? is obtained by a Monte Carlo simulation based on
J/ mass with a flat background distribution. The number ofthe NLO QCD[8] and the CLEO decay packa4]. The
J/ muons is estimated by subtracting the side band regiofesults are given in Table II.

(2.9 GeVbstWsS.O GeVt?, 3.2 GevtstMsS.S The efficiencies of the trigger, impact parameter cut, and
GeV/lc?) from the J/y signal region(3.0 GeVt Zsng dimuon mass cut exhibit a weak dependence on nRipBas

3.2 GeVEt?). By taking the ratio of the numbers oy  shown in Table Il. On the other hand, the tracking and the
muons before and after the muon matching cuts we measufguon identification efficiencies are independent of muon
the muon matching efficiency to be 98:0.2% where the P in the range of interest.

uncertainty represents the statistical error only. In a similiar

way the muon reconstruction efficiency in the central muon B. Acceptance

de;e_ctor(CMU) is found to be_ 92'3.:2'2%' The combined The acceptance is the probability of a muon pair from
efficiency for the two muons is estimated to be 82464%. bb decav passing throuah the reaion d by th

We also measure the trigger efficiency using the side- y passing ug glon covered by the muon

band subtracted/ s sample. The measured trigger efficiency ﬁﬁ}gﬁts rsr::desi\tsfgg% ;htiemcuoﬁr)rr}egegl#crjﬁﬁmEtzrrml:é;?orlg?)?h
at each level is parametrized as a function of the mBen T fange, P g

min 0
and convoluted with the muoR; distribution obtained from POtom quarks Ry ) as the value such that 90% of muons

Monte Carlo simulations db decays in order to measure the satisfying the P reqwremﬁrilt come fronb decays with
overall trigger efficiency. The combined level 1, level 2, an

4Pr=PT". The values ofPT"" are estimated by a Monte

level 3 dimuon trigger efficiencies are listed in Table Il for C&rlo simulation. The Monte Carlo program generates bot-
each dimuon data set, where the error comes from the uncel@M quarks using the input spectra from the next-to-leading
tainty in the trigger parametrization. order QCD calculation obb production[8]. The generated
The track finding efficiency in the SVX is measured by quarks are fragmented ® hadrons using the Peterson frag-

subtracting distributions of like-sign dimuon events from mentation functior{25] with e=0.006[26]. The B hadrons
those of opposite-sign events. In the resulting distributionsare decayed by the CLEO Monte Carlo package 24]. For
only the contributions of events frob andcc decay, the Pr(#b)=3 GeVk, the correspondingy™ for theb quark is
Drell-Yan process, an¥ decay remainFakedimuon events found to be 6.5 Ge\d. The PT" values for theb quark with
(see the Appendixequally contribute to opposite-sign and P1(u,)=3 GeVk are determined to be 6.5, 8.75, and 12.25
like-sign dimuon candidates and therefore are removed bgeVic respectively, for theP+(u),) ranges: 3-5 GeVk,

this subtraction. From a Monte Carlo study basedsser 5—7 GeVk, and greater than 7 Ged//In addition the ra-
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TABLE lIl. Integral bb cross sections and individual factors used in the cross section calculations.
@

Pr(up) =3 GeVkt =3 GeVk =3 GeVkt
Pr(uyp) 3-5 GeVt 5—7 GeVkt =7 GeVk
Npp 1610+ 87(staj" 15Ysysh 495+ 46(sta) 32(sysh 368+ 36(staj 33(sys)
Luminosity 17.4:0.6 pb !
Efficiency 0.272-0.23 0.296:0.025 0.296:0.025
Acceptance (1.320.13)x 102 (0.55+0.05)x 1072 (0.61+0.06)x 102

_ (b)
PT"(b) 6.5 GeVt 6.5 GeVt 6.5 GeVt
PMN(b) 6.5 GeVt 8.75 GeVt 12.25 GeV¢

opp(in ub) 2.42+0.13(stat 34dsysd  1.68+0.15(stat S 3ysys)  1.10+0.11(stat"92Ysys)

pidity (y) of b and b quarks is required to be between tween the measuredb cross sections and the NLO QCD
—1.0 and 1.0 in order to cover the CMP and CMU fiducial prediction. The uncertainty of the prediction is obtained by
region. The dimuon acceptance is defined as the ratio besrying the QCD parameters within the range of acceptable
tween the number dfb dimuon events satisfying the muon values [30]: u=uo/2—2uo, As=100-300 MeV, and

