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Abstract 

We dUCl'ibe a me8jJuzement of the crOll section for the production of bb paUl lUing data 

taken dwing the 1988-1989 Fecmilab collider run. We use hiSh ma .. ell evenh to determine 

<1(pji _ bl b:zX : PT,! > PT.:" , 11/1 1< l iFT" > PT,~·" 11/2 1< 1; M." > 5) for thtu pain oC(p;,:n ,p;'Jn) 

valuu. We abo extract the lingle-b inchuive crOll section, c:r(pjj _ ~X: P~ > 8.75 GeV,1 y~ 1< I), 

wing the correlated ero" uettOD and the MNR Monte Carlo. 
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1 Introduction and Overview 

The purpose or this note is to describe the measurement of the cross section for correlated bottom quark 

production using high mass e~ pairs. This note is organised as follows: 

1.0 lrit~oduction and Overview 

1.1 The Correlated bb Cro9S Section 

1.2 Tagging bb 

1.3 Sources of ep. PaUs 

1.4 The Method for Meuuring a'(bb X) 

2.0 The ep. Data Set 

2.1 The Analysis Data Sd 

2.2 The Unbiucd Data Set 

3.0 The Lepton Quality Cuts and the Determination of Rt. 

4.0 The Trigger Efficiency 

5.0 The Electron and Muon Acceptances 

6.0 Determining fbb 

7.0 d(bb X) 

1.1 The Correlated bb Cross Section 

We first shall aUempt to describe in some detail exactly what is meant by the ' correlated' cross sectio n so 

as to avoid any pomble confusion. Previous meuurmenb of cross sections for bottom quark production at 

hadron collideu have all quoted values for the observation of a single quark above a certain PT and with in 

a certain interval in rapidity ,i.e. u(pp - bXj Pr,6 > Pf'in , J YII J< Yma::r). The correlated measurement is 

the cross section for the observatioD of two boUom quarks in an event where each quark has a PT above II 

certain threshold and has a rapidity within a certain range; such a measurement may be written symbolically 

as u(pjj - b,b2Xj PT,' > pT,;n, J Yl J< Ymar.l; PT,2 > pT.~n ,I Y2 1< Ymar,2)' These two cross sections difrel 

in that one is sensitive to the kinematics of a single quark only and the other is sensitive to the kinema ti (, 
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of both quarks in an event. Because of the sensitivity to both quarks, the meuurement i.s dependent upon 

kinematical corre1atiou between those two quarks. One may alternately refer to v(pp -+ bXj ... ) as the 

single-inclusive cross section and to v(pp -+ bbX j .. . ) as the double-inclusive cross section. 

1. 2 Tagging bb 

A measurement of a bottom quark cross section first requires a method for tagging bottom quarks. The 

added challenge of thi.s analysi.s i.s that a method i.s required for identifying both quarks in an event. An 

obvious first choice would have been to tag one b via a decay such as J /WK and to then use a semileptonic 

decay to tag the other quark. This strategy leads to a rate which is too low to be of practical use . T he 

J /W sample contain. only a handfull of evenh for which there i.s a third, good lepton. We chose to look 

for events where both bottom quarks decayed semileptonically in order to obtain a high enough rate for a 

reasonable measurement. More specifically, we chose to look for events in which one b decayed to an electron 

and the other to a muon, thul avoiding potential backgrounds such as Drell Van, and leptoruc decays of the 

IN , T, .nd Z. 

1.3 Sources of Electron-Muon Pairs 

Having chosen the /Jj -+ e~X decay mode, we must consider the sources of events with electron-muon pai rs 

and the characteristics of thOle events. 

The event. of greatest interest are, of coune, those in which the lepton pair comes from the decay of a 

pair of bottom quuu. The lepton may come directly from the b or indirectly from the b through the decay 

of the daughter charm qUaIk. 

b -+ lev Dired lepton 

b -+ eX, e -+ lX Indirect lepton 

In the absence of Wi mixing, two direct leptons would always have opposite charges 

b-+ rx, b-+ l+Y 
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.whereu one dUect and one indirect would have the Same sign charges 

b_rx, b_cY_CY 

and two indirect leptons would have opposite sign charges 

b_cX_l+X, b-cY- CY 

Bottom quarks do undergo miring and this modifies the situation somewhat. We use the usual parameter, 

x, which describes the ptobablility that a bottom quark will undergo miring 

Prob(b _ JjO _ BO _ tt) 
x= - Prob(b _ B _t±) 

where BO rerers to either B~ or B~ and B represents any bottom flavored hadron. We may then write, in 

terms or x , what the probabilites are that: neither or the bottom quarks mix 

Prob(neither mix) = (1 - :~i 

that both the quarks mix 

Prob(both mi:r:) = Xl 

and that only one orthe quarks mixes 

Prob( one mixes) = 2X( 1 - X) 

where the factor of two is due to there being two quarks that can mix. Defining Pbt as the probability of 

observing a direct lepton from a bottom decay and Pllet as the probability of observing an indirect lepton , 

the probabilities ofa b6 pair yielding an opposite sign (0') CIJ pair or a same sign (u) pair are respectively: 

