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HEAVY FLAVOR PHYSICS AT HADRON COLLIDERS

Angela Barbaxo-Galtieri
Lawrence Berkeley Laboratory, University of Ca/ifornia, 1 Cyclotron Road, Berkeley, CA 94720"

#

The search for the top quark has dominated heavy flavor physics at hadron colliders. For Standard model decay of top

the pre._ent mass limit is mt > 89 GEV(95% C.L.) . Bottom production cross sections are quite large at hadron colliders,

: thus providing enough statistic_ for extensive studies. Results on cross sections, B° - B-°mixing, exclusive channels and

rare B decays will be summarized.

1 INTRODUCTION

The Standard Mode/ includes three lepton and three 10' ' I'''' I'''' I'' i , i--r-
Top quarkproduction in pp collisions

quark doublets. Apart from a lack of direct observation k, DFL_,t _ ,:- m/2, ,% = 250 _leY (upper curves _,

of the u_, the top quark is the last missing.block of the 10' _DFLI, I /_ 2 m. Ai = 90 bleV (lower curves)-

model. The measurement ofbackwaxd-forward asymmetry "" _k-_i'_"" -- aCW'-> t[_).x/s=0.63 TeV
in e+e - _ bb and the absence of flavor changing neutral J0= "\ '.. !

currents in b decays provide indirect evidence for the ex_is- ..__.. -

tence of an isodoublet partner of the bottom quark. The '_..&.1°' ___ v

CDF experiment at the Tevatron Collider has reported a

lower mass limits (95% C.L.) of 89 GeV 1. Recent fits to _/s =0 63 TeV
,.

the Standard Model parameters, including radiative cor- !

rections to the W and Z masses, provide an upper limit of so 100 150 200m_, [c_v]

m_ < 210 GeV 2. We will review these results and discuss Figure l: Top pair production cross section versus top
prospects for the future, mass 3-6. The bands represent the uncertainty due to Q2

scale and range in A_CD (5 flavors). The W ---, t_ cross
The cross section for b pair production at haxiron col- section is also included. Both Tev'atron and CERN ener-

liders is predicted from QCD to be quite !,axge (about 50 gies are shown.

#ub at the Tevatron Collider). The b cross section mea.

surements of UA1 and CDF and their comparison to them scattering proce.ss pp --, tr. For the first process to occur

retical calculations will be discussed. Also, B° - ]_'°m_xing the top mass has to be below the W mass. Figure 1 shows

measurements of UA1 and CDF will be reviewed. Because the total cross sections for the two processes 3 at vfs = 0.63

of the copious b productiion exclusive channels are now be- and 1.8 TeV. At CERN energies the electroweak process

ing detected by CDF, aztd limits on rate decay modes axe dominates, whereas at the Tevatron Collider the top pro-

reported by both CDF and UA1. duction rate from hard scattering dominates. The hard

scattering cross sections of Figure 1 are obtained by com-

2 TOP SEARCH billing the higher order calculations of Nason et al 4 with

Top production at a hadron collider can talce place the structure functions of Diemoz et al. s, using the method

, through the electroweak p:rocess pp --, W --, tb or the hard of Altarelli et al.e

"This work was support, ed in part by the Director, Of- 2.1 STANDARD TOP DECAYS

, rice of Energy Research, Office of tfigh Energy and Nuclear

Physics, Division of High Energy Physics of the U.S. De- The t --, Wb decay of the top quark via the charged

paxtment of Energy under Contract DE:AC0376SF00098. weak current into abottom quark and a virtual W (real for



mto_ > mw + mb), provides the signatures to be exploited E,r(e) vs. PT(_)

for a top search. The most copious channel is provided by 50 _.r.., , I ' ' ' ' i v_ , , I , • v'r"y'v-r-r-_.

the hadronic decay modes, which, however, suffers from

severebackgroundsfrom QCD. A much dealersignature 40 --

isprovidedby theleptonicdecayoftheW, astheseleptons o .

have high PT and axe isolated. Analyses have been done ... 30 • --

on a. events with one high I°7 lepton and jets, b. events _ .'"

two high PT leptons, one from each W, and c, events ._.,. 20 _-f,.,
with

of category a. with the requirement of an additional low 2

PT lepton coming from the semileptonic decay of the b 10_-

quark (b tag).
0 71 I' I ] I _ _ I I I _, _ 1L I I I I I J t,l"

0 10 20 30 40 50

Backgrounds to semileptonic ctecays of top come from PT (/.t) (0eV/c)

other physics processes and from lepton misidentification. Figure 2: Electron transverse energy versus muon trans-
The Drell.Ya_u process, W, Z production and.hb pair pro- verse momentum for the CDF ep events l°.

