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Immediately attar Hie discovery of the beauty quirk'1' speculation began that 
significant mixing mighL occur between fl° «-t fi° just as it docs between A 0 *-* i f 0 ? ' 
DAI and Argus have recently reported evidence for such mixing!*1 The MAC col
laboration has performed a measurement vX J3°-fl° mixing using data collected at 
the I'El* storage ring. At PEP i*t~ collisions with y/s — 20 GcV provide a fa
vorable environment for studying fl°-fl° mixing. In contrast with pp collisions the 
e'e" • bb dilfcrenti&l cross section is very well known and the events are quite 
clean. And unlike e*e' collisions at the T(4s) rc&An&uce PEP eivergy is well above 
the threshold for producing BJ mesons, the species thought most likely to exhibit 
significant mixing!" fciul the energy is sufficient to produce a clear jet structure 
with the decay products of the b and 5 isolated from each other in opposite jets. 

To measure H°-fi° mixing MAC uses multlhadron events containing two muons. 
The muons pruvidc flavor enrichment and tlicy also provide churgc lagging, to dis
criminate between the decays b -• ft~i>^e and £ -• fi^f^l. Without mixing prompt 
dilutions in c*c~ -• bh events have opposite charges, with mixing thcie is some 
probability of producing like-charge prompt dimuons. Like-charge backgrounds 
come from events in which one or the muons is produced from the cascade decay 
b -* c -* ft* or i - • I -> n~ and from events in which a like-charge hadron is 
misidentifird as a miion. 

An event with two identified muons in the MAC detector"1 is shown in Fig. 1. 
Muons are identified over 05% of the solid angle by requiring; (l) consistent mea
surements of the miiou momentum vector From Independently reconstructed inner 
and outer drift chambers which are separated by more than 5 absorption lengths 
of hadron catoriiw.lvy; {'I) energy deposition in the hadron calorimeter consistent 
with the passage of a minimum ionizing particle; (3) w between 2 and 10 OcV/c 
where p is the weighted average of the twoimlepeiioVnl momentum measurements; 
(4) px/p > 0-1 to cut out the fake muon background in the core of the jut. Muon 
pi is 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 
niucwassociiitcd calorimeter hits augmented to correspond to the measured muon 
momentum. Tn have greater assurance of the reliability of the thrust axis rccon-
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structton events are rejected if thrust is leas than 0.72 or if the thrust axis is within 
30° of the beam axis. The success of iwton identification criteria may be judged 
by the probability of misidentifying & h&dron as a prompt muoii lladrons which 
either penetrate the calorimeters or decay into secondary unions rway f»be prompt 
rnuons. Using taus wliich decay into three charged particles as a clean source of 
hadrons and all of the cuts listed above except the p±/p cut, the misidcnlification 
probability is found to he ((Ml i 0.08)% for tau data and (0.35 1 Q.(U)% For Uu 
Monte Carlo. The agreement indicates thai the data is modeled well by the Monte 
Carlo. This small inisideiilification probability is further reduced by the p±/p cut. 
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Fig- I. DimUOtt event in the MAC detector. 

The lull MAC da.ta sample of SlOpfr"1 \% used for this analysis. The above 
muoii selection criteria yield 2813 single muon events with 2700 :t .13 predicted by 
the Mnnte Carlo. There arc 47 ditnuon events with 51 ± S.G predicted. The data 
is modeled with the Lund Moriln Carlo (version 5.2) and BUS and IIRTC"" an; 
used to simulate; the passage of every particle through the detector. KtotUc Carta 
predictions are jiirucly basisd on — 28()t)pb"' of generated beauty and charm diiiiiirm 
events. However, pn dictions Tor background events which contain OIK* or more fake 
muons are made from 307p&'] of generated nuilUhadrojiu of nil flavors and typ««. 
Agrceiruiit between th« data and M<>nte Carlo is illustrated by lire p and ]>t sjMxitra. 
in Figure 2. 
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Fig. 2. Momentum and transverse momentum apcclra of single muons. 

High p± is characteristic of prompt rmions front I) decays!*1 Figure 3 shows a 

Monte Carlu simulation of the ufTeclivciuss of a p± cut fur sniveling a data sample cn-

riched in b&cvuitts. The upper (diimion) curve approaches 100% for Pi > l .Oficv/c. 
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Fig. 3. Flavor purity or sample. 

Dividing p, into Mci'fc I GeV/c) and *hV (> J (JeV/c) region*, lh« data is 

partitioned into llircu bins - a *fo-!o' hin with p t < I for hotli rations, a io-ltf' bin 

with Pi -•• ! fof only one union, and a. 'hi-iiP bin with JH > I for both unions. 

The 'hi-hi' bin has tin: grt-iitcsl purity of hfr events. Kvents arc divided into two 



jets by a plane perpendicular to the thrust axis and are chiNsificd as 'same-jet' or 
'oppoailc-jct' depending on the positions of the two muori 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 uf 
events and their errors arc scaled to data luminosity, but Poisson fluctuations on 
the numbers of prcdirled events are not included. 