(21)&.1'&,. + 21'&"o Pllc,.)(Prob(neither mi:.c) + Prob(both mix» 

Prob(bb _ elJ j u) 
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) 
+ (2P&ePb'cp + 2Pbce Pbp)(Prob(neither mix) + Prob(both mix)) 

::; (21\e Pbp + 2P6cePbc,.)2X(1 - X) + (2Pbtl\cp + 2PbccP6,11)(1- X) 1 + X2) 

The difference in the probabilities is 

Prob(bb __ CPi 06) - Prob(bb -0 e~j u) 

(1 - 2X)12(PhP&I' + P6c.Pbcl' - P6.P6cl' - P6c. P6,,) 

= (1 - 2X)'2(P) 

An electron-muon pair may also come from the cascade decay of a single bottom quark. 

b _i-cv, C _l+.fv 

Such pairs are alway, of opposite sign. They are easily removed from a data sct by demanding that the t:p 

invariant mas. be greater than the mus of the h. 

The dual semileptonic decay of a pair of directly produced charm quarks can also lead to an electron and 

a muon in the final state. 

pP __ CC __ ep.X 

As there is negligible mixing, the leptons will always be of opposite sign. The contribution from cc is expected 

to be small relative to that from bb as the PT spectrum ofleptons Crom cc is much softer than that for leptons 

from bb . 

Events may also be composed of eledrons or muons tha' are of non-prompt origin or are , In reality, 

misidentified particles. Example of leptons Crom non-prompt sources are eledrons from photon conversions 

and muons Crom decay .. in-Oight. Muon and electron signatures in the detector may be produced by other 

particles or combinaHoDi of other particles. A particle which does no' . hower in the calorimetry may reach 

the muon chamben and be misidentified u a muon . Overlapping T O. and charged pions may be midient ifi ed 

u an electron. Non-prompt or misidentified particles will be referred to as 'fakes ' and events in which onc 

or both of the leptons are fake will be referred to u fake events. Since the processes which produce fak c 

electrons and muons are random with respect to t he charge of the fake produced, fake events ate equa lh 

likely to have e~ pain of opposite sign or of same sign. 

5 



1.4 The Method for Measuring <T(bb X) 

The correlated crOll section may be written in the usual way 

u(w _ bb Xl v(pjli - bt b2X ; Pr,1 > pT.i" , I 1/1 1< Ym..,.. ,l; PT,2 > pT.~n ,I Y2 1< 1/m, .. ;,2 ) 

N:;"(Pr,1 > PT:ln 
I I 1/1 1< !1m..."I ; Pr,2 > PT.~", I Y2 1< 1Im..,.,2) 

C 

where Nt;" iJI the number of bb pairs produted within the given kinematical constraints for a certain integrated 

luminosity, C. We mud relate Nt;" to the data. The number of electron-muon events after all cuts may be 

written a.t 

Nbb and Nee represent the number of events due to bb and c1: respectively, and F the· number of fake events. 

Splitting the events into 01 and " contributions 

N" - N"+!F .,.- 6b 2 

we note that the fake contribution may be subtracted out 

The subtraction altbe o. and" ep. pairs remove" within the limits of statistical uncertainty, the contribu tion 

from events in which one or both of the leptona is a fake. The evenh remaining after the subhacion are 

due to bb and cc production. The Wi contribution includes evenb in which both leptons come directly from 

the b decay, evenu in which one lepton comes directly from the b and one comes indirectly from a b via 

a sequential charm decay, and events in which both leptons come indirectly from b's via sequential cha.rm 

decays. We may explicitly indicate the fraction of the sign-subtracted eJ.' evenb due to bb production an d 

cc production: 
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) 
~hlC number of' bb events remaining after sign-subhaction, 6 611 , may be expressed in terms of Nt;" and the 

previously disCUlaed probabilities for observing an 0' or II e~ pair. 

It follows that: 

We now have a relation between the number of bb pairs created and the number of sign-subtracted CJI. events 

observed in the data; dividing by the integrated luminosity yields the following expression for the cross 

section: 

( - bb X) f .. ", .. 
• pp - = £(1 2X)'2(P) 

Jet A>c is 

P(lepton) 

Figure 1: An illustration or the definition of Pr"'. 
The fradion of the events due to bb production remaining in our sample after the imposition of all cuts is 

represented by 166 ; this quantity can he determined from the data by examination of the pp' distribulio/1s 

for t he electron and muon. p,V' is defined as the transverse momentum of the lepton relative to the axis or an 

associated jet ; this quantity is illustrated in Figure 1. Pf"' is, in a sense, a measure of the invariant mass .. 
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the decaying plUticlej hence, 'he distribution of p,;,e' is different for btl and ca. The angle between the lepton 

and the hadronic remnants in a b decay will be larger than that for c decay because of the greater invariant 

mass of the bottom quark; hence, the p,re' distribution for bs will be stiffer that that for cs. The PTe! 

distribution for the CI-' data can be produced for the 01 and" pairs and the difference of the distributions 

fitted with the sum of the appropriate bottom and charm distributions to obtain the bb fraction. The bb 

fraction is expected to be close to 100% because of the relative softneu of lep'ons from cc compared to bb . 