duction axe sources of high PT leptons. These processes

have to be understood in order to assess their contribution

to the signals. For the lepton+jets final state the major Table 1: Top quark mass limits from UA1,UA2,CDF
Experiment Channel Limit(95% C:L. i -

bax.kground is due to bb and W+je.ts production. For the (GEV)

dJlepton channels it is due to bb, Drell-Yah, and Z° ---, r_ UA1 _ f+ jets,pp mt > 60
production. For the ee and p/z final states the Z mass

UA2 s e+ jets mt > 69

region has to be removed altogether. CDF 9 e+ >2 jets mt > 77

The results of the measurement made and the cha.unel CDF _° e/_ mt > 72

used axe summarized in Table I. The most recent mea. CDF 1 combines ep, mt > 89

surements axe from CDF, where results from the e#, ee, ee, p/z, b --4 p
,,

,up, and f + jets with a b tag (b _ #) channels have been

combined. After selection of events, proper cuts to reduce

non lepton background and kinematic cuts to reduce the cross section upper limits of Figure 3 are obtained. The

physics background, only one candidate event is left in the lowest value of the theoretical cross section intersects the

4.1 pb -1 analyzed in the e# channel. Figure 2 shows the experimental limit at 89 GeV. Assuming that top decays

electron transverse energy (ET) plotted versus the muon exclusively via the charged current mode (t -.-, Wb) the

transverse momentum (PT). The signal region is above 15 preliminary CDF result 1 thus is:

GeV for both vaxiables, The one cazldidate at high Eq. and

high PT is consistent with background calculations: 0.2 rnt > 89 GeV with 95% C.L.

events from Z° ---, r? a_ud 0.2 events from Z ° _ hb. The
2.2 NON STANDARD TOP DECAYS

expected number of events for W3N production is 0.15 and

for WZ is 0.05. For leptons of such high momenta (E_. > The top mass could be lower than 89 GeV if the pre-

30 GeV and P_. > 40 GeV/c) the probability of Z° _ r? dominant decays axe other then those predicted by the
#

is < 1%. Standard Model. For example, were a chaxged Itiggs(tt +)

of mass smaller than that of the W to exist, the top couldl_rom these data, when the systematic uncertainties on

decay as t _ H+b with a large branching ratio. For a 'luminosity, acceptance, detection efficiency etc., are con-

voluted with the Poisson distribution for the one event, the top mass in the range mH+ + m b < mt < mw + mb the
decay into H+b would be about 100%. The decay modes



5cL !tA e_,ee,_ @ Dfa

xe_ee #_ b jutog I _Tot_b_

104 ' , : ,,.-

Cut --- O"H"b)=lO _1

103 _ _ - ", .

' " -
l°2 i .........., .... , .... , o ' "':J_=

20 40 60 80 100 .6 4 .2 o 2 4 6 s lo

Mtop (GeV/c2)
Figure 3: The 95% C.L. upper limit of the top cross section Figure 4: The distribution of In(LI) for single p events
as a function of the top mass, for several sets"of CDF data: as obtained by the UA1 collaboration z2. The data is com-
the published e# data 1°, the combination of Ml di-lepton pared to the Monte Carlo simulation of all the known back.

channels, and the combination of the di-lepton channels ground processes and the t ---, H+b hypothesis, for mt =
and the lepton+2jets+low energy _ channels 1. 50 GeV, mH+ = 40 GeV and BR(H + _ rv) = 95%.

assumed, this gives BR(H + _ rv) >_ 93%.
of the H+ depend on the Higgs model used 11. In the stm.

The top mass limit depends on the value of the/7+ mass
pie extension of the Standard Model, there are two Higgs

and of the parameter tan _ that determines the ti + -. rvdoublets which result in both charged and neutral Higgs

bosons. The H+ branching ratios depend on the couplings branching ratio. The final result, for a 95 % branching
ratio is shown in Figure 5. This puts a limit to the topof the two Higgs doublets to quarks and leptons. The cou.
mass mt > 60 GeV for mH+ =43 GeV.plings depend on a parameter, tan/_, which is the ratio

of the vacuum expectation values of the neutral compo- 2.1 TOP MASS FROM EWK PARAMETERS

nents of the two Higgs doublets. For large values of tara _
The measurement of the W mass at hadron colliders also

the dominant H+ decay is rv, for small values of tan_

the dominant decay is H+ into c._. The searches reported provides information on the top mass, since it is related to

above would not detect such decay modes, the vector boson masses through the radiative corrections,

At. In the standard electro-weak gauge theory, Ar can be

The UA1 experiment 12 has searched for an excess of r calculated perturbatively as the sum of ma_y terms:
over p and e from W's. The process is t -, H+b with

subsequent decay of tt + --. rv. The topologies studied axe /Xr =/Xr (a) + Ar(a*as) + At(M) + ... (1)
p+ _> 2 jets and p/_+ jet, for the case where the b itself

decays into a p (non-isolated). This study is done by max- In &r there are contributions proportional to m_ resulting
from virtual top quark effects which affect the W and Zimum likelihood method involving more then one variable.

