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Immediately after the discovery of the beauty quark”’ speculation began that 

significant mixing might occur between B” +-+ B” just as it does between K” * K”!21 

UAl and Argus have recently reported evidence for such mixing!31 The MAC col- 

laboration has performed a measurement of B”-B” mixing using data collected at 

the PEP storage ring. At PEP e+e- collisions with fi = 29 GeV provide a fa- 

vorable environment for studying B”-B” mixing. In contrast with pp collisions the 

. e+e- + b6 differential cross section is very well known and the events are quite 

clean. And unlike e+e- collisions at the T(4.s) resonance PEP energy is well above 

the threshold for producing Bf mesons, the species thought most likely to exhibit 

significant mixingj4’ and the energy is sufficient to produce a clear jet structure 

with the decay products of the 6 and z isolated from each other in opposite jets. 

To measure B”-B” mixing MAC uses multihadron events containing two muons. 

The muons provide flavor enrichment and they also provide charge tagging to dis- 

criminate between the decays b + ~-D~c and 6 + p+v&. Without mixing prompt 

dimuons in e+e- -+ b6 events have opposite charges, with mixing there is some 

. . probability of producing like-charge prompt dimuons. Like-charge backgrounds 
- 

come from events in which one of the muons is produced from the cascade decay 

b--+c--+/.L+ or 8 --+ E --+ ~1~ and from events in which a like-charge hadron is 

misidentified as a muon. 

-- - An event with two identified muons in the MAC detector[” is shown in Fig. 1. 

Muons are identified over 95% of the solid angle by requiring: (1) consistent mea- 

surements of the muon momentum vector from independently reconstructed inner 

and outer drift chambers which are separated by more than 5 absorption lengths 

of hadron calorimetry; (2) energy deposition in the hadron calorimeter consistent 

with the passage of a minimum ionizing particle; (3) p between 2 and 10 GeV/c 

where p is the weighted average of the two independent momentum measurements; 

(4) pi/p > 0.1 to cut out the fake muon background in the core of the jet. Muon 

pIis calculated relative to the thrust axis, an estimator of the original quark direc- 

tion. The thrust axis is determined from energy deposition in the calorimeters with 

muon-associated calorimeter hits augmented to correspond to the measured muon 

momentum. To have greater assurance of the reliability of the thrust axis recon- 
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struction events are rejected if thrust is less than 0.72 or if the thrust axis is within 

30’ of the beam axis. The success of muon identification criteria may be judged 

by the probability of misidentifying a hadron as a prompt muon. Hadrons which 

either penetrate the calorimeters or decay into secondary muons may fake prompt 

muons. Using taus which decay into three charged particles as a clean source of 

hadrons and all of the cuts listed above except the pi/p cut, the misidentification 

probability is found to be (0.41 f O.OS)?’ f o or t au data and (0.35 f 0.03)% for tau 

Monte Carlo. The agreement indicates that the data is modeled well by the Monte 

Carlo. This small misidentification probability is further reduced by the pi/p cut. 

#? 

-- - 
Fig. 1. Dimuon event in the MAC detector. 

The full MAC data sample of 310pb-1 is used for this analysis. The above 

muon selection criteria yield 2813 single muon events with 2790 f 53 predicted by 

the Monte Carlo. There are 47 dimuon events with 51 f 5.6 predicted. The data 

is modeled with the Lund Monte Carlo (version 5.2) and EGS and HETC[“] are 

used to simulate the passage of every particle through the detector. Monte Carlo 

predictions are largely based on - 2800pb-1 of generated beauty and charm dimuon 

eFe;ts. However, predictions for background events which contain one or more fake 

muons are made from 307pbw1 of generated multihadrons of all flavors and types. 

Agreement between the data and Monte Carlo is illustrated by the p and pl spectra 

in Figure 2. 
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Fig. 2. Momentum and transverse momentum spectra of single muons. 

High pl is characteristic of prompt muons from b decays!‘] Figure 3 shows a 

Monte Carlo simulation of the effectiveness of a pl cut for selecting a data sample en- 

riched in b& events. The upper (dimuon) curve approaches 100% for pl > 1.0 Gev/c. 
.  .  

- ‘. 

-- - 
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Fig. 3. Flavor purity of sample. 

- Dividing pl into ‘lo’(< 1 GeV/c) and ‘hi’ (2 1 GeV/c) regions, the data is 

partitioned into three bins-a ‘lo-lo’ bin with pl < 1 for both muons, a ‘lo-hi’ bin 

with pl > 1 for only one muon, and a ‘hi-hi’ bin with pl 2 1 for both muons. 

The ‘hi-hi’ bin has the greatest purity of b6 events. Events are divided into two 
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jets by a plane perpendicular-to the thrust axis and are classified as ‘same-jet’ or 

‘opposite-jet’ depending on the positions of the two muon tracks. The table below 

shows numbers of dimuon events and Monte Carlo predictions according to this 

classification. The data agrees well with the predictions. The predicted numbers of 

events and their errors are scaled to data luminosity, but Poisson fluctuations on 

the numbers of predicted events are not included. 

Numbers of Dimuon Events 
Data (Monte Carlo in parentheses) 

pl bin Same Jet Opposite Jet Total 
.-. 