The factor , (1 - 2X)22( P) , represents the difference in the probabilities for observing an oppositely signed 

el-' pair due to bb production and a same signed el-' pair due to lib production. 

Recalling that Pbi is the probability of observing a direct lepton from a b decay and p.ct the probability of 

observing an indirect lepton Crom a b decay (l = e, 1-') , we write 

The rs are branching fractions, eTRlc(be, bl-') is tbe t rigger efficiency for a direct electron and a direct muon. 

A(be) and A(bl-') are the products oftbe geometric acceptance and the acceptance in PT for direct electrons 

and muons, respectively. ecuTs(be,b~) is the combined efficiency of all the cuts for events with a direct 

electron and a direc' muon. Analogously: 

PbHl'&C,. reb - c - e)r(b - c - l-' )eTRlc(bce, bcJ.') A(bce)A(bc~)ecuTs(bce, bc~) 

P •• P.CII = r(b - c)r(b - c - J.' )eTRlc (be , bc~)A(be)A(bcJ.')ecuTs(be, bcJ.') 

We may define a quantity, (p), similar to (P) such that 

where, 

) 
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with PbcsP6c,.. etc, defined analogously, The factor, (1 - 2X)22(P), is the difference in the probabilities 

for observing 08 and u e~ PaUs due to bb production after the imposition of all cub, whereas the factor , 

(1- 2X)22(P) , is the dift'erence in the probalilities for observing 01 and" ep pairs due to bb production prior 

to the imposition of any cuts, We have previously defined a~1' as the number of sign-subtracted e~ events 

after the imposition of all cuts. The number of sign-subtracted ep events prior to the imposition of any cuts 

is denoted by t!.:~"' . These two quantities may be written in terms of the number of bb pairs created , Ntr e , 

x, (P), and (p). 

In general, the above expression. should include term. describing the contributions from cc production. We 

have omitted them here to simplify the pltstntation. This omiuion is warranted as the ep data set proved 

to be consistent with being entirely due to bb production (see Section 6). We define Ro. as the ratio of the 

number of sign-subtracted e~ events after the imposition of all cuts to the number of sign-subtracted ep. 

events prior to the imposition of any cub. 

R = t>." _ (P) 
4 - a~;. - (p) 

We may obtain R4 from the e~ data sd and use it to relate (P) and (p). 

(P) = R.(p) 

The factor , (p), may be written: 

where we have defined the ratios: 

and we have used the notation: 
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The Pr spectrum of indirect leptons is considerably softer than that for mect leptons, meaning that ct(e) 

and a(J.') are expected to be sm&!l. Monte Carlo studies indicate values for ct(l) of aprroximately 10% (see 
1 

Section 5). We may then write: 

(P) = R.(p) '" R.<TR/GA("')A(bp)r .. r., 

The values of X and the branching fractions are readily available. R6. may be found from the eJ.' data. The 

acceptances may be obtained from Monte Carlo. The bb fraction, /66, may be obtained from the eJ.' data set 

via Pp'. The trigger efficiency is obtainable from a combination of data and simulation. 

) 
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2 The Electron-Muon Data set 

There were two efJ data sets utilised in this analysis; the data seh differed in sue and in the severity of 

the selection requirements. The "analysis" data set wu used to find the number of bb -+ efJ evenb for the 

ClOSS section measurement. This data set was created for a previous analysis and its constituent events were 

selected with relatively tight cuts on tbe electron and muon candidates. The calculation of a cross section 

from this set necessitated knowledge of the efficiencies of the cub placed upon the set. The efficiencies 

for cuts involving the matching of electron tracks and strip chamber clusteu or muon trach and stubs 

could have been obtained from conversion e1echons and J / 1/J's, respectively. The efficiencies for cuts on 

quantities sensitive to the lepton isolation; however, needed to be obtained for leptons from bb production. 

Ideally, the efficiencies for cuts on variables sensitive to lepton isolaHon would have been obtained from a 

version of the analysis data set with looser selection requirements; however, nch a data set wu obtainable 

only with great effort. We chose, for the sake of expediency, to create a small set of e/o' events using very 

loose selection requirements for the purpose of determining the efficiencies of the cuts placed upon isolation 

sensitive variables. This data set is refened to u the "unbiued" or "raw" e/o' data set. 