For the single muon a_alysis the variables used are: PT of propagator. The appearance of these terms is a direct

•. the muon, F_ i'' and [cosOj2[, where 0j2 is the angle of the consequence of the Higgs origin of the top quark mass.

second highest Ftr jet and the beam axis in the rest fraxne The top mass has a less strong dependence on the Higgs
mass itself.

, : t : t FJmissof the system p-j_ 1-j_ 2- T . The distribution of the

likelihood of the different hypotheses is shown in Figure 4. The W mass has been recently measured at hadron col-

The II+ hypothesis clearly does not fit the data, which is liders with high precision by UA2 is and CDF 16. The re.

well explained by background. For this plot tan_=2 is suits are:
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Figure 5: The 90% and 95% C.L. upper limit on the top
mass as a function of the H+mass as obtained by the
UA1 experiment z2 assuming BR(H + ..-, rv) = 95%. The Figure 6: Dependence of the W mass cn the top mass
dashed lines delineate regions excluded at the 95% C.L. by as calculated from radiative corrections to the vector bo-
e+e - experiments z3, the dotted line shows the limit ob. son masses by HaJzen and Knieh117. The average of the

rained at 90% C.L. by measurement of the W total width, W mass measuremeDts obtained by UA215 and CDF le is
Fw, by CDF TM. shown as a band for a one standard deviation error.

Mw = 80.35 =1=0.37(stat. and syst.) GeV UA2

Mw = 79.91 4- .39 (stat. and syst.) GeV CDF results can be found in the contribution by Haas Wenzel

with average: in these Proceedings _°.

Mw = 80.14 + .27 GeV 3.1 BOTTOM CROSS SECTION
The radiative corrections have been recently c..alculated

with the higher order loop contributions by Halzen and Naaon, Dawson and Ellis (NDE) _, have calculated bot-

KniehlzT. Their prediction is shown in Figure 6. The av- tom production cross sections at hadron colliders to next

e.rageW mass above is plotted as a band; the Z mass value to lea&ag order (NLO) QCD.

of 91.174 is an average of the LEP results is. The top mass Laxge uncertainty in the cross sections axise from uncer.

limits axe as follows: tainties in the choice of the scale (p), AQCD, the bottom

mt = 142+_[ GeV for Mb"= 250 GeV mass, and the the choice of structure functions. Figure 7

and the central value dependence on the Higgs mass is: shows the results of ref. 4,3 for a range of values for these
mt = 149+1s GeV for Mb"= 50-1000 GeV quantities.

"-18

the combination of the two uncertainties (see Figure 6)

gives the limit mt < 200 GeV (90% C.L.). For fits of these Cross section measurements have been done by the UA1

data as 'well as the LEP and v scattering data, see the and CDF collaborations. One of the methods used by

analyses reported in KeL 2. both experiments has been the study of the inclusive lep-

ton spectrum, which exploits the copious semileptonic de-

3.0 B PHYSICS AT HADRON COLLIDEP_ cays of the B hadrons. Backgrounds to this final state '

come from leptons from charm decays, from W and Z pro-

Cross sections for b quark production are quite large duction, and from hadrons misidentified as leptons. The '

at hadron colliders. In recent years, both UA1 and CDF major systematic errors come from uncertainties in the

have been studying mixing, exclusive and rare decays. We bottom quark fragmentation, the semileptonic branching

will survey here those results. Details of some of the CDF ratio and the assumed bottom PT distribution for accep-
4
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Figure7: 'Bottom crosssectionas a functionof Vr_ as Figure8: 'rbeUAI distributionof muon P:T relativeto

c=]culatedby Nason etaJ4'3.Uncertaintiesdue to AQCD, the bjetaxis2°.The bband c_curvesshown arecalculated
choice of scale, and bottom mass axe also shown. The with the ISAJET 21 Monte Carlo, whereas the background
structure functions used axe from Diemoz et al s. is estimated from _r/K decays.