P+ constraints and fiducial requirements and thatbdf  M,=4.5-5 GeVk 2. The measurebib cross section is con-
min(b), P+(b)=PT"(b), and sistently higher than the prediction of NLO QCD as has been

dimuon events wittP(b)=Pt )
ly(b)|.|y(b)|<1. In the Monte Carlo simulation, muons C2S€rved in other measuremeiits-7]. The shape of the

from semileptonic decays @& hadrons, including sequential bb cross section agrees with the theoretical prediction.
decays, are propagated to the CMP detector for the accep-

tance calculation. The results are shown in Table Ill. The VL. p-u CORRELATIONS

systematic uncertainty of the acceptance comes from the un-
certainty in our model folb quark fragmentation and the
fraction of sequential decay muons. Changing the Peters
fragmentation paramet¢26] by +0.002 results in a- 9%
uncertainty in the acceptance. The effect of the fraction o
sequential decay muons on the acceptance is studied by vary-

We have also investigated correlations between the two
Jpuons frombb decays. The geometrical correlation is stud-

iled by examining the distribution of the opening angle in the

fransverse plané¢,, between the muons with:=3 GeV/

ing thg relative branchin.g ratip of bottom and charm semi- .~ 10 ¢ B O Doto, L = 17,496~
leptonic decay$27] and is estimated to be:4%. In total, 3 _ NLO QCD: MRSDO
the systematic uncertainty of the acceptance is found to be i me=4.75 ce;//cl,'/\ﬁ 140 MeV
+9.8%. i l»‘:lbo:((Pnz"'Pvzz)/z"'mbz)‘/z
=<

In order to measur®,,, we use the two-dimensional T
impact parameter fitting method as discussed in Sec. IV. In 'g 1
each data set, we perform the fit with the template histo- ©
grams with the samB+ thresholds on muons. The fit results
are listed in Table IlI.

D. Result

Our measurements of tLebb_ cross section for
Pr(b)=P{"(b), Py(b)=P}"(b), and |y,|,|lypi=<1 are L e T
shown in Table Ill. The systematic errors dominate and are B
correlated for the different measurements. The NLO QCD P (b) (Gev/¢)

calculation ofbb production is given by Ref[8]. In the
calculation, we use the Martin-Roberts-Stirling set DO g 6. Integralbb cross section withP{(b)=6.5 GeVE

(MRSDO) structure function$29], the renormalization scale lyol,lvei=1, and PT(b_)> PM"(b). The uncertainty of the predic-

w=o=\m2+[P1(b)?>+P(b)?]/2, and A5=140 MeV tion (dashed ling comes from the variation of QCD parameters:
with m,=4.75 GeVt?. Figure 6 shows the comparison be- my=4.5-5 GeVk2, u= pug/2— 2o, As=100-300 MeV.
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TABLE IV. Dimuon cross section as a function é%,,,, and < - .
Pr(up). The common systematic uncertainties, {%) of the fit > a; ?:;?;f:a:' P:e:ﬁ::o':'nbbased on NLO QCD
and of the luminosity £3.6%) are included in addition to the S 10-
statistical error. g C
a
@ =
8¢, (degree Cross sectioripb)
0-22.5 0117377 s
22.5-45 1.26" 93¢ ©
45-67.5 2.25' 58
67.5-90 6.72'2%
90-112.5 9.48 1%
112.5-135 19.94' 3%
135-157.5 38.40' 35
157.5-180 64.19" L¢3
(b)
Pr(up) (GeVic) Cross sectioripb) Pr(uss) (Gev/c)
3-4 58.39'57; FIG. 8. Py(up) distribution for P+(u;)=3 GeVk. The data
4-5 33.64'55 points have a common systematic uncertainty of the §t#6) and
5-6 18-03514718 of the luminosity ¢ 3.6%). The uncertainties of theoretical predic-
6—7 11.01°152 tion are from efficiencies, branching ratio 8— uX, and theb
7-8 6.92° 148 quark fragmentation.

We compare the observed correlations with a Monte

c. The two-dimensional impact parameter fit is indepen-Carlo model based on the NLO QCD calculatid@j which
dently performed in eacld¢ bin to obtain the number of gives the exacbb cross section aD(«?). The model pre-
bb events. The dimuon cross section in each bin is listed irdicts theb quark momentum distribution, the momentum of
Table IV. In order to study kinematic correlations, the the B hadron from the momentum of the quark using the
P+(up) distribution with P+(w,)=3 GeVk is obtained us- Peterson fragmentation function, and the muon momentum
ing the impact parameter fitting technique for edhbin.  from the momentum of th& hadron using the momentum
The results are shown in Table IV and the errors include bothlistributions of muons in the rest frame Bf hadrons[31].
statistical and systematic uncertainties of the fit. We obtain the predicted dimuon cross section by weighting