2.1 The Analysis ep. Data Set 

The analysis data set wu a sublet of the micro-DST used in the BOliO miring lUlalysis [I} The micro· DST 

was constructed from the CMU04 data stream. by selecting events which pused the following requirements: 

Event Requirements: 

• At leut one central electron clUldidate IUld at leut one muon candidate 

• Missing E-r significance Ie .. thlUl 2.40 

• I Z"ulU" 1< 60cm 

• Run passed BADRUN 

Electron Requirements: 

• ET > 4.0 GeV 
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• ~ as calculated from ELES less than 2.0 

• X~lr;p < 10.0 

• LSHR < 0.2 

• 1 A(r¢) 1< 2.0cm 

• 1 "(z) 1< 3.5"" 

• Cluster is associated with a track 

Muon Requirements: 

• Pr > 2.0 GeV 

• Stub matching in z < 15.0 

• Stub matching in z < 20.0 

• /J tower E EM < 2.0 GeV 

• /J tower EHA.D < 4.0 GeV 

• Degree of closest approach or /J track < O.Scm 

• Displacement of IJ hack in z at the di!!tance of closett approach< S.Ocm 

The analysis data set waa culled from the micro-DST by requiring that the event passed the 

ELECTRON. EMC.S.CMU.3 trigger and that the invariant mas. or the electron-muon pair be above 5.0 

GeV. 

2.2 The Unbiased 01' Data Set 

The unbiased data set wa.s created by culling events from the ELE04 stream that satisified the followin~ 

requirements: 
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• A muon candidate with Pr > 3.0 GeV and hack~5tub matching in both the zy and zy planes within 

3.511 of that expected for Ito muon undergoing multiple scattering 

• An eledron candidate with E-r > 4.0 GeV that is associated with at least one track 

• T he event passed t he ELECTRON.EMC.5.CMU.3 trigger. 
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3 The Lepton Quality Cuts and The Determination of Ro. 

Cuts were placed upon the electron and muon candidates in the analysis e~ data sample in order to improve 

the ratio of signal to noiee in the sample. Although the analysis method would work, in principle, with any 

signal to noise it is to our advantage to reduce the backgrounds as much as possible in order to reduce the 

experimental error. We arc extracting a signal from the difference of two distributions. If the signal is riding 

upon a large background, the statistical B.uduations in the background will tend to wash out the signal As 

mentioned in section 2 some of the cub pl&ced on the analysiJ data set are artifacb from the creation of the 

DST and are not necessarily optimal. 

The following cuts were made on the electron candidates in the analysis ep. sample: 

• ~~ ~ 0.05 

• ~ :5 1.4 

• LSHR < 0.2 

• Only 1 track associated with the cluster and that track is 3D. 

• a(rq,) :5 1.5 em 

• 6.(.:):5 2.5 em 

• Strip Xl :5 10 

• passed FIDELE 

The following cnh were made on the muon candidates in the analysis e~ sample: 

• The matching of the CTC hack and the muon stub must be within 31T of that calculated for a mu , l\ 

undergoing multiple scattering. 
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• The distance of cloleat approach of the hack to the vertex mus~ be less than 50 mm. 

• The displacement in I of the track from the vertex must be less than 5 em a~ the distance of closest 

approach. 

• The track must consist of at least 40 hits in the CTC. 

• The energy deposited in the caJorimeter tower to which the track points must be less than 2.0 GeV in 

the electromagnetic compartment and less than 4.0 GeV in the hadroruc compartment. 

• passed FIDCMU 

It is worth noting thai the efficiency of some of the lepton quality cub are expected to be sensitive to 

the type of event in which the lepton is embedded and that some are expected to be relatively independent 

of the leptons origin. In Uris anaJysis we are concerned with leptons arising from the semileptoruc decay 

of bottom quarb; such leptonl will be associated with the hadronic remnants of the b and will thus be 

non-isolated. It is necessary then to util.i.ze a sample ofieptons with the same or similar isolation as leptons 

from bs to determine the efficiency of cub on quantities involving caJorimetry. A quantity describing the 

matching in position between a track and a muon stub, however, is expected to be largely independent of the 

type of event. in which the muon candidate wu found. The efficiencies of the muon cuts involving matching 

the muon track with a stub or a vertex, the 'muon matching cuts', were determined from the J/ t/J sample. 

The efficiencies of the remaining muon cut! and all the electon cuh were determined from the unbiased e~ 

sample. Using our previoul notaHon we explicity write the combined cut efficiency 8.! the product of an 

efficiency dependent upon the lepton origin and an efficiency that is independent of the lepton origin. 

I:CUTS(i,j) = I:(i,j)· I:MItTCH 

We must later remember to conect the value of Rt. for the common term, I:MItTCH, that ha.s been faclored 

from each of the efficienciea I:cuTs(i,j) . 

The efficiencies of the matching cuts for muons were determined from events in the J /t/J ..... ~+ ~ - sa mple 

where both muons were above a 3 GeV PT threshold. The invariant mass distribution between 2.8 alit! 
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3.4 GeV was flttted with a combination oC a gaussian and first order polynomial. The number of events 

falling wiihin one sigma on either side of the J / 1/J peak was calulated by integrating the fitted gaussian. The 

number of actual J N events within this window was determined by subtracting the cont ribution from the 

linear background. This procedure was repeated after applying the matching cuts to fiut one J/1/J leg and 

then the other. In this manner , the number oflegs tested and the number of legs passing each cut could be 

determined. The efficiencies of the following cutl were found in this manner: 

• The matching of the CTC track and the muon stub intercepts, in both the zy and zy planes , must be 

within 30'" of that calculated for a muon undergoing multiple scattering 

• The distance of closest approach of the track to the vertex must be less than 50 mm. 