rance calculation, that bin value). The lowest P_- bin from inclusive muons

is at 15 GeV/c. The systematic uncertainties come from

3.1.1 THE UAI MEASUREMENTS b quaxk fragmentation (± 6%), integrated luminosity (-4-

The UA1 a_aalysis2° is based on a sample of 6103 muons 8%), detector acceptance (4- 8%), b ---, # branching ratio

with PT > 10 GeV/c in an Ir/I < 1.5 interval. At least (assumed to be (10.2 4- 1.0)%), jet Es scale (:t- 12%), and

one jet is required with PT > 10 GeV/c and separation the assumed b quark spectrum (4- 20%).
..

from the muon of more than AR = 1.0. Here AR =
The results are shown in Figure 9 superimposed to the

v/&,(¢)2 + A(_)_', where ¢ is the azimuthal angle and r/
NDE calculations 4. In Figure 9 results from di-muon

the pseudorapidity. The direction of the jet to which the
events axe also shown: for Pr > 6 GeV/c (J/¢ events),

belongs is obtained by using only the charge particles
P:r > 6 GeV/c (lowmass di-muon events),and P:r >

(includingthemuon) withina coneofAR < 0.6with the
10 GeV/c (highmass di-muon events).These analyses

# direction.The variableused tostudythissample isthe
aredescribedin Ref. 20,22.The agreementl_.etweenthe

PT ofthep relativetothejetaxis.
measurementsand the calculationsisquitegc_d, within

Afteradditionalrequirements(includingnon-isolation) theexperimentaland theoreticaluncertainties,fora P_i"

forremovalof W and Z production,UA1 obtains2° the rangefrom 6 to54 GeV/c.

distributionof p:_eJshown in Figure8. The contribu-
NormalizingtheQCD predictionsofFigure9 I:othefirst

tionfrom'bottom,charm,and hadronbackgrounds,asob-
threedata pointsand extrapolatingto P_i" = 0, they

tainedfrom Monte Carlo,axeshown. The resultof thefit
obtainapredictionforthe inclusiveb crosssectionof12.8

givesthe fractionofbb eventstobe 0.334-0.03(stat)4-
4- 4.7(exp.) 4- 6(th.) #b in the rapidity range Ir/I < 1.5.

0.03 (syst).
Using the QCD rapiditydistributiontheyobtaina (pp_

These data provideb crosssectionmeasurements for# bb-l-X)= 19.34-7(exp)4-9(th.)bobat V_ = 630 GeV.

• Pr above 10 GeV/c. The data is divided in bins to provide 3.1.2 THE CDF MEASUREMENTS
an inclusive integrated cross section for P_ greater then

that of the assigned bin (determined by requiring that 90% The CDF collaboration has measured the b quark cross

of the muons come from b quarks with momentum above section at Vr_= 1.8 TeV using the inclusive electron spec-
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,o' Figure 10: The CDF inclusive electron spectrum 24 for

both the 7 and the 12 GeV electron triggers, as function of

_o" electron Pr. The lower set of points represents the epec.
0 _0 _ _0 ,0 _ 6o trum aftertheW and Z contributionshavebeenremoved.

mm

PT (Gev/c) The dashedUne representsthecharm contributionascal-

Figure9: The crosssectionforp_ b X forPT ofbquark culatedusingtheISAJET Monte Carlo21.

aboveP_" plottedversusP_", as obtainedby UAI 2°,22
(datapoints),compared to the calculationsof Nason et

al4 (curves). sample.The electronspectrumthusobtainedisshown in

Figure10.

trum and the _K* exclusivechannel.The Pr rangecoy-
The contributionuf the electronsfrom W isremoved

eredis10-32GeV/c. by requiringthattheeventhave a E_ _" < 8_'_, where

The electronsample was obtainedwith two separate ET isthe totaltransverseenergyin the event,obtained

triggers.The 12 GeV electrontriggerrequireda cen- addingallthe calorimetercells.The con_tributionfromZ

tralcalorimeterelectromagnetic(EM)shower withcluster decaysisremoved by rejectingeventsforwhich thereis

Ez > 12 GeV, accompaniedby a chargedtrackwithPr > a secondelectronthatgives a di-electroninvariantmass

6 GeV/c pointingtoit. The 7 GeV triggerhad similar greaterthan80 GeV.

requirementsbut was prescaled.A totalof4.4 pb-z and
Remaining backgroundsarefrom hadronsmlsidentified

175nb-s were collectedforthe two triggers,respectively.
as electronsand electronsfrom charm. The firstcontain-

ElectronidentificationinCDF relieson thefinecalorime-
inationisestimatedto be (15 E. 15)% from a study of

tersegmentationand the use of proportionalchambers
the electronselectionvariables.The charm contribution

locatedat showermaximum inthe calorimeterIe,23.Inor-
isestimatedto be (12 + 10)% from the ISAJET Monte

dertoreducethehadronbackground(z-°overlappingwith
Carlo2s. Supportingevidencethat thissample ,_,_tains

chargedtracks)forelectronenergiesaslow as7 GeV_ more
mostlyelectronsfrom the5 quark isshown in Figure11.