the Monte Carlo events with the branching ratioBy u X

decay[27] and the efficiencies of the CDF detector and data

N
g | @ CDF Data, L = 17.4pb™’
o I Theoretical Prediction based on NLO QCD
o 1021 > 4
F S F
© § 3 F
0 ~
o~ = 2
Q 5
~ @ 1
o =
e | 0 - mmmm e s
pi
o -1
) F
DS NI FES NN RENUN NN ST R ST ST P
3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
o ) (Gev/c)
2 7;
g s =
£ 5 &
<] 3 E
£ 2 £ ‘+—
[ E
S S S BRI NI PP B BN B | 1 E —
0 20 40 60 80 100 120 140 160 180 S 0 f_ -------------------------------------------------------
8 -ic
50, (degree) _20: 1 \ [P BRI AN B BN
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__FIG. 7. Opening angle distribution between the two muons from

bb decays. The data points have a common systematic uncertainty FIG. 9. (Data-theory/theory distributions oP+(u},) (top) and

of the fit (f?;g%) and of the luminosity£ 3.6%). The uncertainties the opening angle between the muonsim events(bottom). The

of theoretical prediction are from efficiencies, branching ratio ofuncertainties include the uncertainties of the data point and of the

B— X, and theb quark fragmentation. theoretical prediction.
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selection. Figures 7 and 8 show a comparison between thmeasuremen{82-36. The main systematics come from the
measurements and the predictions of the model. The QCDncertainties of the sequential fractioi®.01) and the

calculation uses the MRSDO structure functi¢®8] and the  ccfraction (0.012.
same QCD parameters as used in Sec. VD. The uncertainty

of the predictions includes the systematic uncertainties of the VIIl. CP-VIOLATING ASYMMETRY
weights and the uncertainty in the fragmentafig]. Figure S ) _ o
9 shows that the shape of ti®y distribution for u, agrees CP violation in theB system gives different mixing prob-

well with the prediction although the values of the dimuonabilities for B® andB® mesong37]. In dimuon events from
cross section are significantly higher. Tlde distribution BB decay, the effect o€ P violation appears as an asymme-
from the data also shows reasonable agreement with they betweenu® ™ andu ™ u~ events where one of the neu-
model prediction in addition to a higher normalization astral B mesons has mixed. By measuring the charge asymme-
shown in Fig. 9. try we can determine the real part of tl&P violating
parametergy ande [37] where the subscript of represents
VIl. AVERAGE B°B° MIXING PARAMETER the light quark flavor of the corresponding neutBameson.
. We measure the number @f“u* events andu ™ u~
The averag8°B® mixing parametery, is defined as events frombb decays using the two-dimensional impact
_ parameter fitting technique. From the fit, we obtain
_ T'(B°-B%-uX) 428+37 u"u* events and 41837 u~ u~ events. The ob-
X= [(Bop'X) served dimuon charge asymmer.A(,bs can be defined as
N,,—N__/N,,+N__ and is measured to be
(2.2+6.3)x 10 2.
In order to extract the dimuon charge symmetry due to

where the numerator include®] and B mesons and the

denominator includes all thB hadrons. In the absence of S

- . . - . . CP violation (Acp) from the value ofA,,s, we must account
mixing, thg dogble semﬂeptgmc%cay 0B pair results in for any experimental bias in the measured asymmetry in the
an opposite-sign muon pair. BB pair where one of the ,mber ofu” " andu~ w~ events. This experimental bias
mesons undergoes mixin@{—B® or vice versa produces may result from the track reconstruction or the dimuon trig-
a like-sign muon pair. Th&°B° mixing can be studied by ger. The charge bias of track reconstruction in CDF is mea-
measuring the rati® of the number obb like-sign events to  sured using minimum bias data. By applying the same data
that of bb opposite-sign events. selection criteria except for muon identificatio_n require-

The sequential decayd{cX— nY) also contribute to ments, we determine the c_harge asymmetry for single Fracks,
R. The fraction of muons from sequential decafg, is N+ —N-/N.+N_. The dimuon charge asymmetry is 2
found to be 0.1230.015 from a Monte Carlo simulation times the single track charge asymmetry, since there are two
based on the full next-to-leading-order QCD calculation. Thenuon tracks in an event, and is found to be
uncertainty of the fraction of sequential muons 12%)  (0.7=2.5)X 10" 2, where the error comes from statistics in
comes from the uncertainty of the relative branching ratio ofth€ minimum bias data. The charge bias of the dimuon trig-
bottom and charm semileptonic decaysi1%)[27] and the ~ 9er is studied using the side-band subtractel sample as
uncertainty of the relative muon acceptanceg). described in Sec. V A. By parametrizing the trigger at each