• The displacement in s oC the track from the vertex must be less than 5 cm at the distance of closest 

approach. 

The efficiencies Cor the zy intercept cut and the zy intercept cut were both Cound to be (99~ ~)%, giving 

a combined efficiency of (98~1)%. Plots of the zy and zy intercept matching for the events in J/w sample 

are located in Figure 4 and Figure 5 at the end of this section. The efficiency Cor muon hacks to match 

the z vertex to within 5 em W&.l found to be (99~~)%. The efficiency for a muon track to have a distance 

of closest approach to the vertex of less than 50 mm W&.l found to be (lOO.O·:tg)%. Plots of the track Z 

vertex matching and the distance oC closest approach for the events in the J/1/J sa.mple ma.y be found in 

Figure 6 and Figure 7 at the end oC this section. Combining the muon matching efficiencies we find that 

CMATCH = (97!!)%. 

The effect of the remaining muon cuts (i.e. the ID.l.D.llIlum IOIlUlmg requirements) and all the electron 

quality cuts ale included in the cron section through the term, Ro. . Rt:. was determined from the unbiasl'd 

ej,' sa.mple by flnding the uaciioD or the events passing the following cuts: 

• The energy deposited in the calorimeter tower to which the muon track points must be less than ., 

GeV in the electromagnetic compartment and less than 4. 0 GeV in the hadroruc compartment. 

• W $ 0.05 
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• ~ ::; 1.4 
) 

• LSHR < 0.2 

• Only 1 track Ulociated with the elect ron duster and that t rack is 3D. 

• .6.(rt/l) :5 1.5 cm 

• .6.(.::):5 2.5 cm 

Plots of the quantities mentioned above for the unbiased el! sample may be found at the end of this section. 

The foUowing table lists the valuel of Reo obtained for three valuel of the muon Pr threshold: 

E}"ru"(e)(GeV) p';'"~U"(I!) (GeV) R. 

5.0 3.0 0.62 ± 0.21 

5.0 4.0 0.51 ± 0.17 

5.0 5.0 0.40 ± 0.16 
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4 Trigger Efficiency 

The events used in tIW analysis were required to have passed the ELECTRON_EMC_5_CMU_3 trigger at 

Level 2. The efficiency of this t rigger for bb -. e~ events was obtained by determining seperateiy the 

efficiency of the muon requirements and the efficiency of the electIon requirements and considering the total 

efficiency of the trigger to be their product: E'rig ::: Es E,.. 

4.1 Muon Trigger 

The efficiencies or the Levell and Level 2 muon t rigger requirements have been measured previously [31. The 

Level 1 requirement is essentially the presence of a stub in the muon chambers. The Level 2 requirement is 

that the stub matches a eFT hack in the eTC. The Levell efficiency is shown in Figure 8 as a function of 

eTC track Fr. Figure 9 .howl the effieiency of the eFT as a fundion or eTC hack PT. The muon trigger 

efficiency is taken to be the convolution of the two efficiencies. 

4.2 Electron Trigger 

For the eledron portion of the trigger, the requirements made upon an eledromagnetic cluster were: 

• E-r > 5.0 GeV 

• W < 0.125 

• An associated eFT hack with l'T > 4.8 GeV 

The first two requirement. may be considered &I constituting an electron calorimeter efficiency and the last 

requirement an electron hacking efficiency. The electron tracking efficiency was determined previously : , 

and is shown in Figure 10. 

The eledron calorimeter efficiency for e1echons from bottom decays was determined from Monte Carl .. 

ISAJET was used to generate bb evenh where one bottom quark decayed to an electron and the other qllark 

decayed to a muon. The events were passed through QFL, TRGSIM, and the usual electron and ffill II 

reconstruction code. The trigger efficiency was determined from events for which the invariant ma.ss or I ~,. -
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I 
eledron-muoD pair wu above 5.0 GeV and the Pr of the muon wu above the appropriate threshold. T he 

electron calorimeter efficiency thus obtained is shown in Figure 11 u a fundion of the reconstructed electron 