stringentrequirementsareappliedtothissample24. Here a searchismade forthedecay B" -, e-D°X, where

Photon conversionelectronsand Dalitzpairs(from the Do decaysintoa K-_r+, i.e.,the e and the K have

z0 ..,e+e-._)areremoved by rejectingeventsthathave a thesame sign.The correct(wrong)signcombinations,for

secondchargedtrack,ofoppositesign,thatformsa lowin- B" --,e-D°X _ _tschargeconjugatedecay,are shown j.

variantmass pairwiththeelectron_This algorithm,how- in Figure11a (]lb).There are 75 4-17 eventswiththe

ever,removesonly50% ofthephotonconversions,leaving correctsigncombinationinagreementwiththecalculated

a contaminationestimatedtobe (20--I-5)% oftheelectron rateobtainedusingthemeasured branchingratiosforthis
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0 ' ..... ' _ - -J for Pr Of the b quark above p_i,_ versus P_", as measured
1.6 1.8 2.0 2.2 by CDF 24. Here [r/[ < 1.0 was required for the b quark.

U(K,).[GEV/©'] The lowest Pr point comes from the channel B --+ _bK+,

Figure 11: The K±Tr _: invariant mass spectrum for tracks the other three points come from the inclusive e spectrum.
within a cone of/xR = 0.6 around the high PT electron, a.
Combinations for which the e and the K have the correct

sign to be decay productsof a B meson, b. Wrong sign The invariantmass distributionsforsame and opposite

combinations, signmuons areshown inFigure13.The _bsignalisdearly

visiblein theoppositesigndi-muon mass spectrum.The

dec._ymode. standardCDF muon selectioncriteriahave been applied

tothissample16.The J/_bsampleisobtainedby requiting
To relatethe electronspectrum to a parentb quark,

theinvariantmass ofthetwo muons to be 3097 :E50 MeV
CDF used thesame techniqueas employed by UA1 and

and consistsof 2500 events.The averagePr forthe J/_b
previouslydescribed.The crosssectionsare calculated

is8 GeV/c, due tothe triggerrequirements.
forthree PT bins. The systematicerrorsfrom sources

otherthan backgroundscome from the uncertaintiesin To reconstructa givenfinalstate,the two muons from

b quark fragmentation(16%),electronidentificationel- the J/_b arefirstconstrainedto the beam positionand

ficiency(10%), triggerefficiency(10%), B semileptonic then mass constrainedto improve the resolution.Next

branchingratio(10%) and integratedluminosity(7%). alltracksfound in a cone of60o around the J/_ direc-

The resultsareshown in Figure12,where the crosssec- tionare combined with the ,J/_,usingthe releva_-tmass

tionscalculatedby Nason etal_ are alsoshown forcom. assignmentfortherequiredfinalstate.For thedecay B±

parison. _ J/_b.K + thetrackisrequiredtohavea Pr > 3 GeV/c.

For theJ/_ + K "°finalstateonlythe threehighesttracks
The secondmethod usedby CDF _4 to measure the b

areusedtoform the K_r combinations,inordertoreduce
crosssectionconsistsin reconstructingB± mesons decay-

thecombinatorialbackground.The invariantmass distri.
: inginto_b+ K ±. The _bsamplewas obtainedby trigger-

butionforthesetwo finalstatesisshown inFigure14.The
ingon two muons usingthecentralmuon chambers ([r/[<

signalat theB mass includes35 :k9 events_4.
. 0.65).Two triggerswereused,which requiredtwo muons

withPT > 3 GeV/c,or Pr > 5 GeV/c. These wereimple- 'romeasure theb quark crosssectiononly the Pr > 3

meritedat differenttimesduringthe run. The integrated GeV/c triggersample was used,containing(10.5-4-4.0)

luminositieswereof2.63pb-i and 1.61pb-_ respectively. B "__ J/_b. K :j:events.The branchingratioforB deca_
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Figure 13: The invariant mass distribution of the two
muons in di-muon trigger events in CDF 24, The lower ment seems to be very good (Figure 9).

histogram represents the saxae charge combinations, the B0
upper one the opposite charge combinations. 3.2 _ _o MIXING

The phenomenon of flavor oscillation, which produces

mixing,hasbeenfirstobservedintheK°-_0 system,lt

arisesfromA S = 2transitions(boxdiagrams)thatchangeinthisfinalstatewithsubsequentJ/¢ --,#+p- hasbeen
theK ° intoa _,o.Thesetransitionsareallowedbecause

measuredby both CLEO 2sand ARGUS :6.The average
is: theweak interactionsdo notconserveflavor.The effect

is observable because the mass eigenstates, Ks and KL,Br(B + --, J/¢+ .K*, J/¢ .-., p+#- )=(5.2+ 1.2)x 10-s
have a non zero mass difference, AM, and the Ix̀° lifetime