Numbers of Dilution Events 
Data (Monte Carlo in parentheses) 

Pl bin Same Jet Opposite Jet Total 

Lu-l,o 

Ili-lli 

Total 

1 (1.5 ±1 .0 ) 

4 (4.9 ± 1.5) 

8 (7.6 ± 2.1) 

13 (14 ±2.8) 

11 (10.2 ± 1.9) 

11 (16.3 ±2 .7 ) 

12 (10.5 ± 1.4) 

34 (37 ± 3.6) 

12(11.7 ±2 .1 ) 

15 (21.2 ±3 .1 ) 

20 (18.1 ± 2.5) 

47(51 ±4.6) 

The significant quantities in a mixing measurement arc the relative numbers oi 
like-charge and unlikc-charge dimuons in opposite jots, Same-jet ditmions 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 
Bhows 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 piobabiliiy of a statistical fluctuation of this magnitude is ~ S%. 

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

p± bin Same Jet Opposite Jet 

Like Charge Unlike Charge Like Charge Unlike Charge 

lo-lo 

to-hi 

hi-hi 

0 (0.S*;*) 

1 (1.0 t 1.0) 

1 (2.01. 1-0 

1 (1.0 ±0 .7 ) 

3 (3.9 11 .1 ) 

7 (5.6 ± 1.5) 

1 (2.7 ± 1.3) 

4 (5.0 i 1.8) 

5 (1.9 10 .8) 

10 (7.5 ± 1.5) 

7 (11.3 rr 2.0) 

7 ia.fi I 1.2) 

Toliil 2 (3.5 J 1.!)) 11 (10.5 ±2.0) 10 (0.0 i 2.4) 24 (27.4 1 a.8) 
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Thi! fraction F - (number of like-charge dimuons)/(total dimuons) la plotted In 

Figure 4a. Wo sue reason ah In agreement between data and Mtintc Cano for name-

jet dilutions (the three pi bins combined) and for the first twit bins of opposite-let 

dimuons, but a discrepancy iA — 2CT in the opposite-jet "hi-lii* bin. Figure 4b shows 

the sensitivity to mixing denned by S - ( f i? - La)ITotal where Up and La are the 

predicted numbers of imlike-clinrgo and like-charge beauty dilutions 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. 
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Fig. 4. Prnclion o( dike-Charge Dimuon Events and Sensitivity to Mixing. 

To describe the amount of mixing we dcRne 

/ - 2 * 0 X) (1) 

where 
l '( / i - * (*~X) 'wrung' sign decays 
V(V • - j i ^ V J _ *rTght' i 'wrong' sie« m 

am) li represents mi average over tbr beauty particles in the sample [li*, Wjj, Ii°, 

A* . . . ) . \ is the fraction of prompt Ninons which chiui|;c sign aa a ri'tiiilt of mixi'cg, 

whrruiis / in I he fraction of dimuiin even is which diiiiie,ti relative sif>n as a result of 



mixing. The parameters F, S, and f are related by 

'tailing = Fo + fS (•1) 

where Ft is the Monte Carlo prediction with zero mixing and ^mining is the value 

of F calculated for any given amount of mixing, / . If we attribute the 'hi-hi' bin 

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

FatX* - ft + IS - * / = 0.37!g;SJ 

To fit all three bins in an unbiased way v/f. maximize the log likelihood 

In £ ( / ) = £ > . I n ( F 0 ^ / S J + Ut ln | i - (F0, + / i \ ) | (4) 
i 

where L, and £/,- are the numbers of like and unlike charge data dimiions in bin i. 

The log likelihood is plotted in Figure 6 with Monte Carlo uncertainties folded in 

and from it we determine the result 

/ = 0.34 ±0 .22 / >0 .04 at 90% C.I,. 

or equivalent^ x=0.21+°;J* x > 0.02 at 90% C.L. 

Within large statistical uncertainty MAC data favors nonzero mixing and puts a 

limit on the likely value of mixing parameters. 
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It haw become common practice to plat results oT mixing experiments in terms 

of 90% r.onutlence level limits on the parameters t, and rj 1*' which arc related to 

X by 

r, - - ' aiui x = P»XJ + VdXd (5) 

where ;i, — [proportion of 11° in the sample and where equal seinilepttinic branching 

ratios nr« assumed for all beauty hadroiis. Figures fi^ *«d Gb show such plots fur nil 

experiments currently reporting results on l)°-D° mixing!'1 The Mark 11, UAl, and 

MAC contours depend on untested assumptions about event sample composition; 

(PtiPd) - (0.2,0.4) is assumed for Pig. 6a and (f'»,P,|) = (0.1,0.35) is assumed for 

Fig. 6b. The intersection ot the allowed regions of all experiments (not W)% CJ.L.!) 

IB shaded. If this area is taken as the allowed region of parameter space, substantia) 

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

expectation " that r, :S> r j , i.e. that mixing should be much greater for ZJj than Tor 

ifjj. However, that conflict does not exist with the composition assumed in Pig. lib. 

' thank T L. Lavinc, P. Muller, II. N. Nelson, and 1). M. ttilson for their help 

preparing tins talk. 
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Fig. 62. Experimental 9fJ% C.L, limits on mixing for {p,,i'j) = (0.2.0.-1), 
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