Er. It should be noted that the trigger ET and the reconsttueted Er ate not usually the same as the 

t rigger and the offline reconstruction code use dift'crent tower sizes for clustering. The turn-on of the trigger 

efficiency is due to the trigger E-r threshold requirement whereas the asymptotic efficiency is dominated by 

the trigger requirement upon the W. The effect of the trigger ET threshold is largely due the previously 

mentioned difference in the trigger and offline clustering , the trigger's assumption that the z vertex is at 

zero when calculating transverse energies, and the difference in the trigger and DAQ energy response. The 

effect of the clustering difference and vertex smearing is expected to be reasonably well modelled by the 

simulation. The resolution function relating the transverse energy response of the t rigger and the DAQ 

system has been previously measured [4] and was included in the trigger simulation. It is not obvious that 

the effect of the W requnement is well modelled. To build confidente in the simulation, we investigated 

the electron isolation. Two isolation variables were used: the track isolation was defined as the scalar sum of 

the PT of the tracia in a cone of radius 0.5 centered on the electron and excluding the eletron, the calorimeter 

isolation Will defined as the .um scalar Er in a cone of radius 0.4 centered on the electron minus the Er 

of the electron. Figure 12 shows the comparison between the sign-subtracted track isolation distribution fo r 

electrons from the data and the track isolation distribution for simulated electIons. Figure 13 shows the 

comparison between the sign-subtracted calorimeter isolation distribution for electrons from the data and 

the calorimeter isolation distribution for simulated electrons. For both comparisons, the simulated electrons 

were subjected to the s&me cub III the data. The isolation distributions from the simulation ate seen to 

compare well with thOle from the data. 
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Figure 10: The elechon tracking efficiency as a function of the CTC track Fr (from reference [4]). 

28 



>- 0.9 I-
U 
c -+--+-Q) 0.8 I:-
U -+-++++ -- 0.7 --W 
"-

+++t Q) 0.6 
~ 

Q) 

E 0.5 -+-
"-
0 
0 

0.4 I-
U 
C 0.3 
0 
"-
~ 

0.2 U 
Q) 

W 0.1 

0 I I I I I L , 
• 6 8 10 12 I. 16 18 20 

Electron ET (GeV) 

Figure 11: The electron calorimeter efficiency as a function of the reconstructed ET of the electron. The 

results shown were obtained from ISAJET plus the QFL detector simulation. 

29 



120 

100 

> 
QJ 

o 80 
o 
N 

';;;- 60 
"'-' 
C 
QJ 
> 

W 40 

20 

o 

-- ---

-
---

-

I 

o 2 

El ec tron (OS - SS) 

-- -- ----- ---_ . Elect ron (ISAJ ET) 

---

+ 
+ + 

--- ---r --' --, - -1 -- , __ 1 _ _ -, I 
4 6 B 10 12 14 16 18 20 

Track Isolation 

Figure 12: A comparuon or the opposite sign minus same sign eledron isolation as seen in the analy SIS 

data set and the eledron isolation !rom Monte Carlo with the same cuts. The Monte Carlo distribu tion I'; 

normalized to the number of eventl from the data. 

30 

) 



) 

200 
Elect ron (OS - SS) 

175 Elect ron (ISAJET) _._- ---- -- -- _. 

> 150 
QJ 

C) 

0 '25 . 
N 
'-..100 -

Ul 
+' 
C 
QJ 75 > 

W 

+ 50 

25 + .1 I I 0 
0 2 • 6 8 10 12 , . 16 18 20 

Calorimeter Isolation 

Figure 13; A comparison of the opposite sign minus same sign muon isolation as seen in the analysis data se l 

and the muon isolation from Monte Carlo with the same cub. The Monie Carlo distribution is normaliz ed 

to the number of events from the data. 

31 



5 Acceptances 

The acceptances for electrons and muons were obtained from Monte Carlo. The electron acceptance was 

determined from ISAJET lowest order bb production. Bottom quarks were generated with I Yb 1< 1 and 

were _required to decay directly to an electron. The events were then simulated with QFL and subjected to 

the usual electron rccoDshuction code. The fiduciality orthe eledrons was tested with the routine FIDEL E. 

T he acceptance was calculated as follows: 

A(be) = Number of b's decaying to fiducial e's with PT(e) > p}"ru "(e) and I ZU~IU' 1< 60cm. 
Number of b's decaying to e's with 1116 1< 1 and 17(6) > PT'" 

PT'in is defined as the PT such that 90% ofthe bs for which PT(e) > p}"w"(e) have PT(b) > PT''' . Figure 14 

compares the b Pr spectrum from ISAJET to the spectrum obtained from the Monte Carlo calculation of 

NLO bb production by Mangano, Nuon, and Ridolfi (MNR) [5]. A. the figure indicates , the agreement 

is quite good. For the muon acceptance, bottom quarks were generated according to the appropriate PT 

spechum u obtained from MNR. The bottom quarks were required to be within unit rapidity and to decay 

directly to a muon. The vertex of the event wu then smeared in .z by a gaussian of IT = 30cm and the muon 

was tested for fiduciality with FIDCMU. T he acceptance wu calculated in the same manner as the electron 

acceptance: 

(b ) = Number orb'. decaying to fiducial ~'s with Pr(~) > p}hrolh (~) and 1 Zverle,*" 1< 60cm 
A ~ Number orb's decaying to ~'s with 1 Yb 1< 1 and Pr(b) > PT,n 

The ratios of the indirect lepton acceptance. to the direct lepton acceptances were calculated in the same 

manner as the respective direct lepton acceptance. 