In order to calculate the acceptance and the b quark spec-
is lon_ enough for a number of osciUations (period 2_r/AM)trum con'esponding to the reconstructed B Inesons, a sim-

ple Monte Carlo was Used. The b quark spectrum was gen- to occur before the K° system decays.

erated a_cording to the NDE calculations 4, flat in rapidity Mixing is therefore characterized by the parameter

for Irl < 1,0,the b quark was then fragmented according

to the Peterson fragmentation function 2_. FinaLly, the B* = = AM/F

was assumed to be produced 40% of the times. Applying Since the B lifetime is quite laxge, B° - _'°mlxing is ob-

the analysis requirements CDF finds that 90% of the re- servable for even small values of AM. The parameter = is

constructed B's come from b quarks with PT > 10 GeV/c. rd_ted to some of the Cabibbo-Kobayashi-Maskawa ma-

trix dements _d to the top mass. The UA1 experiment :sThe uncertainty on the branching ratio constitutes the

major systematic error in the cross section determination, reported first the observation of mixing, later confirmed

Other contributions come from uncertainties on b quark by the ARGUS and CLEO experiments _9.

fragmenta',ion (10%), tracking efficiency (10%), trigger el- Mixing has been m_a.sured in events where both the b

ficiency (12%), and other smaller contributions. The result and the b decay semileptonically, and tbe cha,rge of the $

is shown in Figure 12. Ali the CDF cross section measure- leptons tags the flavor of the b quark. A Like-signlepton

ments appear to be larger tten the expectation from the pair indicates that one of the mesons has cha_ged into its

NDE calculation. At V'; = 630 GeV instead, the agree- antiparticle. The magnitude of mixi,_g is then measured



by determining the ratio, R, of like-sign (LS) to Opposite-

sign (OP) leptons. LS leptons can also be the result of a 6{3

sequential b decay (i.e., b ---, c -, l), therefore this has to OS

be takenintoaccount. 40
Ill_lCr]

, The mixing parameterinto X gives the probabU]ty ofa B° 20 Jl_ __/J llnl q
hadron to transform its antiparticle. It is defined as:

0

(b--._o --.Bo_ t+x)
x= (b--._=.¥) (2) 30 [I LS

niiwhere the denominator includesall possiblehadrons

tois: I

N(LS) 2X(I - X) . [(I- X')_q-.,_,_]f,

= lv(--os--_= [(1- z)_+_] +2x(1- x)f, +/_ (3) , o
0 I0. 20.

with M(e#) GeV

f, = No!N! Figure 15: The invariant mass of the ep system for like.

sign (LS) and opposite sign (OP) pairs used by CDF for
fc = No!NI the study of mixing 24,3°.

where N I is the number of first generation b decays, N,

the number of sequential decays, and Nc the number of After applying the staiadard e and p selection

events from ce decays, criteria _e'2a, the opposite sign lepton events coming from

same side sequential b decays (i.e. b -.-, l-c X,c _ t+ )At the T(4S) only Bd is produced, so CLEO and AR-
are removed by rejecting events for which the td invariantGUS measure Xd, whereas at hadron colliders and LEP a

combination of Bd and B, is produced and therefore the mass is M(td) < 5 GeV. This distribution is shown in Fig-

quantity measured is: ure 15 for the ep events. For the ee events this removes

the background from the J/¢ region, whereas the T region

X -" PdXd + P,X, (4) is explicitly removed by another mass cut. The number of

events for the two channels are: 900 for the ep (346 LS

where and 554 OS), 241 for the ee (92 LS and 149 OS).

BR('_q --, t-) For the ep sample the major background comes from

Pq = Prob(b _ Bq) BR(b .--, B _-t_) _ (5) hadrons misideatified as leptons. This source contributes

equally to the LS and OS samples. This has been stud-We will discuss here the recent results of the CDF 3°,24
ied using a sample of minimum-bias events, checked withand the UA131 collaborations.

data obtained with other e triggers and augmented by in-

CDF uses both the ee and the ep channels for this ana]y- formation extracted from the CDF Monte Carlo. It w_

sis. Using ep events has the 'advantage that the rate is high found that the background fraction is (20 :k 10)%..After

, (twice that for ee or ##) and that there is no background background removal the value of tt is

from other lepton pair production mechanisms: Drell-Yah It= 0.552 + 0.049(stat.) +0.039, • ,_o.ocs_,sys_.)