In bb dimuon events, the rati® of the number of like- €V€! as a function of muoR; and convoluting thé; dis-

L I = .
sign eventsN, s to that of opposite-sign eventdgg is re- tribution of muons fromb decays forw™ andu ™, we obtain

_ -2 i iq-
lated to the time and flavor averag&dB mixing parameter (~0.9£2.1)x10°* for the asymmetry of the dimuon trig

) . ger.
x in the following way. The charge asymmetry due @P violation, Acp, is es-

— oy — ) timated by subtracting the above bias from the measured
Nis  2fsed X+ (1= x)7 ]+ 2x(1—x)(1+f59 asymmetryA

Nos  [xZ+(1— 0211+ %+ 4feeq(1—x)

Acp=[2.4+6.3(stah+3.3(sysh]x 10 2.

wherefqis the fraction of muons from sequential decays. A muon from sequentiaB decay will also result in a like-
The two-dimensional impact parameter fitting method iSsign muon pair. The contribution of sequential muons to
used to determine the number lob events in the like-sign A, must be taken into account and from the phenomenol-

and opposite-sign data samples. The log likelihood functionggy of CP violation in theB system[37], Acp can be ex-
and the fit results for LS and OS dimuon events are describegressed as

in Sec. IV where we obtain 83853 like-sign (LS) and

1669+ 88 opposite-signO9) events. In opposite-sigfDS) 8(1—x) Re ey) Re eg)
events, the inclusion ofc events results in=4.7% uncer- CP~ D dXd 1+|6d|2+ SX51+|65|2
tainty in the fit fraction foib b events as described in Sec. IV.

Other sources of systematic uncertainties cancel out in D:zﬂl_g(yrfgeq)juzfse({?ﬂl_gz},

the ratio R which is measured to be 0.502

+0.041(stat)- 0.024(syst). From the observed valueRf wherefy andf, are the fractions 0B} andBY and x4 and
the BB mixing parameter y is measured to be xs are the corresponding mixing parameters. The dilution
0.131+0.020(stat)- 0.016(syst, consistent with previous factor D includes the effect of the mixing of the oth&r
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05 — two muons frombb decays is also found to be consistent
. = £,=0.391, x,=0.156 with the theory within the uncertainties.
> g = f=0117,%=062 With the same technique used in thb correlation stud-
03 =] [JCDF,L=17.4pb" ies, the BB mixing parameter is measured to be
o £ = =cwo 0.131+0.020(stat)- 0.016(syst) consistent with the previ-
2 = ous measuremen{82-36. We have also searched faP
o1 b = violation in theB system by measuring the charge asymme-
P i = N L - - :
+ E = tryin u” ™ andu” u” events. The result is consistent with
i 0 3 % the standard model predicti¢B9].
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APPENDIX

meson and sequential decays. The fraction of sequential e present another independent method to obtain the
muons (seq is found to be 0.1230.015 from the Monte y, graction in the dimuon data. It gives theb fraction in
Carlo calculation as discussed in Sec. VII. U_smg the Worldlike-sign (LS) dimuon events only and serves as a check of
average value of (0.133+0.011)[14] we obtain one con-  yhe resylt of the impact parameter fitting method.

straint for four quantiies—Ref), Im(ey), Ref), and Reconstructed muons in the CMU detector can be divided

Im(ey) as follows: into the two types of muons+eal muons andfakes Real
muons are defined here as muons frbror ¢ semileptonic

faxq Re( Gd)z Xs Re( ES)Z decays, the Drell-Yan process, aiddecay.Fakesare de-

1+ el 1+|edl fined here to be noteal and include muons fromr or K

decays and hadronic punchthroughs misidentified as muons.
Reconstructed muons in the CMU detector pass through an
additional three absorption lengths of materfabn) and
may or may not make muon segments in the CMP detector.
The probability of a CMU muon making a segment in the
CMP chamber, called the CMP efficiency, is different for

=[1.5+3.8stah=2.0(sysh]x 10 3.