( ) 
_ A(b") 

a, = A("') 

T he values ohtained for the acceptances and ratios of acceptances are listed in the following table (the 

errors are due to Monte Carlo statistics): 
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p~hr .. h (GcV) Pr;" (GcV) A(b") .(") 

3.0 6.50 0.157 ± 0.001 0.182 ± 0.006 

4.0 7.50 0.122 ± 0.001 O. llO± 0.008 

5.0 8.75 0.097 ± 0.001 O.126± 0.010 

E}hmh (GcV) PT';" (GcV) A(k) .(,) 

5.0 8.75 0. 144 ± 0.003 0.099 ± 0.004 
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6 Determining fbi> 

Knowledge of the number of bb events in the analysis ep sample after all cub have been imposed is necessary 

for the calculation of the lib cross section. Recalling the discussion in section lA, the bb content of the sample 

enters, into the cross section through the term, /1>&, where: 

N:;,N:; ,N:: ,N:: refer to the number of 01 and" ep evenb after aU cub, and the number of those events 

due to bb production. This fraction can be determined from the data set by examining the distribution of 

a variable expected to dift'er in shape for cc and lib evenb. The diltrihutioD of this variable for the data set 

will be a combination of the cc shape and the Wi shape. Fitting the distribution with the sum of normalized 

bb and cc shapes obtained from Monte Carlo will give us the lib and cc content. 

In UW analysis, the variable used to obtain seperation bdween bb and cc was the Pr of the lepton relative 

to the a.xis of the IUIsociated jd, PTd . 

The relative PT is calculated lUI the magnitude of the lepton momentum times the sine of the angle between 

the lepton direction and the axil of the IUIsociated jd. The PTel distribution for leptons from b decays is 

expected to be stift'er th&D. that for c decays because leptons from hi tend to be more energetic and because 

of the larger opening &D.gle between the lepton and the hadronic remnants due to the greater b mass. 

The pToi distributions for leptolU from b and c decays were obtained from Monte Carlo. bb and c1: even ts 

were generated with ISAJET and simulated with QFL. The simulated events were then subjected to the 

same cuts lUI the ep. data. The P.?' distributions obtained from the Monte Carlo were parametrised by fi tting 

them with the (unctional (orm CzQezp( "':) . The normwed parametrizations for cc and bb are co mparcd 

in Figure 19 &D.d Figure 20. 

The P?' distributions (or the el' data set after all cuts are shown in Figure 21 and Figure 22. T he 

figures show distributions for 0. pairs and IJ pairs. To determine 'WI we fit the difference of the OJ and 03 

distributions with the weighted sum of the normalised PTe' paramdruations for bb and cc. The weight s 
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were expreSled in terms of the ,ole fit parameter, ibb, with the bb weighting heing given by fu and the cc 

weighting by 1 - /bb : 

The likelihood fit to the electron Pfel(o, - ",) distribution is shown in Figure 23. The fit parameter Pl 

corresponds to fb6. The likelihood fit to the muon Pfel(08 -.u) distribution is shown in Figure 24. 

As indicated in the figures, the difference distributions are consistent with being due solely to bb. We 

find that: fu = 1.0 with an estimated error of 15%. 

40 



) 

0.5 

0.45 

0.4 

0 .35 

0.3 

0.25 

0.2 , , 
: 

0.15 
, , , , , , , 

0.1 
, , , , , , , 

0.05 , , , 

0 
0 

, , 

2 3 

---- Charm 

............ 
'. . . 

' . . . . 
-- --

4 5 6 

PT"'( e) 

Bottom 

-" 

7 8 

'. --
9 10 

Figure 19: A comparison of the normalised Pfd shapes for eieciroDJ from chum and from bottom quarks . 

The curves are parameiruations of datribuiionl from ISAJET after the impolition of all analysis cuts . 

41 



0.8 

0.7 

0 .6 

0 .5 

0.4 

0.3 

0.2 

0. 1 

o o 
, 

, , , , , , , , 

, , , , , , , , , , , , , , , 

, , 

2 

'. . , 

3 

, , 
, , 

4 

Charm 

.... ... ... .. .. Bo ttom 

' . 
". 

5 6 7 8 9 10 

Pr"'(u) 

Figure 20: A comparison or the normwed Pf~1 shape! for mUODS from eharm and from bottom quark :; . 

The curves are parametruationl of distributions from ISAJET after the imposition of all analysis cuts. 

42 



) 

200 

180 Opposite sign (OS) 
---------- Some sign (SS) 

160 V/JJI!IIJ)/J OS - SS 

140 ~ 

120 _._--_ .. 

100 

80 -----
------, , , , 60 

'rrm 

- I 
-- ---

------

40 

~ 
,----- - ._-- -------- -20 

Jjjjj, o o 8 2 4 6 10 

P; "( e) 

Figure 21: The Pfd distribution for electrons in the e~ sample. 