• (DY), J/C, and T. For the e/_ events the trigger used re- For the ee events the backgrounds come from DY, photon

quired a_uEM shower with ET > 5 GeV and a muon with conversions, Dalitz decays and from misidentified hadrons.

PT > 3 GeV/c. For the ee sample the trigger required two Detailed studies of these background sources remove 45 =k

electron clusters with F_.q.> 5 GeV. 15 OS events and 11 dc 4 LS events from the sample. The
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result forR is

R= 0.587+ o.113( t=):L0.043 ....... , . , ,,. , •
• data [

•-'--Monte C.arlo L
In the absence of mixing the expected values of R would _ _" _ _sck0Toundbe 0.23 4- 0.06 for the ep channel and 0.24 4- 0.07 for the _ [

ee channel. _ e'_*+ e'_" _-

In order to extract X from lhe R measurements using Eq. _ _" x - 0.176
3, it is necessary to calculate fs and fc for the two sara-

pies. This is done by using the ISAJET 21 Monte Carlo o.-.,- 7-._,:,o 4 8 _

and the CDF detector simulation. The ratio of second to oO .... J ' " " _ .... t , , , J
q,

first generation semileptonic decays is tbund to be fs=0.25
4- 0.06 for both channels. The error includes systematic _

uncertainties from b fragmentation, semileptonic branch- o_g _c

ing ratios, and bb correlations coming from higher order a"_, _W

processes. The ratio of charm to first generati9n b semilep- _

tonic decays, lc, is found tc be 0.07 :t=0.07 for the ep events

and 0.02 4- 0.02 for the ee channel, o 4 s _
P_ (GeV/c)

These results lead to a combined vMue for X of Figure 16: The muon PT spectra for the like-sign and
opposite sign e# pair samples used by CDF to study

mixing _4'3°. The data are shown as points, the Monte
X = 0.177 4- 0.032(stat+sys) 4- 0.032 (Monte Carlo) Carlo _.shistograms. The background is also shown.

Figure 16 shows the observed # spectra for the LS and muons. The final result of the analysis averaged with the

OS ep events compared with the Monte Carlo predictions, previous UA1 result 28, gives:

The UA1 collaboration 31 uses di-muon events obtained

in 4.7 pb -_ of data collected in the 1988-89 run. Muons X = 0.148 4- O.029(stat) :t: 0.017(sys) UA1.

are required to have PT > 3 GeV/c and to be within the

it?I < 2.5 region. The muons are also required to be non- Recent measurements from LEP experiments s2 give:

isolated and have associated jet activities, with the jet axis
(J 1_O+0.027 ALEPHbeing within a cone of A R = 1.0 with the muon. Again X = ..... -o.o_s
n 17R+o.o49 L3the variable p_d is used. There are 889 events left after X = ..... -0.o40

all cuts, of which 537 are L$ and 352 are OS.

The ISAJET 21 Monte Carlo and the UA1 detector sire- The next challenge is to obtain x, which is related to X,

ulation are used to determine the shape of the P_ distri- by the relation:

but,ions for the background, charm and sequential decays.
== V2X/(1- 2x)These distributions are then used to fit the data with a

maximum likelihood meChod. Absolute normalization for The average of the CLEO and ARGUS results _ gives x_ =

the background comes from the data. The DY and T 0.72 4- 0<13. The Standard Model gives the relation a_
background are obtained from data and Monte Carlo. The

backgroundisfoundto be (37.0 4- 9.2)% of the data,the x. [fs.I=[V__u]_

c2 contribution is (11.0 4- 5.5)% ofthe 0S events and the x-'d= [fB_J [V_dJ (6) .

DY is (1.2 :t:0.2)% of the OS events. Figure 17 shows the where the fi are form factors and V_ are CKM matrix

fits to the P_,**distributions for the lower and higher PT elements. A limit on this ratio 33 from present fits of the

10
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;,%=,_ for B,. The u:d:s B production is assumed to be
o 0 '" t "_',-__.-, 0.375:0.375:0.150. The average of the ARGUS and CLEO

o _ _ _ o _ _ _ results _9 as well as the CDF results 3° are shown. The

p_ (G,W:) _ (G_w=) shaded region is the prediction of the Standard Model.