Using the values of4 (0.39), fs (0.119, x4 (0.156, and

Xs (0.62 from the Particle Data Groufl4], one can plot the

region constrained by the above result in the
21_ 2 i -

[Re(e)/1+| eg| "] -[Re(e)/1+| &|*] space along with the re real muons andiakes For real muons, it is expected to be

sult on[Re(eg)/1+ | €4)%] from the CLEO experimer{38] in .
. . o o close to 100% due to the small absorption rate of muons for
Fig. 10. It shows that the result of this analysis is sensitive t$T>3 GeVk. For fakes most of the hadronic punch-

a feV_”flO at 1o level for Regyg) and c_onsysten_t with the throughs are absorbed inside the iron between the CMU and
prediction of the standard model f@P violation in theB fth f
system 4.~ 10"%) [39] CMP detector but most of the decay muons fremor K pass _
ds ' through the material to the CMP detector. The CMP effi-
ciency forfakesis then expected to be very different from
IX. CONCLUSIONS that for real muons, depending on the relative fractions of

— . decay muons and hadronic punchthroughs. The principle of
We have presented results bh correlations, the average this method is to fully exploit the difference of the CMP

B°B° mixing parametery, and_theCP-violating parameter  griciencies betweereal muons andakesin order to obtain

eg using dimuon events frorbb decay. For the studies of tne fraction ofreal dimuons in like-sigrn(LS) dimuon events.

bb correlations, we have measured thie cross section as a | |ike-sign events, onlyob pairs can generateal dimuon
function of P+(b), the opening angle distribution between eyents via sequenti@® decay b—cX— uY) or BOB® mix-

the two muons fronbb decays, and the muodRy_distribu-  jhg and we directly obtain thbb fraction from the fraction
tion with a Py constraint on the other muon imb events.  of real dimuon events.

These results show consistently higher values than the pre- The data sample for the CMP efficiency method is differ-
dictions of the NLO QCD theory. A qualitative picture of ent from the standard data used in the impact parameter fit-
bb production has been obtained by the studieg.gf cor-  ting technique. We require neither a muon segment in the
relations. The shape of the mu®s distribution agrees well CMP nor a track in the SVX and onlyp~ ™ events are
with the theory. The shape of the opening angle between thesed. In addition, a muon is required to be in the fiducial



55 MEASUREMENT OFbb PRODUCTION CORRELATIONS, ...

2557

region of the CMP in order to apply the CMP efficiency leg of theK2 event. From a Monte Carlo study including the

method.

full detector simulation, the effect of tHfakesfrom kaons on

We count the number of dimuon events with both muonse; is found to be negligible. Inu* u* events, we cannot

having a muon segment in the CMRY), only one of the
muons having a muon segment in the CMB ), and neither
of the muons having a muon segment in the CMIR)(

With the CMP efficiencye,, for real muons and the CMP

efficiency e; for fakes we construct three equations for the

above three different types of dimuon events;
No=(1—€,)°M+(1—€,)(1—e)F1+(1—€)%F,
N1=2€,(1— €, )M+{e, (1—€)+er(1—€,)}Fq
+2€:(1—€)F5,
Ny= €M +€,:F 1+ €fF 5,

where the number ofeal dimuon events(or bb dimuon
events is represented bl and the number ofakedimuon
events byF. The subscript oF denotes the number ¢dkes
in an event. From the data we have a total of 3423u"~
events consisting of 592 events fidg, 1430 events foN,,
and 1401 events fax,.

The CMP efficiency foreal muonse,, is measured to be
0.94+0.01 using dimuon events frod ¢y—u* u~ decay.
The CMP efficiency forfakes e; is determined from the

determinee; in a similar way due to the different punch-
through rates for a pion and a kaf#i]. Using the measured
CMP efficiencies, we solve the equations and obtain
736+ 89 events foM where the uncertainty represents both
statistical uncertainty and systematic uncertainty of the mea-
sured CMP efficiencies.

For a comparison with the result of the two-dimensional
fitting method, we convert the above number to the number
of bb events in the standard like-sign dimuon data where a
muon is required to have a muon segment in the CMP and a
track in the SVX. From the assumption of charge symmetry
for bb dimuon events, we can assume ~=M**. There-
fore the number ofbb events in the standard like-sign
dimuon dataNt% can be calculated using the following re-
lation:

Ls_ 2
Nbb_ 2M Eﬂfsvxfimp,

where the CMP efficiency, is found to be 0.940.01,
track finding efficiency in the SVX fobb dimuonsegyy is
found to be 0.66&0.024 (from Table I, and the impact
parameter cut efficiency fdsb dimuonse;y,, is found to be
0.921+0.006 from a Monte Carlo simulation. With these

study of K¢~ ™ decays where the negatively chargedefficiencies, we obtain 831102 bb events in the standard
pion generates a muon signal in the muon detector via decajke-sign dimuon events, which is in good agreement with

7 —u" v, or punchthrough. We reconstrud’ig events

the result of the impact parameter fit (83883 events from

with a negatively charged muon signal and a positivelySec. IV A). The result independently confirms the validity of

charged track and measwgto be 0.49-0.04 using a muon

the two-dimensional impact parameter fitting method.
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