43 



250 

Opposite sign (05) 
---------- 5ame sign (55) 225 

200 ~ 
Y!II!/IIII/A 05 - 5 5 

........ -. , , 175 
, , · · · 150 
• · · · • ' __ A_A , 125 · · · · · • ._-- --100 . , 

75 

50 ~ ------

25 If//, 
-----' , 

o '!iliiJ. IlL '!iiiiiiiJ" 
o 2 4 6 

Pr"'(,u) 
8 10 

Figure 22: The Pfd distribution for muons in the ell- sample. 

44 



1 

180 P1 1.000 ± O.5169E -02 

160 

140 

> 
<1) 120 
'-' 
0 

' lOa 
N 
'-.. 
UJ 80 I-
Z 
W 
> 60 
W 

40 

20 

0 
0 2 3 4 5 6 7 8 9 10 

Pr'~ ( e) 

Figure 23: Result oflitelihood Ilt to the 0. minu • • , p,re' di5tribution for eledrons. The functional form used 

wu: (Pl)Pftl(b) + (1- Pl)Pfe/(c) where Pfe'(b) and Pfe,(c ) represent the normalised parametrizatiom of 

the relative Pr distributiolll for electron. from bb and ct: as obtained from ISAJET. The fit parameter, PI 

represents the bb fraction , fu . 

45 



180 

160 

140 
> 

<l> 
0,20 
o 
N100 

"'­
UJ 
I- 80 
Z 
W 
> 60 
W 

40 

20 

o o 2 3 4 

PI 1 ,QOO ± O.3562E - 02 

5 6 7 8 9 10 

P/"(,u) 

Figure 24: Resuh of likelihood fit. t.o t.he 0. minus" PTcl distribution for muons. The functional (orm USl"d 

was: (Pl)PfCI(b) + (1- Pl)Pfd(c) where Pfd(b) and P.V'(c) represent the normalized parametrizations f 

the relative Pr distributions for muons from Wi and CC 88 obtained from ISAJET. The fit pa.rameter , " 1 

represents the bb fractioD, fu. 

46 

) 



., u(bb X) 

The following table. lilt the quantitiel relevant to the measurement of IT(bb X) : 

II P"t., I vo, .. 11 

I .. 1 0+0.00 
. -0.15 

X 0.16 ± 0.04 

C 2.65 ±.17pb-1 

A(h< ) 0.144 ± 0.003 

a(.) 0.099 ± 0.005 

r •• 0.101 ± 0,005 

rite" 0.0945 ± 0.0155 

r., 0.103 ± 0.006 

r.",. 0.0945 ± 0.0155 

The values of X,r •• , r 6ctl r .... , and rite,. were ob'ained Crom the 1992 edition of Phy!. Rev. 0 , Review 

of P&rticIe Properties. 

FiletOf' Value Vellue VlSlue 

e E-r threshold (GeV) 5.0 '.0 5.0 

JJ Prr threshold GeV 3.0 4.0 5.0 

c.., 248 ± 33 190 ± 25 115 ± 18 

~ 446 ± 54 339 ± 66 193 ± 85 
·~"'o 

- , 
.' A(bp) 0.157 ± 0.001 O.122±O.OOl O.097± 0.001 " . . . ' .. . , a(p) 0.182 ± 0.006 O.130±O.OO8 0.126 ± 0.010 -

R. 0.62 ± 0.21 0.61 ± 0.17 0.40 ± 0.16 

The expression for t he cro .. section is: 

( - bb) flt6 aep 
• pp - X = C(l _ 2X)'2(P ) 
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The factor (P) is a combination of branching fractions for b quarks decaying to leptons and acceptances for 

such leptons (see Section 1.4). 

Insetting the appropriate facto rs into the expression for the cross section we find the following values of 

pmin (GeV) 
T,' 

pmin (GeV) 
T,' , (W ~ b,b,X)("b) 

8.75 6.50 1.55 ± 0.71 

8.75 7.50 1. 74 ± 0.80 

8.75 8.75 1.59 ± 0.87 

Figure 25 shows the comparison between the measured cross section and the theoretical prediction. The 

theory points were obtained from a Monte Carlo based upon the NLO calculation of bb production by 

Mangano, Nason, and Ridolfl. [5]. The same Monte Carlo was used to determine the ratio of the single-

inclusive and double-inclusive croll sections: 

• a"hs 

atk8 - l1(pp 

The ratios were used to convert the measured, double-inclusive cross sections to single-inclusive cross sections 

for comparison with previous CDF measurements. The following table gives the latios and the resuits of 

their application. Figure 26 compares our single-inclusive results to previous CDF results as well the NDE 

prediction. 

pmifl (GcV) pmin (GcV) . ' b6 ... . 
T,' T,' ;!t' l1up;tt'"(p b) 

8.75 6.50 4.0 6.2 ± 2.9 

8,75 7.50 5.5 9.6 ± 4.4 

8.75 8.75 8.0 12.7±7.0 

Figure 27 shows the sign-subtracted l:J.¢SI' distribution for events pasmg all the analysis cuts, where D.o .. , 

is the angle between the electron and muon in the transverse plane. 
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