Lo-Lo 1 (1.5 f 1.0) 11 (10.2 f 1.9) 12 (11.7 f 2.1) 

Lo-Hi 4 (4.9 f- 1.5) 11 (16.3 f 2.7) 15 (21.2 f 3.1) 

Hi-Hi 8 (7.6 f 2.1) 12 (10.5 31 1.4) 20 (18.lf 2.5) 

Total 13 (14 f 2.8) 34 (37 f 3.6) 47 (51f4.6) 

The significant quantities in a mixing measurement are the relative numbers of 

. . like-charge and unlike-charge dimuons in opposite jets. Same-jet dimuons contain 
- ‘. 

no information about mixing but are a good check on the modeling of backgrounds. 

The table below shows data and Monte Carlo predictions without mixing. The 

same-jet data agrees very well with the predictions, however, the opposite-jet data 

shows significant deviation from the predictions. The greatest deviation is in the -- - 
‘hi-hi’ bin, exactly where mixing would most increase the number of like-charge 

dimuons. The probability of a statistical fluctuation of this magnitude is - 5%. 

Like and Unlike Charge Dimuons 
Data (Monte Carlo in parentheses) 

pl bin Same Jet Opposite Jet 

Like Charge Unlike Charge Like Charge Unlike Charge 

lo-lo 0 (o.s+:$ 1 (1.0 f 0.7) 1 (2.7 f 1.3) 10 (7.5 f 1.5) 

lo-hi 1 (1.0 f 1.0) 3 (3.9 f 1.1) 4 (5.0 f 1.8) 7 (11.3 f 2.0) 

hi-hi 1 (2.0 f 1.4) .7 (5.6 f 1.5) 5 (1.9 f 0.8) 7 (8.6 kl.2) 

1 Total ) 2 (3.5 Z!Z 1.9) 1 11 (10.5 f 2.0) 1 10 (9.6 f 2.4) I24 (27.4 f 2.8) 
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The fraction F = (number-of like-charge dimuons)/(total dimuons) is plotted in 

Figure 4a. We see reasonable agreement between data and Monte Carlo for same- 

jet dimuons (the three pl bins.combined) and for the first two bins of opposite-jet 

dimuons, but a discrepancy of - 20 in the opposite-jet ‘hi-hi’ bin. Figure 4b shows 

the sensitivity to mixing defined by S = (UB - Lg)/TotaZ where UB and LB are the 

predicted numbers of unlike-charge and like-charge beauty dimuons without mixing. 

The large value of S for the ‘hi-hi’ bin suggests mixing as a natural explanation for 

the excess of like-charge dimuons in the data. 

.- 

- ‘I 
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-- - Fig. 4. Fraction of Like-Charge Dimuon Events and Sensitivity to Mixing. 

To describe the amount of mixing we define 

f = 2x(1 - x) (1) 

- 
where 

I’(B + p-X) ‘wrong’ sign decays 
’ = I’(B + p*X) = ‘right’ + ‘wrong’ sign (2) 

and B represents an average over the beauty particles in the sample (B:, Bi, Bf, 

lib . ..). x is the fraction of prompt muons which change sign as a result of mixing, 

whereas f is the fraction of dimuon events which change relative sign as a result of 
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mixing. The parameters F, S, and f are related by 

F mixing = FO + fS (3) 

where Fo is the Monte Carlo prediction with zero mixing and Fmixing is the value 

of F calculated for any given amount of mixing, f. If we attribute the ‘hi-hi’ bin 

deviation to mixing, we can use Eq. 3 to calculate the amount of mixing 

Fdata = FO + fS + f = 0.37~~:~~ 

- To fit all three bins in an unbiased way we maximize the log likelihood 

lnL:(f) = C Liln(Fei + f&) + uiln[l - (fii + f%)I (4 i 
where Li and Ui are the numbers of like and unlike charge data dimuons in bin i. 

The log likelihood is plotted in Figure 5 with Monte Carlo uncertainties folded in 

and from it we determine the result 

f = 0.34 f 0.22 f > 0.04 at 90% C.L. - ‘. 
or equivalently x = 0 2p.25 . 0.15 x > 0.02 at 90% C.L. 

Within large statistical uncertainty MAC data favors non-zero mixing and puts a 

limit on the likely value of mixing parameters. 
-- - 
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Fig. 5. Log Likelihood off. 
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It has become common practice to plot results of mixing experiments in terms 

of 90% confidence level limits on the parameters rS and rd[‘l which are related to 

x bY 

xi ri = and 
1 - xi 

x = Psxs + PdXd (5) 

where p; = proportion of BF in the sample and where equal semileptonic branching 

. ratios are assumed for all beauty hadrons. Figures 6a and 6b show such plots for all 

experiments currently reporting results on B”-B” mixing!3’ The Mark II, UAl, and 

MAC contours depend on untested assumptions about event sample composition; 
_-. 

(hpd) = (O&0.4) is assumed for Fig. 6a and (ps,pd) = (0.1,0.35) is assumed for 

Fig. 6b. The intersection of the allowed regions of all experiments (not 90% C.L.!) 

is shaded. If this area is taken as the allowed region of parameter space, substantial 

mixing is indicated. The allowed region in Fig. 6a conflicts with the theoretical 

expectation[41 that rs > rd, i.e. that mixing should be much greater for Bf than for 

23:. However, that conflict does not exist with the composition assumed in Fig. 6b. 

1. thank T. L. Lavine, F. Muller, H. N. Nelson, and D. M. Ritson for their help . 
- ‘I 

preparing this talk. 
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Fig. 6a. Experimental 90% C.L. limits on mixing for (ps, pd) = (0.2,0.4). 
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Fig. 6b. Experimental 90% C.L. limits on mixing for (ps, pd) = (0.1,0.35). 
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