Figure 17: Distributions of muon P_¢t from the UA1 di-
muon event_ z The unlike and Like sign and the higher that provide good statistics on 3[¢ as well as on higher

and lower P], muons are plotted separately. The data axe mass di-muons. Thi_ _!lows ti_e study ,f rare decay modes
plotted as points, the Monte Carlo as continuous lines. like:

CKM matrix parameters using existing data is:
B _p# and B--,##+X

-- > 6.9 (7)
cd

this implies that x, is quite laxge. These transitions occur via flavor changing neutral cur-
rents (FCNC), which axe allowed at the one loop level

In order to measure X, we need to know P, and Pa in through the penguin diagrams. For B --,/up the box dia-

Eq. 3. Assuming P=_=0.375 and Pl = 0.150, it is possible gram also contributes, and the branching ratio is expected

to draw the curve in Figure 18, which shows the average of to be of the order of 10-9-10 -s (for a top mass in the

the ARGUS and CLEO results amd the CDF result. This 100-200 GeV range) 34.

shows that from the Standard Model tExts. 6,7) asad the
CDF measured _ the B--, /_/_ branching ratio by com-

CLEO-ARGUS results, the allowed region is very small

aa_d that X= is expected to be close to the ma.ximum value paxing its rate to the r_te for ¢_ --,/_/_. 3:'he sample used
has been discussed in Sec. 3.1.2 and the data h_s been

of 0.5, i.e., that mixing in the B, system is very large.
shown in Figure 13. The/_/_ invariant maz,s for the q/and

The present measurements of X,, however, have very large
the B regions axe shown in Figure 19. The fitted curves

uncertainties and are very far from testing the Standard

Model. Clearly, measurements of Pa and P, and much give N¢, = 72 =!: 17 events mad N(B--, /_/_) = 0.28 +v.ts-6.47

events above background. This corresponds to N< 12 (at. larger statistics or different methods will be needed. For

90% C.L.).ex_ nple, the study of oscillations in the time dependence

of B, decays would provide a direct measurement of =_. To obtain an absolute branching ratio the assumption is4

3.3 R.AR.E B DECAYS made that "Mlthe ¢' come from B decays. This assumption
is based on the model by Glover et aP s which predicts that

Both UA1 and CDF have implemented di-muon triggers direct p_-, ¢'+ X production is very small. The ratio of

11
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lift

_Tt i,,_ For the B_ pp+X, search a M(p#) mass region between
4

0. _,_ _ ..,=_, : interference between the matrix elements of the B-+ ¢'

4.8 5.0 5.2 5.4 5.6 decay mode and the penguin diagrams, as discussed in theM(e/z) GeV
UA1 paper 37. This cut reduces the acceptance to (1.1 4-

Figure 19: The p# invariant mass measured by CDF 24 in 0.3)%. UA1 observes 9 events on a background of 8.7 4-
two different mass intervals: the ¢' region (top) and the
B region (bottom). 1.7 ,und obtains:

BR(B -+ ##X,) < 5.0 x 10-s (90%C.L.) UA1_ceptances for the two channels is found to be about 4.

The ¢' branching ratio, averaged from the CLEO 36 and With the same data UA1 also searched for B ---,/_#K °°,

ARGUS 26 results, and using the PDG value for ¢' _/_p, by looking for a K °° signal in the associated tracks in a

is conecf AR =I.0 around the directionof thePI_ system.

BR(B -_ ¢') x BIl(¢' --, #/_) = (2.8 4- 1.2)10 -s The requirements on the two muons are less stringent to
increase efficiency, the K ° tracks are required to be above

This gives 100 MeV/c and the If" to have a PT > 2 GeV/c. They

observe two events in the data with a background of 1.0 4-
BR(B--, #p) < 3.2 x 10 -6 (90%C.L.) CDF

0.6 events. With an efficiency of (1.1 4- 0.3)% they obtain:

The UA1 a.nalysis 3¢ is done on an integrated luminosity BR(B ° _/z#K °°) < 2.3 x 10 -s (90%C.L.) UAIof 5.3 pb -l, including the data discussed in Sec 3.1.1 and

datatakenin earlier runs.The #/zinvariantmass forthe The limitsobtainedby both CDF and UAI arelowertha_ =

regionofinterestisshown in Figure20. Muon pairswith the publishedresultsfrom ARGUS 2eand CLEO 3sof5 x

Pr > 6 GeV/c axe used. In the B region they observe 10-s for B ° --, ##, 2.4 x 10 -3 for B ° --, pp + X, and

6 events on a background of 5.0 4- 1.0 events. Using an 1.9 x 10 -4 for B ° _/zpK -°.

efficiency in their acceptance region of (4.0 4- 1.7)% as

calculated using the I" _,JET Monte Carlo and the b cross 4.0 SUMMARY AND FUTURE PROSPECTS ,,

section measured by UA1 (see Sec. 3.1.1), they obtain
The search for the top quark will be the domain of

BR(B --, p/z) < 8.3 x 10-6 (90%C.L.) UA1 hadron colliders over the next few years. Present limits
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